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ABSTRACT 

The rapid depletion of fossil fuels and the drive to reduce carbon emissions have resulted in a 

greater emphasis on renewable energy resources. The use of renewable energy resources benefits 

both the community and the economic growth of the country. Many African countries rely on fossil 

fuels, hence renewable energy resources must be implemented.  

This research focuses on the optimal sizing of a microgrid based on renewable energy sources, 

with simulation results considering various backup solutions such as battery systems and the grid, 

with both standalone and grid-connected modes of operation being studied. The most optimal 

solution was found to be a grid-connected hybrid microgrid (HBMG) system without batteries. 

Solar radiation and wind speed values were also varied in the sensitivity analysis. The sensitivity 

analysis revealed that as solar radiation and wind speed values approach maximum values, NPC 

declines, and vice versa. 

The Hybrid Optimization Model for Electric Renewables (HOMER) software created all of the 

configurations, simulations, and component selections. The average demand on the faculty scale 

is projected to be 165.29 kWh/day, with a peak load of 81.48 kW. 

The study was conducted to increase power system reliability, lowering emissions, and ensure 

economic sustainability through the integration of renewable energy technologies. Various 

technologies, such as solar PV, wind turbines, converters, batteries, and the grid, were investigated 

for system configuration with the lowest net present cost (NPC) and Levelized Cost of Energy 

(LCOE). 

The average solar radiation and wind speed simulation results from the stand-alone with batteries, 

grid-connected with batteries, and grid-connected without batteries scenarios were analyzed.  

The only system with a 100% renewable fraction was the stand-alone with batteries as backup 

scenario, while the grid-connected with batteries scenario has the lowest renewable fraction 

capacity, with 77.2% renewable fraction for the grid connected without batteries scenario and 

77.5% renewable penetration for the grid-connected with batteries. However, the results also 

showed that the grid-connected system without batteries scenario has the lowest NPC and LCOE, 

whereas the standalone system with batteries scenario has the highest NPC and LCOE. The results 

indicate that the grid-connected scenarios' LCOE and NPC are reduced by more than 80% and 70% 

for grid-connected without batteries scenario and grid-connected with batteries 



 
 

scenario respectively when compared to the standalone scenario's LCOE and NPC. The selected 

scenario's renewable penetration was found to be 87.3 %. 

The study is also in line with Algeria's efforts to promote the implementation of renewable energy 

technologies in its power sector. 
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CHAPTER ONE 

1 Introduction  

Global population growth, the need to address the effects of climate change, and promote 

sustainable energy resources have all contributed to the urgent need to accelerate the development 

of renewable energy technologies. As a result, access to clean energy generation to address energy 

security, technology advancement, and sustainable development creates greater interest 

worldwide.  

Due to the global spread of the coronavirus, most renewable energy projects in Africa scheduled 

for 2020 and 2021 have been delayed.  The pandemic's specific impact on renewable energy has 

yet to be determined. Some studies believe that the pandemic period had a positive effect on the 

clean energy transition. Others disagree, claiming that the pandemic may have slowed or delayed 

the development of renewable energy installations [1]. Funds that may have been allocated or 

planned for the development and growth of renewable energy technologies may have been utilized, 

aiding in the fight and combat of the pandemic.  

And despite issues such as environmental degradation, global warming, and gradual depletion, 

fossil fuels (such as coal, gas, and oil) account for 65% of global energy generation. In comparison, 

nuclear accounts for 10%, and renewable energy sources account for only 25% [2]. According to 

the International Renewable Energy Agency, nuclear energy is classified as a nonrenewable energy 

resource due to its complicated processes. Thus, in 2017, electricity generation from nonrenewable 

energy sources stands at a total of 75% [3]. Figure 1 Shows the percentages of electricity-

generating sources in 2017.  
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Figure 1. Global electricity generating sources in 2017 [2] 

Solar photovoltaic (PV), wind, micro-hydro, and biomass are environmentally friendly, secure, 

efficient, and have reduced total costs. As a result, they have recently stimulated interest in 

microgrid applications and power generation. For example, the 2015 Paris Agreement set a target 

of rapidly shifting to renewable energy to keep global temperatures below 2°C. This goal can only 

be met with the global use of renewable energy sources [4].  

Microgrids can run on their own or as part of a larger utility grid. To size and build a hybrid system 

that efficiently uses both solar and wind energy, variables such as solar radiation data and wind 

speed data must be studied and available. [5].  

Microgrids provide important loads with long-term stability in the event of power outages in grid-

connected modes, and they are more resilient than utility grids [6].   

To optimize performance, a renewable energy-based (HBMG) architecture combines two or more 

renewable energy sources with a storage system or connected to the grid [7]. Microgrids can 

integrate different renewable energy sources with backup storage systems due to intermittency 

difficulties. The fact that the costs of renewable energy sources are decreasing makes it a more 

viable option than a power system that relies on a single renewable energy source [8].  

The objectives of the microgrid optimization challenges are to maximize power while lowering 

expenses, extending the life of the ESS, and reducing environmental costs [8]. 
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 Background of the Study  

Algeria has massive natural gas reserves, ranking third in the world for shale gas reserves. Algeria's 

electrical sector is heavily reliant on natural gas due to its abundance and low cost. In 2015, natural 

gas and oil accounted for 95% of Algeria's exports. Despite the low cost of gas in Algeria, natural 

gas is a fossil resource that could run out in the future, posing a risk to the country's economic 

development and future power plants [9]. In 2016, fossil fuels accounted for 98.75% of Algeria's 

power generation [10].  

Despite government efforts to boost renewable energy in the energy industry, Algeria has had little 

success in promoting renewable energy. This slow transition may be influenced by the country's 

low cost of fossil fuels [11]. 

Exploiting and promoting a country's renewable energy resources, on the other hand, provides a 

way to resolve energy-related and economic issues while also contributing to the country's long-

term progress. In the Sahara region of the country, Algeria has enormous solar energy potential, 

and it may even be able to satisfy all of Europe's electricity needs [12]. 

Increasing costs, such as implementing significant taxes and eliminating subsidies for carbon-

emitting sources, will encourage consumers and businesses to lower their demand for fossil fuels 

in favor of sustainable energy [13].  

Algeria's energy-related companies include Sonelgaz, the Renewable Energy Development Center 

(CDER), Sonatrach, NAFTEC, and NAFTAL. 

Sonelgaz is Algeria's largest provider of power and natural gas utilities. CDER (Renewable 

Energies Development Center) is in charge of scientific research on renewable energy, and 

Sonatrach exploits the country’s hydrocarbons in the country.  National Petroleum Refining 

Company (NAFTEC), a supporting company within Sonatrach, is in charge of oil refineries' 

operation, management, and market development. NAFTAL, another supporting company within 

Sonatrach, is in charge of the selling of petroleum [14].  

Microgrids based on renewable energy improve productivity in a range of applications. The Hybrid 

Optimization Model for Electric Renewables (HOMER) software will be used to simulate and 

optimize the cost of electricity production, renewable energy fraction (solar and wind), and carbon 

dioxide emissions from hybrid systems used in campus electrification, as well as to determine 
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which hybrid mode of operation is most appropriate and the HOMER software will also be used 

to examine the data. 

 Problem Statement  

The World Health Organization (WHO) estimated in 2018 that ambient air pollution causes 4.5 

million deaths annually. Furthermore, the World Bank predicted in 2020 that the number of people 

at risk of poverty as a result of climate change effects would rise from 68 million to 138 million 

by 2030. According to International Monetary Fund (IMF), the cost of fossil fuel-related 

consequences such as climate change, air pollution, traffic accidents, and vehicle congestion costs 

world governments approximately $5 trillion per year [15]. As the electricity demand grows, 

reliance on fossil fuel plants increases the rate of emissions. 

Algeria is a major Carbon dioxide (CO2) emitter, ranking third in Africa with 147 metric tons of 

CO2 emissions in 2014, primarily from natural gas, and ranking 34th globally in gas flaring 

emissions. Over the last decade, Algeria's yearly rainfall has plummeted by 30%. Its carbon capture 

capacities are limited due to land characteristics (such as vegetation, water bodies, and so on) [10].  

Utility grids sometimes experience high peak loads and power outages that can lead to failure. 

They also incur high operation costs. Power grids are sometimes far from consumers, causing 

transmission losses. Other challenges and potential challenges encountered on utility grids include 

potential cyber-attacks, which can generate incorrect data and block error messages, resulting in 

grid failure; old and aging infrastructures, which reduce system efficiency; the issue of reliability, 

which natural forces could cause utilities present; degradation of transmission lines, corrosion, 

mechanical and electrical stresses [16].  

 Research questions  

The following questions will lead this research to address the issues raised in this study: 

1. Can an optimally sized campus microgrid powered by renewable energy sources provide 

reliable clean energy while incurring lower operational costs? 

2. Which is the least cost-effective between stand-alone and grid-connected microgrid 

modes? 

3. What environmental benefits will microgrids bring? 
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4. How far has the development of microgrids progressed in Algeria? 

5. What are the setbacks for renewable energy (wind and PV) based hybrid microgrids 

deployment in Tlemcen? 

6. Can developing countries like Algeria achieve industrialization without relying too heavily 

on fossil fuels? 

 Research Objectives  

General Objective 

Optimal Sizing of a Microgrid is the main objective of this study.   

Specific objectives 

✓ To reduce carbon emissions by minimizing the generation of electricity from fossil fuel 

sources. 

✓ To minimize reliance on conventional energy sources and on a grid that may face power 

outages.  

✓ To improve energy efficiency and reliability, microgrids are smart grid systems.  

✓ To minimize life cycle costs.  

✓ To determine the most optimum renewable energy-based hybrid system between stand-

alone and grid-connected systems by determining optimal Hybrid Microgrid (HBMG) 

component sizes, including energy storage, analyzing technical and economic 

performance, and considering environmental impacts for the Chetouane campus. 

 Thesis contribution 

The thesis' contribution is a comparison of the three scenarios using HOMER pro software 

simulation, optimization, and sensitivity analysis, with standalone and grid-connected types of 

operational modes investigated and incorporating both completely renewable power and grid-

backed renewable microgrids. These simulations were run to meet a campus load requirement.  
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 Scope and limitation of the Study  

A series of studies are required to investigate all of the topics and characteristics of HBMG, and 

this master's thesis focuses on a single case study. The HOMER software will design, simulate, 

optimize, and perform a sensitivity analysis of an HBMG employing renewable energy sources for 

a particular university faculty in Chetouane, Tlemcen, Algeria.  

In Algeria, little research has been conducted on microgrids, with some studies focusing on stand-

alone hybrid systems' economic and technical feasibility. This study will analyze stand-alone and 

grid-connected HBMG modes for a university campus in Tlemcen and determine which mode of 

operation is the best option to consider after different analyses. 

Solar PV is chosen for this study because its potential is abundant at the study site. It is 

supplemented by wind energy, despite studies showing that wind potential is not promising in most 

parts of Tlemcen. The Tlemcen highlands are suitable sites for wind energy generation. Since 

batteries are the most expensive portion of the system, adding an ESS makes it difficult for the 

generated power to be cost-competitive with grid power. As such, a grid-tied HBMG will also be 

considered in the analysis of this study.  

 Possible obstacles  

One of the potential barriers at the study site could be obtaining primary data, as there may be 

numerous bureaucracies in place to access the necessary data. The primary data source is the 

Chetouane campus administration of the University of Tlemcen, Faculty of Technology. 

Another obstacle during primary data collection could be indigenous language barriers. Algeria’s 

official and commonly used languages are Arabic and French. 

 Relevance of the study 

This study is relevant for the following reasons: 

The study will seek how institutions in Algeria can apply clean, reliable, and cost-effective 

distributed energy resources (DERs) to minimize emissions and seek a future cost-effective means 

of generating power and finding a solution to minimize occurring or possible power outages and 

support critical loads. 
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CHAPTER TWO 

2 Literature review 

The goal of this literature review is to provide a quick overview of previous work on this topic, 

microgrids concepts, power management of microgrids, Distributed Generations (DGs) and 

microgrids, microgrid power electronics, microgrid stability, and mathematical modeling of 

components. It will also outline the study country's renewable energy resources and the sector's 

development. 

 Previous works related to this topic 

This research is linked to several scientific studies, including the following:  

An analysis of a microgrid performed for both stand-alone and grid-tied using HOMER energy 

pro to design the parameters of an energy system based on local weather conditions in available 

databases comprising of the PV system, wind system, and a diesel plant in a study carried out in 

Columbia shows wind system having limited influence on the microgrid which unsuitable wind 

profiles may cause for the wind generator technologies in the software. Both modes show to be 

technically viable though not viable economically caused by higher implementation costs [17]. 

An optimal configuration study in India of a campus microgrid using HOMER software 

investigated and analyzed economic parameters and CO2 emissions with solar and wind data 

obtained from NASA and enviro engineer’s site respectively and after some simulations and 

modeling on various microgrid modes. A grid-connected microgrid based on solar, wind, and 

batteries was likewise discovered to be the optimal solution [18].  

Another study using HOMER to evaluate the viability of a microgrid and performing sensitivity 

analysis based on wind speed data, solar radiation of the area, and diesel generator was carried out 

to reduce costs and CO2 emissions by 50% with the study goal achieved for an institution [19]. 

Building microgrids is inspired by the desire to eliminate typical power grid outages and reliance 

on fossil fuels by using locally accessible renewable energy sources. As such it is essential to carry 

out unit sizing in the design of microgrid architectures. The optimum system configuration 

regarding total system size and cost would benefit from the proper combination of distributed units. 

The type and number of microgrid units considered would have a major impact on total device 

sizing [20].  
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S. Salisu, M. W. Mustafa, L. Olatomiwa, and O. O. Mohammed used HOMER to perform a 

techno-economic and environmental assessment of a microgrid, taking cost analysis and sensitivity 

analysis into account. The optimal design was shown to be environmentally friendly and less costly 

after the results and sensitivity analysis [21].  

A study in south Jordan seeks a smart grid method for distributed generations of PV and wind 

hybrid design using HOMER software to shift away from imported energy and transition into clean 

and less costly energy. Following the modeling by the software, the design was found to be 

economically feasible [22].  

For a rural site in Algeria, a techno-economic optimization using MATLAB software to build a 

standalone hybrid system based on PV, wind turbine, diesel generator, and battery system revealed 

an optimized cost of using the design's generating sources [23]. 

A feasibility study by L. Uwineza, H. G. Kim, and C. K. Kim proposes integrating renewable 

energy sources into an already existing diesel generator at Popova Island by using Monte Carlo 

Model and HOMER. The conclusion of the study based on the scenarios indicated valuable inputs 

from stakeholders, increased renewable sources potential, the resulting configuration, and 

minimized electricity costs [24].  

A. M. Abdilahi, A. H. Mohd Yatim, M. W. Mustafa, O. T. Khalaf, A. F. Shumran, and F. Mohamed 

Nor also used HOMER to conduct a feasibility analysis of a hybrid system supported by renewable 

energy in Hargeisa, Somalia. The results showed increased renewable energy sources use, reduced 

energy costs compared to electricity supply from a diesel generator that has been the sole source 

of electricity in Hargeisa [25].   

Another related study by A. Hirsch, Y. Parag, and J. Guerrero investigated microgrid's background, 

challenges, prospects, and applications. The findings of the work showed microgrids are a resilient 

and reliable solutions to electricity supply [26].  

The application of control mechanisms to operation modes of a hybrid system using solar and wind 

and battery under charge regulation yielded high-quality supply for the load from direct wind and 

PV supply in a study by [27].   

In another study by N. Shirzadi, F. Nasiri, and U. Eicker, an optimal configuration of a renewable 

energy sources-based microgrid was conducted at Concordia University with the target of 
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minimizing net present cost. The findings showed that the cost of energy was minimized by 50% 

and vertical axis solar tracker usage was preferred [28]. 

Research on the optimal configuration of a renewable energy sources-based microgrid was 

undertaken at Concordia University in a study by (Shirzadi et al., 2020) to minimize net present 

cost. According to the results, the Levelized Cost of energy was reduced by 50%, and a vertical 

axis solar tracker was favored.  

B. E. Türkay and A. Y. Telli used HOMER software to conduct an economic analysis of 

autonomous and grid-tied hybrid systems for a university campus in Istanbul, Turkey, intending 

to determine the best optimal hybrid renewable system based on the location's solar radiation and 

wind resource potential, as well as hydrogen as a storage system, and found that a grid-tied system 

is the most feasible [29].  

Using solar and wind data from a site inNepal, a simulation of a solar PV and wind stand-alone 

hybrid system revealed the system as reliable and reduced transmission costs [30].  

Using the HOMER tool, a feasibility and sensitivity analysis for standalone and grid-connected 

renewable energy-based systems in Bangladesh revealed an optimal system, with NPC being more 

sensitive to nominal discount and wind speeds [31]. 

 Geographical and Climatic Overview of Algeria 

Algeria, located at 28.03° N, 1.66° E, is Africa's largest country, with a total size of 2.38 million 

km2, with the Sahara Desert covering 80% of the territory. The Mediterranean Sea borders it on 

the north, Mali, Niger, and Mauritania on the South, Libya and Tunisia on the East, and Morocco 

and Western Sahara on the west. On the sea, Algeria is as well bordered by Italy and Spain. 

Summers are hot and dry, and winters are moderate and rainy in Algeria's coastal and northern 

regions, which have a Mediterranean climate. 
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Figure 2. Map of Algeria [32] 

 The Economic Situation in Algeria  

Like most others globally, Algeria's economy saw a significant fall in 2020 due to the COVID 19 

epidemic. The drop in Algeria's economy can also be ascribed to a decline in hydrocarbon demand 

and market hydrocarbon prices. The government has vowed to restore economic growth and 

stability through the private sector, but the pace of recovery is expected to be slow.  

Algeria's population is estimated to be about 44 million people in 2020, with a Gross Domestic 

Product (GDP) of $ 147.6 billion and a life expectancy of about 77 years [33]. 

 The renewable energy potential of Algeria  

Algeria has abundant natural resources, and its economy relies mainly on fossil fuels, with natural 

gas and oil accounting for about all of its country's primary energy consumption. Natural gas alone 

accounts for 96% of installed capacity, with the remaining 4% coming from oil, solar, hydro, and 

wind. According to the Algerian Commission for Energy and Gas Regulation (CREG), total 

installed capacity will increase by 14,600 MW by 2028, with natural gas's share dropping to 84 

percent and solar’s share rising to 15% of total energy generation. Algeria's predicted rise in energy 

production is due to the country's growing population, which has increased at a rate of 2% per year 

on average between 2009 and 2019, with populations of 35 million and 43 million, respectively 
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[34]. Currently, the installed capacity of renewable energy sources is estimated at 450 MW, which 

is expected to rise to 22,000 MW by 2030 to meet the targets of Algeria’s pursuit of a renewable 

energy transition by 40 percent [12], [34].  

Algeria began adopting renewable energy policies and funds in 1998, and its solar, wind, 

hydropower, biomass, and geothermal resources have the substantial potential [35].  

In a decree issued in 2014, the Algerian government-mandated feed-in tariffs for wind and solar 

PV projects with a capacity of 1MW or greater [36]. The power purchasing agreement contains 

two phases of implementation, with the first phase to be implemented over 5 years based on 

predicated production for solar projects between 1 MW and 5MW, allocating a fixed sell back 

price of about 0.18 USD/kWh that is expected to fluctuate between 0.12 $/kWh and 0.22 $/kWh 

in the second phase. For solar projects of 5MW or more, the fixed price was set at about 0.13 

USD/kWh for the first phase, and it is expected to fluctuate in the second phase to an estimated 

price between 0.095 $/kWh and 0.18 $/kWh. For wind farm projects between 1 MW and 5MW, 

the allocated fixed sell back price is about 0.14 USD/kWh that is expected to fluctuate between 

0.095 $/kWh and 0.18 $/kWh in the second phase. For projects of 5MW or more, the fixed price 

was set at about 0.11 USD/kWh for phase 1, which is expected to fluctuate in the second phase at 

an estimated price between 0.083 $/kWh and 0.14 $/kWh. The first phase was set to be 

implemented over 5 years based on forecasted production, while the second phase was set to be 

implemented over 15 years depending on the first phase's successful output [37]. Based on these 

prices, the sell-back rates decrease from the first phase to the second phase.  

Algeria has also set an objective of achieving 40% of its electricity generation from renewables by 

2030. Algeria's planned phases for implementing renewable energy technology are summarized in 

Table 1 shows Algeria’s planned capacities of renewable energy technologies deployment and 

figure 3 shows its installed capacity as of 2019 and the projected growth in the capacity as of 2028. 
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Table 1. Algeria’s plans to generate electricity from renewable energy [12] 

Target date  1st phase  

2010-2013 (MW)  

2st phase  

2015-2020 

(MW)  

2nd phase  

2021-2030 

(MW)  

TOTAL 

(MW)  

Photovoltaic  6  3000  13500  16581  

Solar Thermal  25  1025  2000  3850  

wind  10  1010  5010  6030  

Biomass  -  360  100  460  

Others  -  260  450  710  

TOTAL  41  6455  21135  27631  

 

 

Figure 3. Algeria’s energy capacity installed in 2019 vs. predicted capacity in 2028 [34]. 

2.4.1 Algeria's potential in solar energy 

According to a German Space Centre study, Algeria has enormous solar potential, estimated at 

169,440 TWh/year, with over 2000 hours of sunshine annually across the nation and up to 3900 

hours in the highlands and Sahara [38]. In the north, the average horizontal surface radiation is 

around 1700 KWh/m2/year, while in the south, it is roughly 2263 KWh/m2/year. Figure 4 and 

Figure 5 summarize the solar potential in Algeria. 
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Figure 4. Solar potential of Algeria per region [39] 

 

                                         a)                                                                                                                               b)  

Figure 5. a) Global horizontal irradiation of Algeria; b) Solar PV potential in Algeria [40] 

For modest PV installations, around 4 kWh/m2/day is sufficient, and for solar thermal installations, 

approximately 5 kWh/m2/day is sufficient [41]. 
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2.4.2 Algeria's potential in wind energy 

A location's topography and climate influence wind power. The northern region of Algeria is 

regarded as an excellent wind-harried area due to its proximity to the Mediterranean Sea, the Atlas 

Mountains, and the highlands. Despite its low elevation, the southern part of Algeria has higher 

wind potential, with winds ranging from 4 to 6 m/s. According to studies, the province of Adrar 

has the best wind potential in the country. Strong winds surrounding high hills have the advantage 

of facilitating the installation of wind power plants [42].  The wind potential of Algeria is presented 

in figure 6.  

 

Figure 6. Wind speed (m/s) potential of Algeria [43] 

2.4.3 Algeria’s hydropower potential  

Algeria's hydropower potential is promising, with 103 prospective dam sites in the country. The 

yearly output of 13 installed hydropower facilities totals an estimated 389.4 GWh [44]. Figure 7 

shows the 13 installed hydropower plants in Algeria, which are located in the north. Table 2 shows 

the hydropower plants' generation capacities of about 269 MW in Algeria between 2017 and 2019. 
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Figure 7. Installed hydropower plants locations in  Algeria [44] 

 

Table 2. Hydropower plants and their generation capacities in Algeria [44] 

STATION PROVINCE CAPACITY (MW) 

DRAGUINA  Bejaia 71.5 

IGHIL EMDA  Bejaia 24 

MANSORIA  Bejaia 100 

ERRAGUENE  Jijel 16 

SOUK EL DJEMAA  Relizane 8.085 

TIZI MEDEN  Tizi ouzou 4.458 

IGHZENCHEBEL  Algiers 2.712 

GHRIB  Ain defla 7 

GOURIET  Bejaia 6.425 

BOUHANIFIA  Mascara 5.7 

OUED FODDA  Chlef 15.6 

BENI BEHDEL  Tlemcen 3.5 

TESSALA  Algiers 4.228 
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2.4.4 Algeria’s biomass energy potential   

Municipal solid waste is the most important source of biomass in Algeria, with an estimated 

capacity of 10 million tons per year generated [42]. Although the target is to extract 1 GW of 

biomass by 2030, no installed biomass-producing facility [35]. 

2.4.5 Algeria’s geothermal energy potential   

Geothermal power projects in Algeria are used for various purposes, including heating, cooling, 

fish farming, and agriculture. There are over 240 springs in the country, with the highest 

temperature in the western part of the country being 68°C, the highest in the central part of the 

country being 80°C, the average temperature in the southern springs being 50°C, and the highest 

temperature in the eastern part of the country being 98°C [45].  Algeria has 41 geothermal spots, 

as shown in Figure 8. 

 

 

Figure 8. Algeria's geothermic chart [44] 

 Background of Microgrids 

Due to the multiple blackouts that occurred in many countries around the world in the early 2000s, 

the idea of using distributed generation (DG) sources has gained a lot of popularity due to its 

unique characteristics, such as durability, decentralized generation, renewable energy usage, and 

increased local reliability. Despite these benefits, DG suffers from intermittency, sluggish response 
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times, and controllability, which is why international scholars first proposed the micro-network 

definition [46]. 

With the increasing decentralization, decarbonization, and democratization of electrical structures, 

greater enhancement of DGs coupled with the necessity for resilient and reliable electricity supply 

as well as the requirement for low electricity costs and the global fight against minimizing CO2 

emissions has led to an interest in the pursuit of microgrids to meet a variety of community needs. 

Microgrid generation capacities for developed countries should be measured in gigawatts. 

Decentralized technologies were first proposed in 1990 to handle distributed resources, increase 

power stability, resilience, and reliability on critical loads [26].  

There are various definitions of a microgrid in literature, the definition adopted in this study is 

from the U.S Department of Energy (DOE), which defines a microgrid as a “characterized 

collection of interconnected loads and DERs functioning as a single controllable entity concerning 

the grid within clearly defined electrical limits”. A microgrid can operate in grid-connected or 

island mode by connecting and disconnecting the grid [47]. Microgrids that are well-designed are 

more effective, resilient, reliable, environmentally friendly, versatile, and stable. Microgrids are 

suitable for changing electrical loads because they provide uninterrupted power, and with the right 

control system, microgrids can be easily controlled from cyber threats [48]. 

2.5.1 Overview of Microgrids 

On the other hand, a microgrid is a small electrical entity that can generate, transmit, and distribute 

energy efficiently over a vast area. As such, Microgrids offer more flexibility than traditional 

electricity systems [49].  

In situations of power interruption occurring on a traditional grid, a grid-tied microgrid with well-

designed control mechanisms can be an island and still feed its load without affecting the integrity 

of the main grid.  

Consumers, technology suppliers, power transmission and distribution providers, and 

policymakers are all involved in microgrid activities as stakeholders, as shown in Figure 9. 
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Figure 9. stakeholders involved in Microgrids [50] 

2.5.2 Current situation of Microgrids  

Many research activities and microgrid projects have been established in response to microgrids' 

numerous advantages, including one pilot 1-phase microgrid project and the Sendai Microgrid in 

Japan, a DERs test facility in Europe, and the United States a microgrid facility for controlling 

the energy sources and loads [51]. In another development using intentional islanding, the IEEE 

explored ways to link DERs to the grid. DER may be connected to an area in various ways to 

provide cogeneration or prime, peak-shaving (load reduction at peak times), emergency, backup, 

premium, or remote control (Del Carpio Huayllas et al., 2011). 

Technical constraints, infrastructural impediments, economic limitations, and public awareness 

are among the developmental downsides of microgrids, according to [52].  

Microgrids' high capital investment cost is the most significant impediment to widespread and 

rapid implementation [48]. 

2.5.3 Microgrid Prospects  

Electric power grids have become smarter and more efficient as a result of technological 

advancements. The distribution network must migrate from passive to active in order to encourage 

the installation of the smart grid, which promotes DG and permits real-time participation 

of generation units and consumers in power systems optimization. Implementing DG and ESS in 

a microgrid encourages renewable energy and promotes sustainability [49]. 



19 
 

The International Renewable Energy Agency report highlighted five innovative solutions to help 

renewable energy-based microgrids become “the energy of the future” [53]. They are as follows 

[53]: 

• Availability of load data 

When correct load data is presented, it can help in the development of microgrid efficiency. 

However, due to a lack of data, the development of microgrids has been hampered. 

• Long-term Supervisory Control 

According to the study, creating of control algorithms that balance economically-based decisions 

with renewable consumption will help with real-time decision-making. 

• Storage Manufacturing 

Falling ESS costs will help cut costs, promoting microgrid deployments throughout the globe. 

Increased storage manufacturing can stimulate market competition, resulting in lower ESS pricing, 

boosting microgrid installations. The paper further states that eliminating N-methyl pyrrolidone 

and reducing electrolyte wetting and solid electrolyte interface layer creation in the ESS 

manufacturing processes are crucial for potential advancement in microgrids. 

• Inverter Performance 

According to the paper, improvements to dual-mode inverter capabilities, such as droop control, 

will make it easier to transition from the grid to island mode with black start and seamless types. 

• Power Output 

According to the paper, one way to have that kind of dependable service is to use graphene in 

supercapacitors' electrodes, which will result in a power capability 10 to 100 times greater than 

current batteries. 

Despite substantial research and development into various microgrid features, further work on 

interoperability, optimization, and incorporation within a microgrid is still needed, which causes 

utilities and developers to perceive risks [54]. 
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Microgrid based on renewable energy has a bright technological and commercial future, fosters 

sustainability, and provides a solid foundation for consumers to influence their electricity quality 

and cost substantially. Their position determines microgrids' future, and microgrids heavily rely 

on state policy and funding [55]. 

 

Figure 10. A Potential microgrid Distribution Architecture in the Future [55] 

 Concept of Microgrids 

Currently, some regions have different ideas about what a microgrid is. For example, in the United 

States, a microgrid can provide both heat and electricity, while in the EU, it only provides 

electricity. Apart from these differences, all microgrids have islanded, and grid-connected 

functionalities establish electrical boundaries and a control body that can handle energy resources 

and loads. Since power grids are prone to outages, a grid-connected microgrid mode must have 

enough installed generation capacity to keep feeding its load even if the grid is disconnected [56].   

Microgrids can store, transform, and recycle their energy, and in the presence of plentiful and 

cheap energy, they can buy and thus supply loads in energy-short situations. The microgrid's 

current emphasis is on ensuring that it has enough energy at all times. Smaller operating margins 

combined with more volatile supply are smart grids' core issues designed to address. The excess 

electrical power over the amount used at any time is referred to as the operating margin. More 
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sources, such as wind and solar, are being used, and their production cannot be precisely calculated 

or regulated, resulting in a volatile supply. These modifications, taken together, result in an 

oversupply or undersupply at any given point in time [57].  

2.6.1 Microgrid Structure 

A microgrid system's core system comprises energy sources, ESS, distribution 

networks, communication networks and control mechanisms. 

 

Figure 11. A simple microgrid architecture [58]. 

In a microgrid, local control contributes to increased efficiency. 

2.6.2 Possible benefits and applications of Microgrids 

In the future, as the number of DER units in low-voltage networks grows, many possibilities and 

advantages will be realized, but there will also be challenges. Table 3 summarizes the potential 

benefits of microgrids for various stakeholders (customers, utilities, and society) [59]. 



22 
 

Table 3. Possible benefits of microgrids 

Stakeholders Possible Benefits 

Customers • Microgrids with multiple DG units can provide a more reliable energy supply to 

meet the growing number of sensitive customers' energy needs. 

• Using distributed energy sources in microgrids, such as combined heat and power, 

can provide financial benefits. 

Utilities • Microgrids make it possible to use electricity more efficiently than conventional 

centralized power systems. 

• Microgrids can minimize total greenhouse gas emissions as compared to 

centralized power systems. 

• In microgrids, the chances of using renewable energy sources have increased and 

have been diversified. 

• Microgrids can also help increase the reliability of electricity distribution. 

Society 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Active network management through DER units and microgrids allows for more 

effective distribution of power usage. 

• Microgrids will delay distribution system upgrades by supplying dispatchable 

power for use during peak power conditions. 

• Microgrids are a component of smart energy systems that are capable of addressing 

potential energy issues and replacing aging energy infrastructure. 

• Microgrids can provide sensitive consumers with premium power at higher prices. 

• Microgrids allow the opportunity to save money and time that would otherwise be 

spent on building massive power plants. 

 

As microgrids are expected to provide many more benefits to consumers, utilities, and societies, 

their potential applications are expanding in a variety of areas, including university campuses and 

high schools, hospitals, police stations, water treatment facilities, remote communities, residential 

areas not connected to grid, and military units [59].  

  

As of 2017, the Asia Pacific region and North America had the highest microgrid power capacity 

markets, accounting for 40% and 34% of the global total microgrid market, respectively. The 

Middle East, Africa, Europe, and Latin America regions account for the remaining 26 percent. In 

contrast, the Antarctica region made no attempts at microgrid development, as shown in figure 12. 
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Figure 12. Total global microgrid capacity market share by region [60] 

Microgrids can offer intriguing benefits in developing countries, especially in Sub-Saharan Africa, 

for addressing distribution and generation challenges [61].  

2.6.3 Microgrid Components 

The components of a microgrid must be compatible with its modes of operations, i.e., both islanded 

and grid-connected modes. A microgrid's major components include DGs, storage devices, loads, 

microgrid monitoring and control systems, and grid interconnectors [62], [63].  

2.6.3.1 Distributed generations (DGs)   

These are power-generating sources connected to a distribution grid and can be both renewable 

and nonrenewable energy sources. The renewable energy sources include solar PV, wind, biomass, 

solar thermal, and mini hydro, whereas nonrenewable energy sources include diesel, natural gas, 

combustion turbines, reciprocating engines, cogeneration, turbines, and microturbines [63]. DERs 

refer to a technology that incorporates both DGs and ESS. 

The energy source and fuel storage requirements must meet microgrid criteria such as intended 

producing power, needed strength level, ramp rate, clean energy goals, and fuel availability. 

Incorporating renewable energy sources into microgrids is gaining popularity due to recent cost 

reductions [63]. 

Table 4 summarizes the characteristics of the most commonly used distribution energy generation 

sources in microgrids. 
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Table 4. Typical Characteristics of Microgrid DG Sources [63] 

Characteristics Solar Wind Micro-Hydro Diesel CHP 

Availability Determined by 

geographical 

position 

Determined by 

geographical 

position 

Determined by 

geographical 

position 

Anytime Based on 

source 

Power DC output AC output AC output AC output AC output 

Control can't be 

controlled 

can't be 

controlled 

can't be 

controlled 

can be 

controlled 

Based on 

source 

Typical 

interface or 

power electronic 

DC-DC-AC 

converter 

AC- 

DC-AC 

converter 

Synchronous of 

induction 

generator 

Null Synchronous 

generator 

Power flow 

control 

Maximum 

Power  

Point Tracker 

(MPPT) and DC 

link voltage 

control 

MPPT, pitch 

and link voltage 

control 

Can be 

controllable 

Can be 

controllable 

Automatic 

Voltage 

Regulation and 

governor 

2.6.3.1.1 Solar PV systems  

Photovoltaic (PV) is derived from the Greek words for "light" (photo) and "electrical" (voltaic). 

PV is a technology that converts sunlight directly to electricity. A solar cell, or PV cell, is the main 

component responsible for this conversion. When sunlight (photons) strikes a solar cell made of 

semiconductor material, it increases the energy of the semiconductor's electrons, allowing the 

electrons to move freely and produce current, voltage, and electricity [64], [65].  

PV cells use only the sun's energy as a source of fuel. A PV module comprises a set of PV cells, 

while a PV panel is made up of PV modules, and a PV array is made up of PV panels that function 

as a complete power generator [65].  

PV modules and arrays are rated in watts under standard test conditions, such as a cell (module) 

operating temperature of 25°C and incoming solar irradiation of 1000 W/m2 [66].  
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Figure 13. PV cell, module, panel, and array structures [67] 

Prior to the discovery of other elements, silicon was the sole material available for making PV 

cells. Characteristics such as efficiency, cost, and material availability distinguish PV cells into 

three generations categories in table 5. 

Table 5. Types of PV cell generations [68][69][70] 

Generation Solar cells 

First-generation • Monocrystalline or single-crystal silicon and 

• Polycrystalline or multi-crystalline. 

Second-generation • Amorphous silicon, 

• Cadmium telluride,  

• Copper Indium Gallium Selenide, and  

• Gallium Arsenide. 

Third-generation • Organic photovoltaics,  

• copper zinc tin sulfide (CZTS), 

•  Perovskite solar cells,  

• Dye-sensitized solar cells (DSSCs), and  

• Quantum dot solar cells 

 

Although more expensive than second and third-generation solar cells, first-generation solar cells 

are the most commonly used solar cells. This is owing to the material's better efficiency and 

widespread availability on Earth. The second-generation (thin film) has lower production costs 

than the first-generation, and they have better efficiency than the third generation. Solar cells of 

the third-generation solar cells have been developed to be less expensive than the first and second 

https://www.ossila.com/pages/organic-photovoltaics-introduction
https://www.ossila.com/pages/perovskites-and-perovskite-solar-cells-an-introduction
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generations. P-n junctions aren't used in third-generation solar cells [71]. Monocrystalline (mono 

c-Si) solar cells have the highest efficiency. They are the most expensive first-generation solar 

cells, followed by polycrystalline (poly c-Si) solar cells and then amorphous silicon [72]. 

 

                            a)                                                                                                              b)  

Figure 14. a) PV cells efficiency b) cost comparisons [73] 

2.6.3.1.1.1 Types of PV systems 

Stand-alone PV systems and grid-connected PV systems are the two types of PV systems.  

i. Stand-alone PV systems:  

These types of PV systems rely solely on direct solar energy for service. It consists of PV modules, 

loads, and, in some cases, batteries for energy storage when the sun is not around to provide energy. 

This system also includes charge controls for controlling battery discharge and overcharging. The 

charge controller also powers DC loads using either the battery bank or direct supply from the 

solar array. Inverters help convert DC to AC power for AC loads since the power from the solar 

and stored in the batteries is DC [64]. Figure 15 shows a simplified block diagram of a stand-alone 

PV system.  
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Figure 15. A simplified block diagram of a Stand-alone PV system [74] 

The arrows in figures 15, 16, and 17 represents the flow of current. Stand-alone PV systems can 

power both low-voltage and high-voltage equipment. 

ii. Grid-connected PV systems:  

These PV systems may not need battery storage since they are connected to the power grid. In 

these systems, excess power can be sold to the grid, and the system can buy or use energy from 

the grid if the sun isn't available. These systems have more benefits than a stand-alone system, 

including lower infrastructure costs, no battery costs, improved energy efficiency, and fewer 

system components to balance. In this mode of operation, the inverter is a core component [64].  

 

Figure 16. A block diagram of a grid-tied PV system using a single central inverter [74] 

Figure 16 shows a grid-connected PV system with a single central inverter. Energy from the solar 

panels is fed into the main supply by the grid-tie inverter. In a grid-connected system, the single 

inverter's function regulates power flow into and out of the grid. The solar meter measures the 

amount of energy produced by the solar, whereas the grid-tied meter monitors the amount of 

electricity generated by the grid [74].  
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Figure 17. A block diagram of a grid-tied PV system using multiple micro-inverters [74] 

In Figure 17, a grid-tied PV system with numerous interconnected micro-inverters, each PV 

module is connected to an inverter. The interconnected inverters convert low DC voltage to high 

AC voltage [74].   

2.6.3.1.1.2 PV Modeling  

PV panels can be modeled in a variety of ways depending on the system. When modeling PV 

systems, the three components of a PV panel's I-V curve, such as short-circuit current (ISC), open-

circuit voltage (VOC), and maximum power point (mppt), are taken into account when modeling 

PV systems. PV current is determined by ambient temperature and solar insolation [75]. PV cell 

modeling incorporates calculating the I–V and P–V characteristic curves to simulate the real cell 

under various situations [76]. 

2.6.3.1.1.2.1 Equivalent electrical circuit 

Figure 18 represents an equivalent circuit of a PV cell. 
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Figure 18. Solar PV cell equivalent circuit [77] 

The expression, [74] gives the parameters in figure 18. 

 𝐼 = 𝐼𝐿 − 𝐼𝑑 − 𝐼𝑠ℎ (1) 

where: 

𝐼 = Output current of PV measured in amperes 

𝐼𝐿= solar current measured in amperes 

𝐼𝑑 = Current through a diode measured in amperes 

𝐼𝑠ℎ = Shunt-leakage current measured in amperes 

When 𝐼 = 0, the PV cell's open-circuit voltage 𝑉𝑜𝑐  is determined, and it is as follows: 

 𝑉𝑜𝑐 = 𝑉 + 𝐼𝑅𝑠ℎ (2) 

 

Where: 

𝑅𝑠ℎ = shunt resistance 

 

Since the diode current is given by 

 
𝐼𝑑 = 𝐼𝐷 {𝑒𝑥𝑝 (

𝑄𝑉𝑜𝑐
𝐴𝑘𝑇

) − 1}     𝑜𝑟    𝐼𝑑 = 𝐼𝐷 {𝑒𝑥𝑝 (
𝑄(𝑉 + 𝐼𝑅𝑠ℎ)

𝐴𝑘𝑇
) − 1} (3) 

Where: 

𝐼𝐷 = diode saturation current measured in amperes 

𝑄 = electron charge whose value is 1.6 × 10−9𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠 

𝐴 = curve-fitting constant 

𝑘 = Boltzmann constant whose value is 1.38 × 10−23 𝐽 °𝐾⁄  

𝑇 = absolute temperature measured in Kelvins 

𝑅𝑠ℎ = shunt resistance measure in ohms 
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And the Shunt-leakage current can also be expressed 

 
𝐼𝑠ℎ =

𝑉𝑜𝑐
𝑅𝑠ℎ

    𝑜𝑟    𝐼𝑠ℎ =
𝑉 + 𝐼𝑅𝑠ℎ
𝑅𝑠ℎ

 (4) 

When (3) and (4) are substituted into (1), the PV output current becomes: 

 
𝐼 = 𝐼𝐿 − 𝐼𝐷 {𝑒𝑥𝑝 (

𝑄𝑉𝑜𝑐
𝐴𝑘𝑇

) − 1} −
𝑉𝑜𝑐
𝑅𝑠ℎ

 

𝑜𝑟 

𝐼 = 𝐼𝐿 − 𝐼𝐷 {𝑒𝑥𝑝 (
𝑄(𝑉 + 𝐼𝑅𝑠ℎ)

𝐴𝑘𝑇
) − 1} − (

𝑉 + 𝐼𝑅𝑠ℎ
𝑅𝑠ℎ

) 

(5) 

Low shunt resistance develops during periods of low irradiance, resulting in lower current passing 

through the solar cell junction and lower solar cell voltage. Consequently, the last term, which 

denotes the shunt-leakage current, is negligible and ignored [75], [78]. 

Setting 𝑉𝑜𝑐 to zero, 𝐼𝑠𝑐 can be calculated, resulting in short circuit and solar produced currents of 

equal value. At constant temperature, the diode saturation current (𝐼𝐷) is constant, and its 

mathematical expression is as follows [77]. 

 
𝐼𝐷 =

𝐼𝑠𝑐
𝑒𝑥𝑝(𝑄. 𝑉𝑜𝑐) − 1

 (6) 

If the short circuit current of the module is known from the data sheet of the cell at any solar 

irradiation, the cell current (I) is given as follows. 

Given 𝐼𝑠𝑐 , 𝐼𝐿 can be expressed as: 

 
𝐼𝐿 = (

𝐺

𝐺𝑜
) 𝐼𝑠𝑐,𝐺𝑜 (7) 

 

Where: 

𝐺 = Solar irradiance [W/m2] 

𝐼𝑠𝑐,𝐺𝑜 = Short circuit current at standard test condition measured in amperes 

𝐺𝑜 = irradiation of the sun under standard test conditions [1000W/m2] 

Setting net current, 𝐼 = 0, 𝑉𝑜𝑐 becomes: 

 
𝑉𝑜𝑐 =

𝐴𝐾𝑇

𝑄
𝑙𝑛 (

𝐼𝐿
𝐼𝑜
+ 1) (8) 
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Fill factor (FF) is a variable considered when modeling PV systems to quantify the performance 

of a PV module. mathematically, FF is written as [79]. 

 
𝐹𝐹 = 

𝑃𝑚𝑎𝑥
𝑉𝑂𝐶 ∗ 𝐼𝑆𝐶

 (9) 

 

Where 𝑃𝑚𝑎𝑥 = Maximum PV modules power. 

 
Figure 19. Remodeling of the I-V Curve with changing FF [79] 

FF is essentially taken into consideration especially in locations with low solar irradiance. A 

maximum power can be achieved at maximum current and voltage [79], [80]. 

 𝑃𝑚𝑎𝑥 = 𝑉𝑀𝑃 ∗ 𝐼𝑀𝑃 (10) 
   

Where: 

𝑉𝑀𝑃 = Voltage achieved at point of maximum power [V] 

𝐼𝑀𝑃 = Current achieved at point of maximum power [V] 

Mathematically, FF is also expressed as: 

 
𝐹𝐹 =

𝑉𝑀𝑃𝐼𝑀𝑃
𝑉𝑂𝐶𝐼𝑆𝐶

 (11) 

   

Figure 20 depicts a PV module with I-V and P-V characteristic curves. 
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Figure 20. I-V and P-V characteristics curves of a PV cell [81] 

2.6.3.1.1.2.2 Mathematical modeling of solar PV 

Solar irradiance, temperature records, and PV module data are required to compute a PV system's 

power output. The energy generated by solar PV panels can be given by [82]. 

 
𝑃𝑃𝑉−𝑜𝑢𝑡 = 𝑃𝑁−𝑃𝑉 × (

𝐺

𝐺𝑟𝑒𝑓
) × {1 + 𝐾𝑇(𝑇𝐶 − 𝑇𝑟𝑒𝑓)} (12) 

Where: 

𝑃𝑃𝑉−𝑜𝑢𝑡 = PV power output 

𝑃𝑁−𝑃𝑉 = rated power at reference state 

𝐺 = solar radiation (W/m2) 

𝐺𝑟𝑒𝑓 = solar radiation at reference state (𝐺𝑟𝑒𝑓 = 1000 W/m2) 

𝑇𝑟𝑒𝑓 = Cell temperature at reference state (𝑇𝑟𝑒𝑓 = 25 °C) 

𝐾𝑇 = temperature coefficient for monocrystalline and polycrystalline solar cell at maximum 

output (𝐾𝑇 = −3.7 × 10
−3 (1 ℃⁄ )). 

𝑇𝐶 = PV cell temperature. 

𝑇𝐶 is expressed as; 

 

 𝑇𝐶 = 𝑇𝑎𝑚𝑏 + 0.0256 × 𝐺 (13) 

   

Where: 

𝑇𝑎𝑚𝑏 = Ambient temperature 
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The efficiency of a PV system indicates how much of the available solar energy is converted into 

electrical energy by a solar cell. It is expressed as; 

 
ƞ
𝑃𝑉
=

𝑃𝑃𝑉

𝐴𝑃𝑉 ∗ 𝐺𝑡
 (14) 

Where: 

ƞ𝑃𝑉 = PV system efficiency 

𝑃𝑃𝑉 = Maximum power output [watts] 

𝐴𝑃𝑉 = Total panel area [m2] 

𝐺𝑡 = Incident radiation on PV system [kW/m2]. 

2.6.3.1.2 Wind turbines 

Wind turbines convert kinetic energy from the wind into mechanical energy and then into 

electricity. The output of a wind turbine is influenced by turbine size and wind speed. A small 

wind power plant could generate as much as 100 kW or less. Turbines rated less than 100 kW or 

between 100 kW and 1.5 MW  are commonly used in small commercial and community wind 

projects, whereas turbines rated between 1.5 MW and 8 MW are used in utility-scale wind projects 

[83]. 

2.6.3.1.2.1 Types of wind turbines  

The two wind turbines classified based on rotor are horizontal axis wind turbines (HAWT) and 

vertical axis wind turbines (VAWT). VAWT has advantages such as having a gearbox, easy 

transmission system and maintenance at ground level, and the ability to catch wind from any angle 

without redirecting the turbines based on wind direction. Nevertheless, it has disadvantages, such 

as lower efficiency, the need for a wide installation space, and poor self-starting abilities. VAWTs 

are only suited for small-scale projects, whereas HAWTs are the most often used wind turbine 

systems because they have a high efficiency, produce more energy than VAWTs, are self-starting, 

and have lower prices. The HAWTs' redirection capabilities are poor [71].  
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Figure 21. a) VAWTs   b) HAWTs 

The ideal rotor of a wind turbine can only collect 59 percent (Betz limit) of wind energy, according 

to the Betz law (1919), while Siemens reported in 2017 that modern wind turbines with three 

blades can collect up to 80 percent of wind energy [84].  

2.6.3.1.2.2 Wind speed and energy relations 

Motion, like a flowing wind, is linked to kinetic energy. The power in flowing air is given by; 

 Power = 
1

2
(𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑)𝑉2 (15) 

 

The theoretical wind power is calculated by [78]: 

 
𝑃 =

1

2
𝜌𝐴𝑉3 (16) 

Where: 

𝑃 = power in wind (watts) 
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𝜌 = density of air (kg/m3) 

𝐴 = area swept by rotor blades (m2) 

𝑉 = velocity of air (m/s). 

Using equation (15), the mechanical power generated by the wind turbine can be expressed as. 

 𝑃𝑜 = 𝑚̇(𝑉2 − 𝑉0
2) (17) 

 

Where: 

𝑃𝑜 = wind turbine generated mechanical power [watts] 

𝑉 = upstream rotor wind speed [m/s] 

𝑉𝑜 = downstream rotor wind speed [m/s] 

𝑚̇ = mass flow rate of air [kg/s]. 

Product of air density and average velocity can also give mass flow rate of rotor blades as in the 

expression: 

 
𝑚̇ = 𝜌𝐴

𝑉 + 𝑉0
2

 (18) 

 

As a result, the mechanical power extracted by the rotor can be expressed as: 

 

𝑃𝑜 =
1

2
𝜌𝐴𝑉3

[1 +
𝑉𝑜
𝑉] [1 − (

𝑉𝑜
𝑉)

2

]

2
 

(19) 

The efficacy of transferring wind energy into electrical energy is measured by a wind turbine's 

coefficient of power (CP). Cp is the ratio of a wind turbine's output power to the total energy 

available in the wind. 

A wind turbine's power coefficient (CP), also known as the Betz limit, is the ratio of wind turbine 

power production to total wind energy. CP is a measure of wind turbine efficiency. 

 

𝐶𝑃 =
[1 +

𝑉𝑜
𝑉] [1 − (

𝑉𝑜
𝑉)

2

]

2
 

(20) 

The ratio 
𝑉𝑜

𝑉
 is one-third, so substituting one third in equation (20) gives the maximum efficiency 

of a rotor, i.e., 0.59. Betz limit maximum value lies between 0.4 and 0.5 for two-bladed rotors and 

between 0.2 and 0.4 for turbines with more blades and slow-motion turbines due to loss. 

Thus equation (19) can be written as: 
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𝑃𝑜 =

1

2
𝜌𝐴𝑉3𝐶𝑃 (21) 

 

A turbine rotor rotates through an area called the rotor-swept area. Area swept by the rotor blades 

of a horizontal turbine is given by: 

 𝐴 =
𝜋

4
𝐷2 𝑜𝑟 𝐴 = 𝜋𝑅2 (22) 

Where: 

𝐴 = Area of the rotor [m2] 

𝐷 = Diameter of the rotor [m] 

𝑅 = Radius of rotor [m]. 

While the area swept by the rotor blades of a vertical turbine is given by: 

 
𝐴 =

2

3
𝑊𝐻 (23) 

Where: 

𝑊 = Width of rotor [m] 

𝐻 = Height of rotor [m]. 

Wind is caused by air pressure, hence the greater the pressure difference, the more wind energy a 

turbine can generate, and vice versa. Temperature, pressure, and the amount of water vapor in the 

air determine air density. 

Using the ideal gas law formular, the air density formula can be given by: 

 
𝜌 =

𝑃

𝑅𝑇
 (24) 

𝜌 = air density [kg/m3] 

𝑃 = pressure of air [pascal] 

𝑅 = gas constant [287 J/kg˚k] 

𝑇 = absolute temperature of air [k]. 
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Weibull probability distribution is a significant approach for expressing variance in wind speed. 

In the Weibull distribution function, the non-dimensional shape parameter (k) and the scale 

parameter (c) for wind speed can be expressed as [85]. 

 
𝑓(𝑣) =

𝑘

𝑐
(
𝑣

𝑐
)
𝑘−1

𝑒𝑥𝑝 {−(
𝑣

𝑐
)
𝑘

} (25) 

Where: 

𝑓(𝑣) = Weibull density function in the wind speed 

𝑘 = Non-dimensional shape parameter 

𝑐 = Scale parameter [m/s] 

𝑣 = Speed of wind [m/s]. 

Broader wind speed distribution gives a smaller non-dimensional shape factor and narrower wind 

speed distribution gives a greater shape factor [77]. The wind speed distribution curve with K = 1 

is called the exponential distribution used in reliability studies. K = 2 is called the Rayleigh 

distribution, present at most wind sites, and K >3 is called the Gaussian or the bell-shaped 

distribution. At K >3, the wind speed Weibull distribution curve approaches the nominal 

distribution [78]. 

The cumulative Weibull distribution function is as follows [85]: 

 
𝐹(𝑣) = 1 − 𝑒𝑥𝑝 {−(

𝑣

𝑐
)
𝑘

} (26) 

 

The yearly mean speed of wind is calculated as [78]: 

 
𝑉𝑚𝑒𝑎𝑛 =

1

8760
∫ 𝑓𝑣𝑑𝑣
∞

0

 (27) 

Where: 

𝑉𝑚𝑒𝑎𝑛 = annual mean speed of wind 

8760 = hours in a year. 
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The relationship between the Weibull parameters and the average wind speed is defined as follows 

[85]: 

 
𝑣𝑚𝑒𝑎𝑛 = 𝑐𝛤 (1 +

1

𝑘
) (28) 

Where: 

𝛤 = Gamma function 

The gamma function is defined as follows: 

 

𝛤(𝑦) = ∫ 𝑒−𝑥
∞

0

𝑥𝑦−1 𝑑𝑥 (29) 

The general form of the Rayleigh distribution using mean speed is summarized as [78]. 

 
𝑓(𝑣) =

2𝑣

𝑐2
𝑒𝑥𝑝 − (

𝑣

𝑐
)
2

=
2𝑣

(𝑣𝑚𝑒𝑎𝑛)2
𝑒𝑥𝑝 − (

𝑣

𝑣𝑚𝑒𝑎𝑛
)
2

 (30) 

 

Wind shear, also known as wind speed profile, is the variation in wind speed with height above 

ground level. The higher a wind turbine is above ground, the more wind energy it captures since 

wind speed is higher than lower. The power law is applied to the vertical wind speed profile as 

[78], [86]: 

 𝑉2
𝑉1
= (

ℎ2
ℎ1
)
𝛼

 (31) 

Where: 

𝑉2 = Wind speed estimated at hub height ℎ2 [m/s] 

𝑉1 = Wind speed at reference height ℎ1 [m/s] 

ℎ1 = Reference height above ground level in meters 

ℎ2 = Hub height in meters 

𝛼 = The power-law exponent varies depending on the location's height, time of day, season, terrain 

type, wind speed, and temperature. 

The operation of turbines is described by three speeds [87]: 

 Cut-in speed: This is the lowest wind speed at which a turbine begins to spin and generate 

practical power. 
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 Rated wind speed: This is the speed at which a turbine can achieve its maximum wind 

power output. 

 Cut-out speed: Under the requirements of the design process and safety, this is the highest 

wind speed at which a turbine can deliver power. Furling speed is another name for cut-

out speed. 

To safeguard the wind turbine from harm, the manufacturer determines Furling speed. Figure 22 

depicts a representation of an ideal wind power curve. 

 

Figure 22. Typical wind turbine power characteristics curve [88] 

2.6.3.1.2.2.1 Mathematical modeling of wind turbine 

When estimating the power output of a wind turbine system, the wind speed distribution at a 

location, and the power output properties of a proposed turbine, are all factors to consider. Using 

the right model for wind turbine power output calculations is crucial [89]. A wind turbine’s output 

power can be calculated by [90]. 

 

𝑃𝑤(𝑣) =

{
 

 
0   𝑣 ≤ 𝑣𝑐𝑖    𝑜𝑟   𝑣 ≥ 𝑣𝑐𝑜

𝑃𝑟𝑎𝑡𝑒𝑑−𝑊(𝑣 − 𝑣𝑐𝑖)

(𝑣𝑟 − 𝑣𝑐𝑖)
   𝑣𝑐𝑖 ≤ 𝑣 ≤ 𝑣𝑟

𝑃𝑟𝑎𝑡𝑒𝑑−𝑊    𝑣𝑟 ≤ 𝑣 ≤ 𝑣𝑐𝑜

 (32) 

 0 ≤ 𝑃𝑤 ≤ 𝑃𝑟𝑎𝑡𝑒𝑑−𝑊
𝑚𝑎𝑥  (33) 

Where: 
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𝑣𝑐𝑖 = Cut-in speed 

𝑣𝑐𝑜 = Cut-off speed 

𝑣𝑟 = Rated wind speed 

𝑃𝑟𝑎𝑡𝑒𝑑−𝑊 = Output power of wind turbine. 

 

2.6.3.2 Loads 

Based on reliability and outages or damage of power systems, microgrid loads can be classified 

into:  

 Critical loads  

 General loads  

 sensitive loads  

 Non-sensitive loads 

 Controllable loads  

 Non-controllable loads 

The load of the customers must be understood before a microgrid can be designed to determine 

the best generating capacity and storage system to meet the demand for power (Asian Development 

Bank, 2020).  

2.6.3.3 Storage system 

Energy storage is a device that transforms electrical energy into storable energy and then 

transforms it back to electricity when required. Energy storage systems (ESS) are critical in 

microgrids because they improve system stability, reliability, and power quality [91]. 

An energy storage technology is selected based on the microgrid's size and necessary reaction time 

[63].  

Figure 23 summarizes the various storage technologies and their storage system power ratings and 

discharge time at rated power. 
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Figure 23. Comparison of Electrical Energy Storage (EES) systems used in Microgrids [92] 

Due to the intermittent nature of most integrated sources in microgrids, such as solar and wind, 

ESS is a critical component of a renewable energy-based microgrid, as they improve power supply 

reliability. When energy storage is used or a grid is connected to a system, power issues are 

minimized. Figure 24 displays the benefits of ESS, which include reduced congestion, low power 

use, volatility, and security issues in the power system and maintaining stability and improving 

power quality.  

 

 
Figure 24. Energy storage benefits [93] 
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In this study, battery storage system will be considered in the modeling and design. The battery's 

capacity affects operating aspects such discharge rate, DOD, cut-off voltage, temperature, and the 

battery's age and cycle history. A battery's capacity is measured in Ampere-hours (Ah). 

The following are the basic performance characteristics that govern battery design [78]: 

 Charge and discharge voltages:  

charging and discharging of batteries is a benchmark for how much energy is added or taken from 

the battery ESS in terms of power. The manufacturer determines a battery's charging and 

discharging rate. These characteristics are often shown on the battery label. A completely charged 

battery reaches maximum voltage and so has zero discharging Ah, however, a discharging battery 

has diminishing Ah until it is fully discharged and its charging Ah becomes zero. Prolonged 

charging of a fully charged battery induces gassing and causes the charging to be transformed into 

heat.. 

 Charge and discharge ratio:   

The charge and discharge ratio are calculated by dividing the Ah input by the Ah output while 

keeping the charge constant.  

 Round-trip energy efficiency:  

The energy efficiency of batteries is the ratio of energy output to energy input at the battery's 

electrical terminals throughout a full charge and discharge cycle. Batteries are not ideal as such 

they lose energy inform of heat during charging and discharging processes.  

 Charge efficiency:  

The Ah injected internally between the plates to the Ah delivered to the exterior terminals during 

the charging process is known as charge efficiency. The charge efficiency of an empty cell 

estimated to be approximately 100 percent, and when the charging rate approaches one, the charge 

efficiency drops to zero. 

 Internal resistance:  

This is the obstructing of current flow from the battery. Externally, current runs from positive 

terminal to negative terminal in a battery, however internally, current flows from negative terminal 

to positive terminal, therefore parameters like electrolyte conductivity, ion mobility, and electrode 

surface area create resistance to current during this flow.  Small cells, for example, have small 
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electrodes and hence have a higher resistance than large cells, which have large electrodes and a 

lower resistance. 

 Memory effect:  

A battery memory effect tends for a battery to remember the level at which it last provided the 

majority of its capacity. After numerous shallow discharge cycles, this effect causes the full 

capacity to be lost. To get rid of this effect, “reconditioning” is done once every few months, in 

which a battery is discharged to 1 Volt per cell and then completely charged to around 1.55 Volts 

per cell. Memory effect is experienced by some batteries, such as NiCd and Li-ion, but other types 

of storage technologies do not experience it.  

 Effects of temperature:  

Higher temperatures cause battery gassing, self-discharge, lower battery life, and lower capacity 

and charge efficiency. On the other hand, low temperatures reduce conductivity in the battery 

electrodes, lowering efficiency, and increasing internal resistance. Battery capacity drops at 

temperatures over 25°C or below 10°C, and at temperatures below zero, capacity drops sharply. 

 Failure:  

Battery failure is the result of a set of interconnected events that are influenced by the chemistry, 

design, environment, and actual working circumstances of the battery. Conditions such as below-

zero temperatures, vibration, overcharging, deep discharging, heat, and fast charging can all cause 

a battery to fail.  

2.6.3.3.1 Mathematical modeling of battery storage system  

The majority of batteries used in hybrid systems are lead acid batteries because of the advantages 

they provide, such as the ability to charge and discharge without affecting storage capacity, and 

the fact that they are safer than wet acid batteries because the acid in lead acid batteries is stored 

in a gel and cannot be easily leaked, unlike in wet acid batteries [94].  The state of charge (SOC) 

at time t can be estimated during the charging phase as follows [94]: 

 𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − ∆𝑡) + (𝑃𝑃𝑉(𝑡) ∗ ƞ𝐷𝐶−𝐷𝐶) + 𝑃𝑊𝐺(𝑡) ∗ ƞ𝐴𝐶−𝐷𝐶

− (
𝑃𝑙𝑜𝑎𝑑(𝑡)

ƞ𝑤𝑟 ∗ ƞ𝑖𝑛𝑣
) ∗

ƞ𝑐ℎ𝑎
𝑈𝑏𝑢𝑠

∗ ∆𝑡 
(34) 

 

SOC at time t can be estimated during the discharging phase as follows: 
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 𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − ∆𝑡) + (𝑃𝑃𝑉(𝑡) ∗ ƞ𝐷𝐶−𝐷𝐶) + 𝑃𝑊𝐺(𝑡) ∗ ƞ𝐴𝐶−𝐷𝐶

− (
𝑃𝑙𝑜𝑎𝑑(𝑡)

ƞ𝑤𝑟 ∗ ƞ𝑖𝑛𝑣
) ∗

1

𝑈𝑏𝑢𝑠 ∗ ƞ𝑑𝑒𝑐ℎ
∗ ∆𝑡 

(35) 

Where:  

𝑃𝑙𝑜𝑎𝑑 = Power consumed by the load at t time. load power consumed at time t 

𝑡 = Simulation time step (t = 1 hour) 

ƞ𝐷𝐶−𝐷𝐶 = efficiency of a DC-DC  

ƞ𝐴𝐶−𝐷𝐶 = efficiency of an AC-DC  

ƞ𝑖𝑛𝑣 = efficiency of a DC-AC converter  

ƞ𝐷𝐶−𝐷𝐶 = ƞ𝐴𝐶−𝐷𝐶 = ƞ𝑖𝑛𝑣 = 0.95 (an assumed value) 

ƞ𝑐ℎ𝑎 = Battery efficiency during charging = 0.85 

ƞ𝑑𝑒𝑐ℎ = Battery efficiency during discharging = 1 

ƞ𝑤𝑟 = Efficiency introduced to consider wire losses = 0.98 

𝑈𝑏𝑢𝑠 = Nominal DC bus voltage = 48 V.  

2.6.3.4 Microgrid monitoring and control systems 

Microgrid monitoring and control systems (MMCS) connect the microgrid's elements and balance 

the configuration. In a simple microgrid setup, the governor may be the only MMCS for a 

generator. In a comprehensive microgrid arrangement, on the other hand, the MMCS may 

incorporate sensing, meters, complex tools, and communication channels, energy storage, loads, 

and utility interfaces [63]. The microgrid's control system maintains frequency and voltage 

stability during load changes and network interconnections and regulates the converter's active and 

passive force [95].  

2.6.3.5 Grid interconnectors 

Grid interconnectors connect a microgrid to a utility grid to draw/inject additional power from/to 

the grid. Excess power production from the microgrid can also be pumped into the grid to save 

money, and the interconnections between the two also ensure that power reliability is improved. 

Direct through switchgear, power electronic interfaces, and static switches are the interconnection 

methods [96].  

The point of common coupling (PCC) is the electrical junction where a microgrid connects and 

disconnects from the power grid. According to IEEE 2011 standard 1547 of interconnection policy, 

microgrids and their components, such as control systems and grid interconnectors, must meet 
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technical requirements such as anti-islanding, low-or high-voltage and frequency ride-through, and 

power quality, as well as operational requirements such as real and reactive power import and 

export. Microgrids, including their components such as control systems and grid interconnectors, 

must meet technical specifications such as anti-islanding, low-or high-voltage and frequency ride-

through, power efficiency, and operational requirements such as actual and reactive power import 

and export, for the PCC [26].  

2.6.4 Power electronics (PE) in microgrids  

The PE interface connects DERs to electrical power systems using switches, control systems, 

inductive components, and capacitive elements. A microgrid PE interface is shown in Figure 25. 

 

Figure 25. Microgrid PE interfaces [97] 

2.6.4.1 Power electronic converters  

Converters are significant power electronics and components in renewable energy systems because 

they ensure effective energy management and system stability. 

Power electronic converters are primarily used for controlling, converting, and conditioning 

electricity flow from one form to another [98].  

In hybrid renewable energy systems, power converters must meet some requirements, 

including high efficiency, low electromagnetic interference, cheap, appropriate voltage ratio, low 

current ripple, and maximum reliability [99]. Whether in grid-connected or islanded operation 

mode, modern grid-supporting power converters in a Microgrid should contribute to damping 

power oscillations and grid voltage and frequency regulation [100]. 
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2.6.4.1.1 Classification of converters 

The classification of converters include: 

i. Inverter (AC to DC converters) 

Inverters are often used to convert D.C. power from fuel cells, solar panels, and batteries into AC 

power. Hybrid inverters in hybrid renewable energy systems reduce over-reliance on these grid-

connected systems. Hybrid inverters are also convenient for operating several renewable energy 

technologies, minimizing high electricity costs, and being efficient [101].  An A.C. voltage is the 

resultant power output supplied to loads when an inverter is connected between a D.C. link and a 

load in hybrid systems. Multilevel inverters, which use some power semiconductor design 

technologies and D.C. voltage sources, have gained greater interest in recent years. The cascaded, 

diode-clamped, and capacitor-clamped multilevel inverter topologies are the most popular [102].  

Inverters are used in both domestic and industrial systems to supplement power disruptions in 

utility grids. However, they are prone to failure when battery capacity is limited, and large 

appliances are used that are considerably heavier than what the inverter is designed to handle. To 

employ hybrid inverters, the battery system voltage must match the inverter's D.C. voltage input 

requirements. The hybrid system's power capacity from renewable energy sources must charge 

batteries and supply sufficient capacity to the load [103]. However, choosing an inverter size that 

matches the size of the renewable energy systems based on intermittent sources demands a 

significant investment [104].  

ii. Rectifiers  

Rectifiers change the low voltage of a steady AC output to a variable voltage of dc output [105].  

iii. Choppers (DC to DC converters) 

A chopper is a stationary device that converts a constant DC input voltage to a changing DC output 

voltage. Chopper converters provide seamless control, high performance, and fast response, and 

are extensively used for deceleration and movement regulation in electric vehicles and mini 

transportation [106].  

iv. AC voltage controllers 

A fixed ac voltage is converted to a variable ac output voltage using these converters, also known 

as AC voltage controllers or AC regulators. The attainable AC has the same frequency as the input 

AC [107].  AC voltage controls are used to ensure a steady temperature during electric heating 
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processes. A tap changing transformer may convert fixed ac to variable ac without changing the 

frequency. 

v. Cycloconverters  

Cycloconverters use one-stage conversion to transform input power at one frequency into output 

power at a different frequency. They're employed in high-capacity drives [107].  

2.6.5 Mechanisms for Microgrid optimization 

Optimization is a strategy for improving efficiency, economics, resiliency, and robustness in 

microgrid energy management systems (EMS). An EMS is required in a microgrid employing 

more than two DERs to impose power allocation among the DERs, the cost of energy production, 

and emissions [108]. An example of EMS in a microgrid is shown in Figure 26. 

 

Figure 26. Energy management system in a microgrid [108] 

For the optimization technique, this study considers a simulation-based approach using the 

HOMER tool. Creating an optimal conversion model yields consistent energy from renewable 

energy sources [66].  
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2.6.6 What is a smart grid?  

A smart grid is a recent invention in the electric power system that seeks to improve electricity 

reliability considerably more than before while also ensuring cost minimization, increasing the use 

of sustainable energy sources, and reducing carbon emissions [109]. Figure 27 illustrates the share 

of benefits that smart grid can provide to different factions.  

 

Figure 27. Benefits of smart grid schemes, broken down per value segment [110] 

There is no unified definition of a smart grid; different research institutes, organizations, and 

authors define it differently. 

According to DOE, A smart grid is an electrical distribution system linked to communications and 

information technologies from generation to consumption for better grid management, client 

service, and emission reduction. In contrast, the E.U defines a smart grid as an electric system that 

can smartly combine the behaviors of all users, including producers and consumers to provide 

sustainable, cost-effective, and secure electricity supply. The Electric Power Research Institute 

(EPRI) gave its definition of a smart grid as a system that incorporates information and 

communications technology into every part of energy generation, distribution, and consumption 

to cut costs and improve efficiency while minimizing environmental effects, improving markets, 

and improving dependability and service [111]  
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A microgrid is part of a smart grid. Figure 28 depicts various components or technologies of a 

smart grid. 

  

Figure 28. Smart grid components [112] 

The implementation of the smart grid concept envisions the interaction and integration of several 

stakeholders, including Consumers, System operators, manufacturers, ICT service providers, 

Centralized and decentralized energy producers, energy and service providers, research and 

innovation centers, education and training institutions, regulation authorities, standardization 

organizations [110]. 

2.6.7 Classification of microgrids 

Microgrids are classified according to their function demand, capacity, and AC/DC form [49].  

2.6.7.1 Function demand.  

This category has three microgrids: simple microgrid, multi-DG microgrid, and utility microgrid 

[49].  

2.6.7.1.1 Simple microgrid 

This microgrid has a simple architecture to power independent institutions, with only one DG 

required for its configuration. It aims to keep vital loads powered up at all times. A simple 

microgrid has a capacity of 2MW or less [49]. 
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Pw(t) = power output of the wind turbine at time t, and Pl(t) = power consumption of the load, 

Pg(t) = grid output power of and Pb(t) = power output of battery storage. 

Figure 29. A simplified simple microgrid structure[113] 

2.6.7.1.2 Multi-DG microgrid 

As the name implies, a multi-DG microgrid comprises two or more DGs or a series of simple 

microgrids. The design mechanisms of a Multi-DG microgrid, unlike simple microgrids, are more 

complex to implement [49]. A typical multi-DG microgrid consists of DGs, ESS, and load [114]. 

 

Figure 30. A typical configuration of multi-DG microgrids [114] 
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2.6.7.1.3 Utility microgrid 

During peak hours, a utility microgrid is used to sustain critical loads of consumers. A utility 

microgrid is grid connected thus it can take and pump power into and out of a grid, and they 

typically use renewable energy sources as DGs, increasing reliability. A utility microgrid is 

designed to run in an island mode if the main grid fails automatically. The key components of a 

utility microgrid are DGs, ESS, a Central Management Controller (CMC), and transmission lines, 

as shown in figure 31. When energy supply from DG sources is insufficient, CMC can take 

electricity from the utility grid  [115].  

 

Figure 31. A typical utility microgrid's structure [115] 

2.6.7.2 Capacity 

The simple microgrid, corporate microgrid, feeder area microgrid, substation area microgrid, and 

independent microgrid are the several types of microgrids that fall under this category; a simple 

microgrid has already been highlighted. The other four types of microgrids in this group, apart 

from the independent microgrid, are grid-connected microgrids. 

2.6.7.2.1 Corporate microgrid.  

The capacity of a cooperate microgrid ranges from 2 to 5 MW. The capability of a cooperative 

microgrid differs significantly from that of a simple microgrid.  

2.6.7.2.2 Feeder area microgrid. 

This microgrid, also known as a feeder-based microgrid, is a cutting-edge microgrid designed to 

replace outdated infrastructure and modernize feeders that are no longer suitable for microgrids. It 
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can operate in two modes: autonomous and grid-tied, with the latter being the most common for 

economic reasons and islanding. A feeder-based microgrid improves distribution system reliability 

and stability, improves control system flexibility, and reduces the probability of faults. It also 

provides enhanced security against cyber-attacks and improves DG power flow [116]. The feeder-

based microgrid has a capacity of 5–25 MW [49]. 

 

 

Figure 32. A feeder based microgrid example [116] 

2.6.7.2.3 Substation area microgrid 

This form of microgrid can handle more than 20MW of power. It employs CHP trigenerations and 

local loads, such as those found in homes, businesses, and industries. 

2.6.7.2.4 Independent microgrid 

Independent microgrids are typically designed for autonomous operation and power small loads 

with low electricity demands. Wind-based independent microgrids, PV-based independent 

microgrids, and biomass-based independent microgrids are examples of independent microgrids 

[49], [117]. 
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Figure 33. Independent microgrid consisting of biomass-based independent microgrid, PV-based 

independent microgrid and wind-based independent microgrid [117] 

2.6.7.3 AC/DC classification 

AC microgrids, DC microgrids, and AC/DC HBMGs are the three types of microgrids in this 

category. 

2.6.7.3.1 AC microgrid  

The AC bus, part of an AC microgrid, connects the DGs and EESs via the PEs. Using a static 

switch to link the microgrid to the power grid can operate in both islanded and grid-tied modes 

[117].  An AC to DC rectifier in an AC microgrid converts AC power to DC to feed DC loads, 

while AC loads are connected to the AC microgrid [118].  

Some of the benefits of an AC microgrid include enabling voltage step-up for long-distance 

distribution and isolating it from the grid in the event of a grid fault [118]. In addition, the design 

and installation of an AC microgrid are much easier [119]. 

Unwanted current output from bi-directional power flow, low efficiency during energy conversion 

from AC to DC while supplying DC loads, complex control mechanisms, and frequency deviations 

due to only small synchronous generators are some of the challenges associated with AC 

microgrids [118], [120].   
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Figure 34. AC microgrid architecture [121]. 

2.6.7.3.2 DC microgrid  

DC microgrids are intended to connect DC-output sources such as solar PV, fuel cells, and batteries 

to directly supply DC loads using a DC bus, preventing the conversion loss in AC microgrids and 

thus increasing DC microgrid performance. Furthermore, since existing energy is stored in the DC 

capacitor and voltage control of the AC/DC converter, synchronization in a DC microgrid is not 

required. The DC bus voltage is unaffected in the event of grid interruptions [100]. 

A DC microgrid's downside is that inverters must convert DC electricity to AC power to feed AC 

loads connected to the DC microgrid [49]. 
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Figure 35. DC microgrid architecture [121] 

2.6.7.3.3 AC–DC HBMG 

The AC-DC HBMG, also known as a HBMG, is a microgrid that incorporates both an AC bus 

microgrid and a DC bus microgrid linked to each other by a bidirectional AC/DC converter, which 

allows power to flow in both directions between the buses while minimizing energy loss during 

conversion. Thus, efficiency is improved [121]. The renewable HBMG improves power stability, 

reliability, dispatchability, and solutions for critical loads and is a more cost-effective alternative 

[122].  

A renewable energy HBMG can integrate renewable energy sources, including solar and wind 

combinations, solar and hydropower combinations, solar and biomass combinations, wind and 

hydropower combinations, and so on.  
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Figure 36. AC/DC microgrid architecture [123] 
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CHAPTER THREE 

3 Methodology of the proposed system 

This chapter explains the research techniques, including data modeling, component descriptions, 

site resources, economic parameters, and a brief introduction to the software.  

 HOMER as a Tool for HBMG  

Some of the most commonly used microgrid optimization software tools include HOMER, 

HYBRID2, HOGA, TRNSYS, HYDROGEMS, HYBRIDS, INSEL, ARES, RAPSIM, SOMES, 

and SOLSIM. HOMER is a microgrid system optimization, simulation, and sensitivity analysis 

software developed by the National Renewable Energy Laboratory (NREL) in the United States 

of America [124].  

▪ HOMER can simulate hundreds of thousands of solutions depending on the situation at 

hand. It can simulate the intended system based on the estimation of installation cost, 

replacement cost, Operation and Maintenance (O&M) cost, fuel, and interest rate.  

▪ Following the simulation step, the optimization step displays a sorted list of configuration 

results based on Total Net Present Cost (TNPC). HOMER examines the many types of 

system configurations from the lowest to the highest TNPC. The system configuration 

based on TNPC, on the other hand, varies depending on the sensitivity variable chosen by 

the user.  

▪ The sensitivity phase is an optional step in which sensitivity variables such as wind speed, 

solar radiation, fuel costs, and so on are presented to see how the optimal system changes 

when these variables [125], [126].  

HOMER considers several elements, including technological feasibility, climate, load 

consumption, and economics parameters analysis.  

The HOMER tool necessitates the collaboration of stakeholders such as renewable energy 

advocates, power engineers, utility operators, and financiers as shown in figure 37. 
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Figure 37. HOMER as a communication tool that brings together various stakeholders [127] 

 Case study – Faculty of Technology of University of Tlemcen 

The Faculty of Technology of the University of Tlemcen is located in Chetouane, in the province 

of Tlemcen, Algeria. A natural gas-driven utility grid presently supplies the faculty. The city of 

Tlemcen, located in the northwest of Algeria, experiences four seasons in a year. The four seasons 

include [128]:  

• The spring season begins in March and ends in May, and it follows the winter season. It's 

usually marked by scattered clouds in the sky, warm air temperatures, and a drop in 

precipitation levels. For the three months of the Spring season, the average minimum 

temperature is around 12°C, and the average maximum temperature is around 20°C. 

• Summer season: This season begins in June and finishes in August, shortly following 

spring. It is characterized by aridity and a lack of rain and dry high air temperature and 

pressure. Throughout these months, temperatures can reach 30°C to 35°C or even higher 

on some days, with a low average temperature of around 20°C. 

• Autumn season: This season begins in September and extends in November, and it follows 

the summer season. Low cloud formations and sporadic rainfall are typical characteristics. 

The overall average minimum temperature for the three months of winter is around 16°C, 

while the entire average maximum average temperature is around 23°C. 

• Winter season: This season follows the autumn season, beginning in December and ending 

in February It is characterized by plentiful rainfall, and mountainous regions experience 

snow and chilly air at times. 
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 Estimation of Electric Load 

The primary load data in this research was collected from the faculty of technology, the University 

of Tlemcen, which comprises several categories, including lecture rooms load, library load, 

outdoor lighting load, the Pan African University Institute of Water and Energy Sciences 

(PAUWES) building data load, and the faculty kitchen data load. The estimated loads/appliances 

include Cast Iron Radiators (CIR), lamps or lighting, projectors, air conditioners (A/C), desktop 

computers, and kitchen appliances. The lamps include Compact Fluorescent Lamps (CFL), 2 lamp 

Fluorescence Lamps (2 lamp FL), T6 lamp Fluorescent Lamp (T6 lamp FL), 3 headed outdoor 

street lamps, Polycarbonate outdoor post lantern with frosted acrylic glass, LED round gate lights, 

LED road lamps, and LED outdoor street lights. The load profile consumption is broken down into 

four seasons. 

Seasonal fluctuations, combined with faculty schedules, cause some load consumption to vary 

throughout the year. For example, since the winter season is marked by cold temperatures, the cast 

iron radiators (CIR) are turned on while the air conditioners (A/C) are turned off. In the summer 

season, characterized by high temperatures, the faculty usually takes a long or end-of-academic-

year vacation that usually lasts the entire summer season. Though the faculty remains closed for 

the summer, some offices are likely to remain open since the administration may compile student 

results, prepare for the next academic year, or fulfill certain formal obligations. As a result, 

summer loads such as air conditioning and office loads will use power. In the autumn and spring 

seasons, the load consumption is estimated to be the same and seasonal loads such as CIR and A/C 

are non-operational because of the moderate temperatures in these two seasons. The load 

consumption of outdoor lighting remains consistent throughout the year. The detailed load profile 

data for winter, spring, summer, and autumn seasons are presented in Appendix A (A.1, A.2 and 

A.3). 

Table 6. depicts hourly load profile data calculated from Appendix A (A.1, A.2 and A.3) for the 

Faculty of Technology of the University of Tlemcen, used in this study.  
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Table 6. Time series load profile of the case study 

Hour 

ELECTRICAL LOAD (kW) 

Winter Months Spring Months Autumn Months Summer Months 

0 8.21 8.21 8.21 8.21 

1 8.21 8.21 8.21 8.21 

2 8.21 8.21 8.21 8.21 

3 8.21 8.21 8.21 8.21 

4 8.21 8.21 8.21 8.21 

5 8.21 8.21 8.21 8.21 

6 28.47 28.47 28.47 8.21 

7 31.26 31.26 31.26 0.07 

8 45.001 45.001 45.001 1.979 

9 173.109 73.581 73.581 1.979 

10 162.609 63.081 63.081 1.979 

11 160.309 60.781 60.781 1.979 

12 132.999 33.471 33.471 25.979 

13 128.799 29.271 29.271 25.229 

14 140.389 40.861 40.861 28.469 

15 140.389 40.861 40.861 28.469 

16 27.541 27.541 27.541 1.979 

17 10.8 10.8 10.8 0.14 

18 10.8 10.8 10.8 0.14 

19 8.21 8.21 8.21 8.21 

20 8.21 8.21 8.21 8.21 

21 8.21 8.21 8.21 8.21 

22 8.21 8.21 8.21 8.21 

23 8.21 8.21 8.21 8.21 

 

3.3.1 Electrical load Simulation in HOMER 

The load data entered into the HOMER is based on various appliances and their durations over 24 

hours at the faculty. As illustrated in figure 38, HOMER utilizes the load data to simulate daily, 

seasonal, and yearly profiles to calculate average and peak loads.  
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Figure 38. Load profile of the faculty under consideration 

The average daily energy consumption is 601.11kWh/day and a peak load of 296.32 kW was 

produced after taking into account a random variation in the load with a 10% day-to-day base and 

a 20%-time step. 

 System Configurations of the Proposed HBMG System for the Faculty 

Figure 39 depicts the suggested configured system setups for the faculty. Solar and wind are the 

renewable energy sources considered in the design, with three scenarios considered for the 

analysis, one of the scenarios considered is a standalone system, the other scenario is a grid-

connected system without batteries and the third scenario is a grid-connected with batteries as an 

additional backup. The configured systems are connected to the grid to improve system power 

stability and reliability and to provide backup power in the event of low or no electricity from the 

deployed renewable sources.  
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Figure 39. Schematic diagrams of the proposed HBMG systems with the figure on the top left 

showing a stand-alone system. The figure on the top right shows a configured grid connected 

system without batteries. The figure on the bottom is a grid connected-configured with batteries. 

 Resources of the Location 

Chetouane is located at the coordinates 34°55.'4N and 1°18.0'W, and the time zone is GMT/UTC 

(UTC+01:00) is used to access the location resources. The solar, wind, and temperature resource 

data is obtained through HOMER from the National Aeronautics and Space Administration 

(NASA) prediction of worldwide energy resources. The HOMER tool requires the site's average 

monthly temperatures to calculate feasibility [129]. 

3.5.1 Solar resource 

Global Horizontal Irradiance (GHI) represents the total quantity of solar radiation incidents on a 

horizontal surface. The average monthly GHI is based on data collected over 22 years. The 
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clearness index is a dimensionless value between 0 and 1 that defines the clearness of the 

atmosphere. The clearness index has a high value when the weather is clear and sunny, and a low 

value when the weather is cloudy. The annual average radiation is 4.92 kWh/m2/day. In general, 

Chetouane solar radiation is adequate from March to October, i.e., adequate energy can be 

harnessed during this time. However, from November to January, the solar radiation is small. The 

average solar radiation trend and clearness index over a year is given in table 7 and Figure 40.   

Table 7. Monthly average global horizontal irradiance data of Chetouane 

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Daily Solar 

Radiation  

kWh/m2/day  

2.82 3.73 4.67 5.87 6.64 7.23 7.30 6.32 5.13 3.92 2.90 2.50 

Clearness 

index  

0.553 0.581 0.567 0.589 0.598 0.627 0.647 0.611 0.583 0.565 0.539 0.533 

 

With a daily solar radiation of 7.3 kWh/m2/day and a clearness index of 0.647, July has the highest 

solar radiation and clearness index, while December has the lowest radiation and clearness index, 

with a radiation of 2.5 kWh/m2/day and a clearness index of 0.533. The GHI data is the average 

monthly radiation collected over 22 years from July 1983 to June 2005. 

 

Figure 40. Chetouane monthly daily solar radiation and Clearness index 

Over a year, the daily variations of the global horizontal solar radiation source tracked on an 

individual basis are shown in figure 41. 
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Figure 41. Individual daily changes of global horizontal solar radiation source throughout 12 

months 

3.5.2 Wind resource 

Measured from a height of 50m above the surface, the average wind speed over 30 years from 

January 1984 to December 2013 is presented in table 8 and figure 42. The average yearly wind 

speed is 5.18 m/s, with the lowest average wind speed of 4.19 m/s occurring in August and the 

highest average wind speed of 6.09 m/s prevailing in December. 

Table 8. Monthly Average Wind Speed 

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Monthly 

average 

wind speed 

m/s 

6.03 5.93 5.63 5.58 4.86 4.42 4.20 4.19 4.41 4.90 5.92 6.09 
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Figure 42. Average wind speed data for Chetouane 

Figure 43 shows the 24-hour wind speed variance across the year. 

 

Figure 43. Individual daily changes of wind speed source throughout 12 months 

Given that most micro wind turbines have a minimum set-in motion wind speed of roughly 2 m/s, 

the wind speeds of Chetouane are viable for wind power generation. 
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3.5.3 Temperature 

The consequence of rising temperatures increases in PV cell temperature, which can result in a PV 

module's performance degrading. Thus, cooling can help preserve the efficiency of a PV module 

by regulating the temperature of the PV cell at severe temperatures. As in table 9 and figure 44, 

the temperature data for Chetouane indicates that losses during solar energy generation are 

minimal, based on the commonly used temperature coefficient to measure the loss of efficiency in 

PV modules set for over 25°C by solar panel manufacturers. The monthly temperatures were 

gathered during 30 years, from January 1984 to December 2013.  

Table 9. Monthly average temperature data 

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Daily 

temperature 

℃ 

7.49 8.71 11.33 13.62 17.45 22.32 26.27 26.39 21.85 17.22 11.77 8.63 

 

The annual average temperature is 16.09°C on a scaled basis. The minimum average daily 

temperature is 7.49°C in January, while the maximum average daily temperature is 26.39°C in 

August.

 

Figure 44. Average monthly mean temperatures data for Chetouane 

The temperature data is higher from May to October and lower from November to March.  
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 Properties of Components 

The components used in this study were chosen straight from the HOMER library, and each has 

its own set of costs, capacity, lifespan, and other properties. 

3.6.1 Solar PV properties 

The CanadianSolar MaxPower CS6X-325P PV was selected after considering multiple simulation 

results from several PV modules to arrive at the most optimal solution. There are no replacement 

costs for the PV system over the project's 25-year life cycle since the PV system's life span is the 

same as the project's life cycle. Due to conditions such as ambient temperature influence, dust, 

shading, wiring losses, and PV degradation, the PV panels are bound to suffer losses. This PV's 

derating factor is 88%, and its temperature coefficient is -0.41% per degree Celsius. The efficiency 

of this PV system in standard conditions is 16.94%. There are 72 polycrystalline cells in this PV 

module with a capacity of 325 watts. Polycrystalline PV panels are less expensive than single 

crystalline silicon cells and perform better in slightly shadowed circumstances. No tracking system 

is employed for the PV system in this HBMG design. The PV system is set at $700 per kW, with 

an O&M fee of $10 per year. Appendix B (B.1) contains additional PV specifications.  

 

Figure 45. Simulated PV system considered for optimization 
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3.6.2 Wind Turbine properties 

For the simulations in this study, an AWS HC 3.3kW rated capacity Wind turbine is used, and the 

capital cost is set at $ 7000 per kW, replacement cost at $ 6000 and O&M at $ 10 per year for 

economic analysis, with an O&M cost of $ 100 per year. Hub height of this turbine is 12 m and 

life span is 20 years. Appendix B (B.2) has additional wind turbine specifications.  

 

Figure 46. Simulated wind system considered for optimization 

3.6.3 Battery Storage properties 

For this simulation, a generic 1kWh lead acid battery with a nominal voltage of 12V, a maximum 

capacity of 83.4 Ah, an efficiency of 80%, a maximum charge current of 16.7A, and a lifetime of 

10 years was used. As both the PV and the battery are connected to the DC bus in one 

configuration, their output voltages should be the same, thus the battery's 12V is connected in three 

strings to provide a 36V voltage, just like the PV system voltage. The cost of this battery is defined 

at $ 600, and its initial state of charge is 100%, with a minimum state of charge of 40%.  
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Figure 47. Simulated battery system considered for optimization 

3.6.4 Converter 

A bi-directional converter allows power to flow in both directions, making it easier to convert AC 

to DC for battery charging and supply AC to supply AC loads by converting DC to AC. A 

Dynapower SPS-100 with a capacity of 100 kW and an efficiency of 96.5% with a relative capacity 

of 100% was investigated. The converter has a 15-year life expectancy, with a considered capital 

cost of $ 700, a replacement cost of $ 600, and an annual O&M expense of $ 30. The capacity of 

this converter is slightly higher (approximately 19%) than the peak load.  

 

Figure 48. Simulated converter system considered for optimization 
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3.6.5 Main grid connection 

Due to the unpredictability of solar and wind resources and the possibility of system failure, 

connecting to a grid allows the grid to supply electricity and provide backup for the system. The 

system's connection to the grid also allows the system's excess energy to be sold to the grid. The 

advanced grid module in HOMER enhances the grid by adding real-time rates, schedule rates, grid 

extension, and reliability choices. The advanced grid modeling by schedule rates was selected for 

this study. It enables grid-connected systems with programmed pricing to establish grid prices on 

a regular schedule based on day, month of the year, and weekdays or weekends. The grid purchase 

price is assumed to be $ 0.10/kWh, whereas the sell-back price is assumed to be $ 0.05/kWh.  

 Economics Analysis 

Net Present Cost (NPC) and the Levelized Cost of Energy or Cost of Energy (COE) are the two 

key economic factors utilized in the HOMER tool for economic analysis and optimal 

configurations. NPC is the most cost-effective metric in the HOMER tool for optimization [130]. 

3.7.1 Net Present Cost 

NPC is the total cost and revenue of a project across its whole life cycle, and it is represented by 

the expression [131];  

 
𝑁𝑃𝐶 =

𝐶𝑇−𝑎𝑛𝑛
𝐶𝑅𝐹(𝑖, 𝑡)

 (36) 

 

Where;  

𝐶𝑇−𝑎𝑛𝑛 = Annualized total cost of the system.  

𝐶𝑅𝐹 = Capital recovery factor  

𝑖 = Annual interest rate or discount rate 

𝑡 = Project life time. 

The annual effective interest rate is a percentage of the balance at the end of the year in which 

interest is paid or earned and it is represented as;  

 
𝑖 =

𝑖′ − 𝑓

1 + 𝑓
 (37) 

Where;  

𝑖′ = Nominal interest rate 

𝑓 = Annual inflation rate. 

The capital recovery factor is the number of yearly payments required at a discount rate in order  
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to achieve present value after a given number of years. It is given by;  

 
𝐶𝑅𝐹(𝑖, 𝑛) =

𝑖(1 + 𝑛)𝑛

(1 + 𝑛)𝑛 − 1
 (38) 

   

Where;                

𝑛 = number of years. 

3.7.2 Levelized Cost of Energy  

The Levelized Cost of Electricity (COE) is an economic metric that compares the long-term 

costs of producing electricity using various generation techniques and it is mathematically 

expressed as [130];  

 
𝐶𝑂𝐸 =

𝐶𝑇−𝑎𝑛𝑛
𝐸𝑜𝑓𝑓−𝑔𝑟𝑖𝑑 + 𝐸𝑜𝑛−𝑔𝑟𝑖𝑑

 (39) 

 

Where;  

𝐸𝑜𝑓𝑓−𝑔𝑟𝑖𝑑 =  Grid-supplied electrical energy. 

𝐸𝑜𝑛−𝑔𝑟𝑖𝑑 = microgrid's total quantity of electricity sold to the grid 

3.4.3 Economic feeds  

The project lifetime is designed to run for 25 years with a discount rate set at 4.00% and the 

inflation rate set at 2.4%, and the annual capacity shortage is assumed to be zero for the grid-tied 

systems and 10% for the stand-alone system.  

 Sensitivity Analysis Inputs 

Sensitivity is a technique for analyzing how the optimal components change over time and 

measuring the impact of each change on the project's result. In this study, three solar radiation and 

wind speed sensitivity variables are considered, with one of the values being the average solar 

radiation and average wind speed of the site, and the other two values varying slightly from lower 

solar radiation values and wind speed values to higher solar radiation values and wind speed 

values. Table 10 lists the sensitivity variables that were used in the simulations. 
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Table 10. Sensitivity analysis inputs under consideration 

Solar radiation 

Value 

(kWh/m2/day) Wind speed  Value (m/s) 

Solar Scaled Average Radiation 
4.92 

Wind Scaled Average Speed 
5.18 

Lower Solar radiation value 

considered  
3 Lower Wind speed value 

considered  
4.2 

Higher Solar radiation value 

considered  
7 Higher Wind speed value 

considered  
6 

In addition to the specified values for the sensitivity analysis, HOMER took values between the 

specified values into account.  
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CHAPTER FOUR 

4 Result Analysis and Discussion 

This chapter presents results and discussions of the three designed systems considered in this study. 

Despite multiple simulation results from utilization of various solar radiation and wind speed 

values, optimization results based on the lowest NPC of an average scaled solar radiation value of 

4.92 kWh/day and an average scaled wind speed value of 5.18 m/s are considered for the three 

configuration systems. This chapter also presents a sensitivity analysis of the variables under 

consideration.  

 The Scenarios 

As stated in chapter three, the three HBMG systems chosen for this analysis are classified as:  

✓ Standalone HBMG system (scenario one (1)) 

✓ Grid connected HBMG system without battery system (scenario two (2)) 

✓ Grid connected HBMG system with battery system (scenario three (3)) 

4.1.1 Standalone system (scenario one (1)) 

The chosen standalone HBMG system consists of solar, wind, and batteries as the DERs. A total 

of 22476 solutions were simulated in this scenario, with 9896 solutions proving feasible and 12580 

proving infeasible due to the capacity shortage constraint. 

Table 11. Categorized optimization Result of standalone HBMG 
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From table 11, the simulation findings also show a $ 400062 NPC, a $ 0.335 LCOE, a $ 8,307 

annual operating cost, and a $ 229,234 initial cost. Since only renewable energy sources were used 

in the scenario, the renewable energy fraction is 100%. 

Figure 49 summarizes the total cost of the standalone HBMG, indicating details of the economic 

variables about each component that adds up to the NPC value. Compared to the other components 

in this design, the overall cost of a generic lead-acid battery is the highest. 

In the stand-alone HBMG, a PV system with a total rated capacity of 97.8 kW offers the majority 

of the energy generated with an annual generation of 166356 kWh. In comparison, a wind system 

with a total rated capacity of 29.7 kW offers an annual production of 61141 kWh. 

 

Figure 49. Cost summary of standalone HBMG 

Meanwhile, Figure 50 summarizes the cost flow of the standalone HBMG with the project cost 

represented by the figures below zero. The high investment was experienced in year zero at a value 

of $66838.38. Except in years 0, 10, 15, and 20, the project incurred same operational costs of 

$3509.81 per year in the rest of the years. In year 10 (the replacement costs for batteries), year 15 

(the replacement costs for converters), and year 20 (the replacement costs for wind turbines and 
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batteries), values of $58500, $23636.89, and $112,500, respectively, are experienced. The project's 

salvage value of $77628.96 occurs at the end of the project. 

 

Figure 50. Cash flow of standalone HBMG 

4.1.2 Grid-connected system without batteries (scenario two (2)) 

This scenario includes a solar, wind, and grid combination, and a total of 6396 solutions were 

simulated in this scenario, with all of the solutions being feasible. 

The simulation results in table 12 show an NPC of $103419, a LCOE of $0.0505, an annual 

operating cost of $1841, and an initial cost of $65563. The renewable energy fraction is 77.5%. 
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Table 12. Categorized optimization Result of grid-connected without batteries HBMG 

 

Figure 51 summarizes the total cost of the grid-connected HBMG without batteries, including 

details of the economic variables about each component that add up to the NPC value. Among all 

the components in this scenario, wind turbines have the highest total cost. In this HBMG, the PV 

system with a total rated capacity of 35.1 kW generates most of the energy (59,651 kWh per year). 

In comparison, a wind system with a total rated capacity of 13.2 kW generates 27,174 kWh per 

year. 

 

Figure 51. Cost summary of grid connected without batteries HBMG 
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The cash flow of scenario two is shown in Figure 52. Year zero sees a lot of investments, totaling 

$65,563.34. Throughout the 24 years, except in year 0, a consistent annual operating cost of 

$1,271.75 is realized. Year 15 (converter replacement costs) and year 20 (wind turbine 

replacement costs) have values of $1,1156.79 and $24,000, respectively. At the end of this project, 

the project salvage value of $21718.93 will be reached. 

 

Figure 52. Cash flow of grid connected without batteries HBMG 

4.1.3 Grid connected system with batteries (scenario (3)) 

The third scenario is based on a solar, wind, and grid combination, and it includes a total of 25812 

solutions, all of which are feasible. 

Table 13 shows that the NPC is $ 107712, the LCOE is $ 0.0529, the yearly operating cost is $ 

1988, and the initial cost is $ 66838. Renewable energy accounts for 77.2% of total energy 

consumption in this scenario.  
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Table 13. Categorized optimization Result of grid connected with batteries HBMG 

 

The entire cost of the grid-connected with batteries HBMG, including details of the economic 

variables that add up to the NPC value, is summarized in figure 53. Wind turbines have the highest 

total cost in this scenario when compared to all other components.  

The PV system, with a total rated capacity of 34.6 kW, generates the majority of the energy (58850 

kWh per year). In contrast, the wind system, with a total rated capacity of 13.2 kW, generates 

27174 kWh per year in this HBMG. 

 

Figure 53. Cost summary of grid connected with batteries HBMG 
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The cash flow of scenario three is depicted in figure 54. Year zero witnessed a lot of investments, 

with a total value of $665838.38. Except for years 0, 10, 15, and 20, the project's annual operating 

costs are the same at a value of $1331.92 for the remaining years. In years 10, 15, and 20, the costs 

of replacing batteries, converters, and wind turbines and batteries are $1500, $10989, and $25500, 

respectively. At the end of this project, a salvage value of $ 22413.07 will be acquired. 

 

Figure 54. Cash flow of grid connected with batteries HBMG 

 The First Approach (Techno-economic) to Scenario Comparison to 

Choose the Most Viable HBMG System 

Variables such as NPC, LCOE, initial costs, operating costs, capacity shortage, unmet electrical 

load, renewable fraction, return on investment, and excess electricity for the three scenarios were 

considered and compared in this study to choose the best optimal system as in figure 55 and figure 

56.  
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Figure 55. Comparison of Scenarios based on NPC, initial costs, operating costs, and LCOE 

Based on the NPC (total capital costs of components, their replacement costs, their O&M, and 

salvage value), scenario 2 has the lowest NPC followed by scenario 3 while scenario 1 has the 

highest NPC value. The initial capital and operating expenditures for scenario 1 are higher than 

those for scenarios 2 and 3. Scenario 2 requires a lower initial investment and lower operating 

expenses, whereas scenario 3 demands a slightly higher initial investment and slightly higher 

operating costs. A system with a lower LCOE and NPC is considered to be good. The LCOE of 

scenario 2 is the lowest, followed by scenario 3, while the LCOE of scenario 1 is the highest.   

Excess electricity is one of the variables evaluated. In this case, scenario 1 creates more surplus 

electricity that cannot be used to fulfill the load and is thus deemed waste or dumped electricity. 

Scenario 2 produces the least amount of excess electricity, followed by scenario 3 with the second 

least quantity of excess electricity. Both scenarios 2 and 3 have no capacity shortages because they 

are connected to the grid; however, Scenario 1 experiences a 10.1 % capacity shortage.  

A return on investment (ROI) of the scenarios, a profitability indicator that defines how much 

profits a project can generate from an investment cost, is another variable included in the 

comparison. Scenario 2 has a ROI of 2.4%, scenario 3 has a ROI of 2.1%, and scenario 1 has zero 

ROI.  Some of the electrical loads are sometimes not met by the system generating capacity, as 
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shown in scenario 1 where 3.77% of the load does not get electricity due to intermittent generating 

sources without a backup grid connected. In contrast, all electrical loads are met by the generation 

capacity in scenarios 2 and 3. 

The renewable fraction, or the proportion of energy delivered to the load from renewable sources, 

is another objective set in this study. Scenario 1 delivers 100% renewable energy to the load, 

whereas scenarios 2 and 3 deliver 77.5% and 77.2% of renewable energy to the load, respectively. 

Scenario 1 has a 100% renewable fraction because the load is solely satisfied by renewable sources, 

unlike scenarios 2 and 3 where the load can draw power from the grid during intermittency or 

system failure.  

 

Figure 56. Comparison of scenarios based on excess electricity, capacity shortage, return on 

investment, unmet electrical load, and renewable energy fraction 

The capacity shortage and unmet capacity load in scenarios 2 and 3 demonstrate that scenarios 2 

and 3 are both reliable HBMG systems. In terms of efficiency, scenarios 2 and 3 are realistic 

possibilities because the quantity of excess electricity in scenario 1 (73.2%) is about 90% more 

than the excess electricity in scenarios 2 (7.27%) and 3 (7.25%). 

The winner scenario, as shown in figure 56, is determined by selecting the scenario with the lowest 

NPC, the lowest LCOE, the lowest operating costs, the lowest initial costs, the lowest excess 
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electricity production, the lowest capacity shortage, the highest ROI, and the lowest unmet 

electrical demand.  

 The Second Approach (awarding/allocation of points) to Scenario 

Comparison to Choose the Most Viable HBMG System 

An assumption was made to award points for the scenarios in each case compared to the first 

approach, with the best scenario receiving 150 points in each case, the second-best scenario 

receiving 100 points, and the third-best scenario receiving 50 points in each case. For example, 

scenario 2 receives 150 points for the lowest NPC comparison because it is the winner with the 

lowest NPC. In comparison, scenario 3 receives 100 points for coming in second place with the 

lowest NPC, and scenario 1 receives 50 points for having the highest NPC, and so on for all the 

cases under consideration. 

Table 14. Compared cases with allocated points 

Compared cases 
Scenario points 

Scenario 1 Scenario 2 Scenario 3 

Lowest NPC 50 150 100 

Lowest LCOE 50 150 100 

Lowest Operation cost 50 150 100 

Lowes Initial cost 50 150 100 

Lowest excess electricity production 50 150 100 

Lowest capacity shortage  50 150 100 

Highest return on investment 50 150 100 

Lowest unmet electricity load 50 150 100 

Highest renewable fraction 150 100 50 

Total points 550 1300 850 
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Figure 57. A Pie chart showing total points and percentage share for each scenario 

Based on all of the factors combined in the first approach to scenario comparison and the allocation 

of points in the second approach to scenario comparison, scenario 2 is the overall winner, emerging 

on top with 1300 points, or 48% of the total points. Scenario 3 came in second with 850 points, or 

32% of the total points, and scenario 3 came in third with 550 points, or 20%. Scenario 2 is 

connected to the grid and has higher power reliability than scenario 1. scenario 2 is chosen as the 

most feasible and optimal solution. Taking into account all of the comparisons between the 

scenarios in comparison case 1 and 2, scenario 2 is selected as the most feasible and optimal 

solution overall. 

 Further Analysis of the Selected System, Scenario 2 

4.4.1 More economical results of Scenario 2 

Table 15 shows some of the economic characteristics for scenario 2. 

Table 15. Economic metrics for the optimal System 

METRIC VALUE 

PRESENT WORTH ($) $20,647  

ANNUAL WORTH ($/YR.) $1,004  

RETURN ON INVESTMENT (%) 2.4 

INTERNAL RATE OF RETURN (%) 4 

SIMPLE PAYBACK (YR.) 13.77 

DISCOUNTED PAYBACK (YR.) 18.06 

550, 20%

1300, 48%

850, 32%

Total points for each scenario

Scenario points Scenario 1

Scenario points Scenario 2

Scenario points Scenario 3
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4.4.2 Energy generation and consumption  

The share of monthly electricity production by each component involved in the optimum system 

is presented in figure 58. 

 

Figure 58. Monthly share of Electricity Generation from the Optimum System (scenario 2) with 

a 77.5% renewable fraction 

Wind turbine energy production increases in the winter, as can be observed in figure 58. This is 

because winter brings higher temperature gradients, particularly when cold currents from the polar 

regions blow in. The solar output, on the other hand, is lower in the winter season compared to the 

summer, autumn, and spring seasons, due to lower number of sunshine hours in winter season 

compared to the summer, autumn, and spring seasons. The penetration of solar is more than the 

penetration of wind as in table 16. 

Table 16. Selected optimal system simulation results for PV and wind turbine setups 

 

Quantity 

Values  

Units 
PV Wind turbine 

Rated capacity 35.1 13.2 kW 

Mean output 6.81 3.1 kW 

Maximum output 36.4 18.2 kW 

Penetration 98.9 45 % 

Hours of operation 4387 7522 hrs/yr 

Levelized cost of energy 0.0259 0.0627 $/kWh 

Table 16 shows that the maximum PV output is 36.4kW and the mean PV output is 6.81kW during 

maximum and mean solar radiations, whereas the greatest wind output is 18.2kW and the mean 

wind output is 3.1kW during maximum and mean wind speeds. PV’s levelized cost of energy is 
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0.0259 $/kWh cheaper than wind turbines’ levelized cost of electricity, which is 0.0627 $/kWh. 

The PV system has a capacity factor of 19.4%, while the wind turbine system has a capacitor factor 

of 45.0%. The most optimum scenario has a total renewable penetration of 87.3%. 

Figure 59 depicts the yearly electricity generation of electricity by individual power components 

of the HBMG system and the electricity consumption by the AC load and grid sales. PV array 

power generation accounts for 54.6% of total electricity generated by the HBMG system (59,651 

kWh/year), wind turbine power generation accounts for only 24.9 percent (27,174 kWh/year), and 

grid purchases account for 20.5 percent (22,411 kWh/year). The AC load consumes 60.6% 

(60,330kWh/yr.) and 39.4% (39,158kWh/yr.) of the solar PV and wind production is sold to the 

grid.  

 

Figure 59. Annual share of electricity generation and consumption from the optimum system a 

77.5% RF 

Figure 60 depicts a seasonal generation and a year consumption time series plot. The months of 

January, February, and December have increased electricity consumption; hence production form 

the distributed generation and grid is higher in those months compared to the rest of the year. 
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Figure 60. Time series plot of electrical generation and consumption 

4.4.3 Converter optimization results of the optimal system 

The inverter runs for 4,387 hours each year, and the surplus electricity generated by the PV system 

and wind system is routed into the main grid via the inverter. 

Table 17. Inverter and rectifier optimization results of the optimal system 

Quantity Inverter Rectifier Units 

Capacity 18.6 18.6 kW 

Mean output 5.7 0 kW 

Maximum output 18.6 0 kW 

Capacity factor 30.6 0 % 

Hours of Operation 4,387 0 hrs/yr 

Energy Out 49,903 0 kWh/yr 

Energy In 51,713 0 kWh/yr 

Losses 1,810 0 kWh/yr 
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Figure 61. Inverter output (top) and rectifier output (bottom) 

4.4.4 Grid  

As depicted in table 18 and in figure 61, energy purchased from the grid is higher during the winter 

months (January, February, and December), implying that less energy is sold. However, solar 

supplies more energy than the wind from March to November, implying that more energy is sold 

to the grid because solar’s generation capacity percentage share of the system is higher. The 

majority of the peak load of 50kW or more occurs throughout the winter and summer months, as 

loads like the CIS and A/C are set on in winter and summer respectively. The annual peak demand 

is 73 kW.  

Table 18. Monthly grid purchases, sales, peak load, and energy charge 

Month 

Energy 

Purchased 

(kWh) 

Energy 

Sold (kWh) 

Net Energy 

Purchased 

(kWh) 

Peak 

load 

(kW) 

Energy 

Charge $ 

Demand 

charge $ 

January 4,579 1,980 2,599 62 $358.89  $0  

February 3,752 2,115 1,637 56 $269.44  $0  

March 1,184 3,324 -2,140 48 ($47.77) $0  

April 1,042 3,577 -2,535 44 ($74.65) $0  

May 1,031 3,244 -2,213 44 ($59.06) $0  

June 704 4,841 -4,137 60 ($171.68) $0  

July 757 4,977 -4,220 73 ($173.12) $0  

August 807 4,585 -3,778 50 ($148.53) $0  

September 1,403 2,632 -1,229 48 $8.72  $0  

October 1,264 2,720 -1,457 48 ($9.65) $0  

November 1,364 2,975 -1,611 44 ($12.34) $0  

December 4,524 2,189 2,336 67 $343.00  $0  

Annual 22,411 39,158 -16,747 73 $283.24  $0  
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Figure 62. Energy purchased from the grid (top) and energy sold to the grid (bottom) 

4.3.3 Emissions  

The gases emitted into the atmosphere during the project's life cycle of 25 years come from the 

conventional sources of the grid. As shown in table 19 and table 20, the only gases emitted are 

CO2, sulfur dioxide, and nitrogen oxides. 

Table 19. Emissions from the selected optimal system 

EMITTED GASES QUANTITY EMITTED (KG/YR) 

Carbon dioxide 14,164 

Carbon monoxide 0 

Unburned hydrocarbons 0 

Particulate matter 0 

Sulfur dioxide 61.4 

Nitrogen oxides 30 

TOTAL 14,255 

 

Table 20. Emissions from only the grid 

EMITTED GASES QUANTITY EMITTED (KG/YR.) 

Carbon dioxide 38,129 

Carbon monoxide 0 

Unburned hydrocarbons 0 

Particulate matter 0 

Sulfur dioxide 165 

Nitrogen oxides 80.8 

TOTAL 38,375 
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The optimum solution minimizes overall emissions by more than 60% when compared to the grid. 

The adoption of renewable technologies such as solar and wind in the power generation process 

has resulted in the mitigation in emissions. 

4.4.5 Sensitivity Analysis  

The sensitivity variables of solar radiations and wind speed-sensitive variables were proposed in 

the methodology of this study because solar radiations and wind speed vary from winter to summer 

to spring and autumn season in this study's project site. Figure 63 depicts the system configuration 

variation as a result of varied solar and wind resource values, resulting in three types of best 

optimum configurations and a total of nine different configurations for the optimal system types 

Graph, with solar radiation ranging from 3.0 to 7.0 kWh/m2/day on the X-axis and wind speeds 

ranging from 4.2 to 6.0 m/s on the Y-axis. 

                                 

Figure 63. Optimal system types and configurations for different levels of solar radiation and 

wind speed 

As indicated in figure 63, wind/grid system, Solar PV/wind turbine/Grid system, and Solar 

PV/Grid system are the three types of best optimum configurations obtained. The various 

configurations presented in this paper may be applicable in places with similar climatic resources. 
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The surface plot in figure 64. shows that as the solar and wind resource values increases, the system 

approaches the best optimal setup. When the solar radiation and wind speed values are 7 

kWh/m2/day and 6 m/s, respectively, the NPC for the HBMG drops significantly, but these values 

are only available for a short period of the year. Therefore its NPC is not picked. 

 

Figure 64. Optimization surface plot for different levels of solar radiation and wind speed with 

NPC 
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CHAPTER FIVE 

5 Conclusion and Recommendations and Future Suggestions 

This section wraps up the research by summarizing the findings, making recommendations, and 

giving future suggestions. 

 Conclusions and Recommendations  

In this research, three optimization scenarios were analyzed using the HOMER tool. The scenarios 

were developed using sustainable energy sources such as solar and wind and a varying number of 

backup solutions in each scenario. Scenario 1 was considered a stand-alone mode is generating a 

zero return on investment. In contrast, scenarios 2 and 3 were evaluated in grid-connected modes, 

except that scenario 2 was analyzed without batteries and scenario 3 was considered with batteries. 

Scenario 2, with a generated ROI of 2.4%, has a 14-year simple payback and a 17-year discounted 

payback, whereas scenario 3, with a generated ROI of 2.1%, has a 17-year simple payback and a 

24-year discounted payback period. The component size was optimized by HOMER tool 

depending on the location's solar and wind resources and load demand. 

An anticipated rise in faculty load demand in the future can be predicted, necessitating the 

expansion of renewable energy sources, which will raise costs. 

Even though the selected simulated HBMG system's LCOE of 0.0505 is higher than the current 

cost of electricity per kWh from the traditional grid, which currently supplies the faculty with 

power, the stimulated HBMG system has several advantages over the traditional grid, including 

long-term economic benefits, environmental benefits, and reliability advantages. This study 

matched in with the Algerian government's goals and plans to develop power output from 

renewable energy resources. As a result, it is recommended that the HBMG system be 

implemented for the faculty. 

Accelerating the government of Algeria's efforts and plans toward sustainable energy projects can 

help combat emissions from natural gas flaring, which is the country's primary source of electricity 

generation. Recommendation of carbon sequestration techniques such as growing more forests and 

storing carbon in the soil, ares type of carbon capture technologies that can help lower carbon 

levels in the atmosphere. Renewable energy technologies offer long-term socio-economic benefits 

for a country's development, as fossil fuels will be depleted in the future.  
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 Future suggestions 

❖ Evaluating the HBMG optimization for the site using the same renewable energy resources 

but employing a different optimization tool. 

❖ Evaluating the standalone simulated system in this study with the inclusion of a biomass 

system. 

❖ Conducting an independent assessment or research of the site's resources can help obtain 

most recent solar and wind data.  

❖ To further enhance the techno-economic and optimal sizing features, a combination of 

multiple optimization tools should be used. 
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7 Appendix  

 Appendix A 

A.1: Summary of electrical appliances used to estimate the Faculty of Technology's daily 

electric load for the months of the winter season 

1. Department lecture rooms loads 

CIR 120 132 9:00-16:00 7 110.88 15.84

CFL 160 13 8:00-17:00 9 18.72 2.08

Projector 8 10 9:00-16:00 7 0.56 0.08

CIR 44 132 9:00-16:00 7 40.656 5.808

CFL 44 13 8:00-17:00 9 5.148 0.572

Projector 6 10 9:00-16:00 7 0.42 0.06

CIR 120 132 9:00-16:00 7 110.88 15.84

CFL 144 13 8:00-17:00 9 16.848 1.872

Projector 6 10 9:00-16:00 7 0.42 0.06

CIR 72 132 9:00-16:00 7 66.528 9.504

CFL 96 13 8:00-17:00 9 11.232 1.248

Projector 7 10 9:00-16:00 7 0.49 0.07

Lab computers 200 120 9:00-12:00 3 72 24

CIR 96 132 9:00-16:00 7 88.704 12.672

CFL 128 13 8:00-17:00 9 14.976 1.664

Projector 6 10 9:00-16:00 7 0.42 0.06

CIR 54 132 9:00-16:00 7 49.896 7.128

CFL 54 13 8:00-17:00 9 6.318 0.702

Projector 5 10 9:00-16:00 7 0.35 0.05

CIR 60 132 9:00-16:00 7 55.44 7.92

CFL 60 13 8:00-17:00 9 7.02 0.78

Projector 5 10 9:00-16:00 7 0.35 0.05

Number 

of load

Rated 

Capacity 

(w)

Operation 

duration 

(Hrs/day)

Dept. of MechEng

Operation 

Hours 

(Hrs)

AC Load 

KWh/day

Electrical 

power 

demand (kW)Category

Dept. of ArchEng

Dept. of EEE

Dept. of BMedEng

Dept. of TelcomEng

Dept. of CivEng

Dept. of Hydraulics

Winter months

Departments

Load
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2. Office loads 

CIR 6 132 9:00-16:00 7 5.544 0.792

2 lamp FL 9 32 8:00-17:00 9 2.592 0.288

Desktop Computer 6 120 14:00-16:00 2 1.44 0.72

Printer 5 50 12:00-13:00 1 0.25 0.25

CIR 8 132 9:00-16:00 7 7.392 1.056

2 lamp FL 8 32 8:00-17:00 9 2.304 0.256

Desktop Computer 8 120 14:00-16:00 2 1.92 0.96

Printer 5 50 12:00-13:00 1 0.25 0.25

CIR 8 132 9:00-16:00 7 7.392 1.056

2 lamp FL 8 32 8:00-17:00 9 2.304 0.256

Desktop Computer 8 120 14:00-16:00 2 1.92 0.96

Printer 5 50 12:00-13:00 1 0.25 0.25

CIR 12 132 9:00-16:00 7 11.088 1.584

2 lamp FL 12 32 8:00-17:00 9 3.456 0.384

Desktop Computer 7 120 14:00-16:00 2 1.68 0.84

Printer 6 50 12:00-13:00 1 0.3 0.3

CIR 10 132 9:00-16:00 7 9.24 1.32

2 lamp FL 10 32 8:00-17:00 9 2.88 0.32

Desktop Computer 5 120 14:00-16:00 2 1.2 0.6

Printer 5 50 12:00-13:00 1 0.25 0.25

CIR 16 132 9:00-16:00 7 14.784 2.112

2 lamp FL 16 32 8:00-17:00 9 4.608 0.512

Desktop Computer 8 120 14:00-16:00 2 1.92 0.96

Printer 8 50 12:00-13:00 1 0.4 0.4

CIR 18 132 9:00-16:00 7 16.632 2.376

2 lamp FL 18 32 8:00-17:00 9 5.184 0.576

Desktop Computer 9 120 14:00-16:00 2 2.16 1.08

Printer 9 50 12:00-13:00 1 0.45 0.45

CIR 26 132 9:00-16:00 7 24.024 3.432

2 lamp FL 26 32 8:00-17:00 9 7.488 0.832

Desktop Computer 13 120 14:00-16:00 2 3.12 1.56

Printer 13 50 12:00-13:00 1 0.65 0.65

CIR 12 132 9:00-16:00 7 11.088 1.584

2 lamp FL 12 32 8:00-17:00 9 3.456 0.384

Desktop Computer or PCs 6 120 14:00-16:00 2 1.44 0.72

Printer 6 50 12:00-13:00 1 0.3 0.3

CIR 12 132 9:00-16:00 7 11.088 1.584

2 lampFL 12 32 8:00-17:00 9 3.456 0.384

Desktop Computer 6 120 14:00-16:00 2 1.44 0.72

Printer 6 50 12:00-13:00 1 0.3 0.3

CIR 18 132 9:00-16:00 7 16.632 2.376

2 lamp FL 18 32 8:00-17:00 9 5.184 0.576

Desktop Computer 9 120 14:00-16:00 2 2.16 1.08

Printer 9 50 12:00-13:00 1 0.45 0.45

Assistance vice dean office in charge of research and external relations 

and offices for Head of cooperations & foreign relations, Research 

activities department and Training follow up service for post graduation, 

Training follow up service for post graduation (4).

Head of Civ.Dept. office including Deputy Head of Civ.Dept., Chairman of 

Scientific Committee Civ.Dept., Civ.Dept License Manager, and Civ.Dept 

Masters Managers - 5 mangers (9)

Dean's office including including offices for Vice dean incharge of 

Pedagogy and student issues, and vice dean incharge of post graduation, 

research and external relations (3 offices)

Assistance vice dean office in charge of pedagogy and student issues 

including offices for Head of education department, Head of teaching 

department & evaluation, and Head of statistics & student internships (4 

offices)

Head of Hydraulics.Dept. office including offices Deputy Head of 

Hydraulic.Dept., Chairman of Scientific Committee Hydraulics.Dept., 

Hydraulics.Dept License Manager, and Hydraulics.Dept Managers 

Managers - 2 managers (6)

Head of Mech.Dept. office including offices for Deputy Head of 

Mech.Dept., Chairman of Scientific Committee Mech.Dept., Mech.Dept 

License Managers - 4 managers, Mech.Dept Masters Manager - 2 mangers 

(9).   

Head of Bmed. Dept. office including Deputy head of Bmed. Dept., 

Chairman of Scientific Committee BMed. Dept., BMed.Dept License 

Managers - 2 managers, and BMed.Dept Masters Managers - 3managers 

(8)

Offices

Genaral Secretary office including offices for Personnel department, 

Budget & accounting, Animation service: Scientific, cultural & sporting, 

Service of maintenance, and Internal security service (6)

Winter months

Head of EEE Dept. office including offices for Deputy Head of EEE.Dept., 

Chairman of Scientific Committee EEE.Dept., EEE.Dept License Managers 

- 4 managers, and EEE.Dept Masters Managers - 6 managers (13)

Head of Telcom.Dept. office including offices for Deputy Head of 

Telcom.Dept., Chairman of Scientific Committee Telcom.Dept., 

Telcom.Dept License Manager, and Telcom.Dept Masters Managers - 2 

managers (6)

Head of Arch. Dept. office including offices for Deputy head of Arch. 

Dept., Chairman of Scientific Committee Arch. Dept, Arch.Dept License 

Manager, and Arch.Dept Masters Manager (5)  

Category Load

Number 

of load

Rated 

Capacity 

(w)

Operation 

duration 

(Hrs/day)

Operation 

Hours 

(Hrs)

AC Load 

KWh/day

Electrical 

power 

demand (kW)
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3. Library, outdoor lighting, PAUWES, kitchen, and personal gadgets loads 

CIR 20 132 9:00-16:00 7 18.48 2.64

CFL 30 13 8:00-17:00 9 3.51 0.39

LED lamps 15 9 8:00-17:00 9 1.215 0.135

T6 lamp FL 12 86 8:00-17:00 9 9.288 1.032

Printer 4 50 12:00-13:00 1 0.2 0.2

Desktop computer 12 120 14:00-16:00 2 2.88 1.44

Three headed outdoor street lamps 20 100 19:00-7:00 12 24 2

Polycarbonate outdoor post latern with 

frosted acrylic glass, black 25 100 19:00-7:00 12 30 2.5

LED round gate light 30 7 19:00-7:00 12 2.52 0.21

LED road lamps 40 20 19:00-7:00 12 9.6 0.8

LED outdoor street lights 45 60 19:00-7:00 12 32.4 2.7

CIR 22 132 9:00-16:00 7 20.328 2.904

CFL 66 13 8:00-17:00 9 7.722 0.858

Projectors 5 10 9:00-16:00 7 0.35 0.05

2 lamp FL 20 32 8:00-17:00 9 5.76 0.64

Desktop Computer or PC 10 120 14:00-16:00 2 2.4 1.2

Printer 3 50 12:00-13:00 1 0.15 0.15

Electric stove 1 1800 10:00-12:00 2 3.6 1.8

Oven 1 1250 12:00-14:00 2 2.5 1.25

Coffee maker 1 900 9:00-10:00 1 0.9 0.9

Dish washer 1 900 9:00-10:00 1 0.9 0.9

Blender 1 600 11:00-12:00 1 0.6 0.6

Food processor 1 600 11:00-12:00 1 0.6 0.6

Multicooker 1 500 11:00-12:00 1 0.5 0.5

Water boiler 1 1500 9:00-10:00 1 1.5 1.5

Electric stove 1 9000 7:00-10:00 3 27 9

Dish washer 2 1000 7:00-8:00 1 2 2

Bread Baking oven machines 1 15000 6:00-8:00 2 30 15

Electric fryer 2 5000 8:00-9:00 1 10 10

Steam oven 4 1000 8:00-11:00 3 12 4

Freezers 10 500 6:00-12:00 6 30 5

CFL 20 13 6:00-12:00 6 1.56 0.26

Phones 200 4 9:00-19:00 10 8 0.8

Laptops 200 50 9:00-19:00 10 100 10Estimated personal gadgets

AC Load 

KWh/day

Electrical 

power 

demand (kW)

Library, outdoor lighting, PAUWES, kitchen, and personal gadgets loads

Category Load

Number 

of load

Rated 

Capacity 

(w)

Operation 

duration 

(Hrs/day)

Operation 

Hours 

(Hrs)

Library load

Outdoor lighting

PAUWES building load

The kitchen appliances  

Winter months

 

A.2: Summary of electrical appliances used to estimate the Faculty of Technology's daily 

electricity load for the months of spring and autumn seasons  
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1. Department lecture rooms loads 

CFL 160 13 8:00-17:00 9 18.72 2.08

Projector 8 10 9:00-16:00 7 0.56 0.08

CFL 44 13 8:00-17:00 9 5.148 0.572

Projector 6 10 9:00-16:00 7 0.42 0.06

CFL 144 13 8:00-17:00 9 16.848 1.872

Projector 6 10 9:00-16:00 7 0.42 0.06

CFL 96 13 8:00-17:00 9 11.232 1.248

Projector 7 10 9:00-16:00 7 0.49 0.07

Computer lab 200 120 9:00-12:00 3 72 24

CFL 128 13 8:00-17:00 9 14.976 1.664

Projector 6 10 9:00-16:00 7 0.42 0.06

CFL 54 13 8:00-17:00 9 6.318 0.702

Projector 5 10 9:00-16:00 7 0.35 0.05

CFL 60 13 8:00-17:00 9 7.02 0.78

Projector 5 10 9:00-16:00 7 0.35 0.05

Dept. if CivEng

Dept. of Hydraulics

Dept. of MechEng

AC Load 

KWh/day

Electrical 

power 

demand (kW)

Departments

Dept. of ArchEng

Dept. of EEE

Dept. of BMedEng

Category Load

Number 

of load

Rated 

Capacity 

(w)

Operation 

duration 

(Hrs/day)

Dept. of TelcomEng

Operation 

Hours 

(Hrs)

Spring and Autumn months
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2. Office loads 

2 lamp FL 9 32 8:00-17:00 9 2.592 0.288

Desktop Computer 6 120 14:00-16:00 2 1.44 0.72

Printer 5 50 12:00-13:00 1 0.25 0.25

2 lamp FL 8 32 8:00-17:00 9 2.304 0.256

Desktop Computer 8 120 14:00-16:00 2 1.92 0.96

Printer 5 50 12:00-13:00 1 0.25 0.25

2 lamp FL 8 32 8:00-17:00 9 2.304 0.256

Desktop Computer 8 120 14:00-16:00 2 1.92 0.96

Printer 5 50 12:00-13:00 1 0.25 0.25

2 lamp FL 12 32 8:00-17:00 9 3.456 0.384

Desktop Computer 7 120 14:00-16:00 2 1.68 0.84

Printer 6 50 12:00-13:00 1 0.3 0.3

2 lamp FL 10 32 8:00-17:00 9 2.88 0.32

Desktop Computer 5 120 14:00-16:00 2 1.2 0.6

Printer 5 50 12:00-13:00 1 0.25 0.25

2 lamp FL 16 32 8:00-17:00 9 4.608 0.512

Desktop Computer 8 120 14:00-16:00 2 1.92 0.96

Printer 8 50 12:00-13:00 1 0.4 0.4

2 lamp FL 18 32 8:00-17:00 9 5.184 0.576

Desktop Computer 9 120 14:00-16:00 2 2.16 1.08

Printer 9 50 12:00-13:00 1 0.45 0.45

2 lamp FL 26 32 8:00-17:00 9 7.488 0.832

Desktop Computer 13 120 14:00-16:00 2 3.12 1.56

Printer 13 50 12:00-13:00 1 0.65 0.65

2 lamp FL 12 32 8:00-17:00 9 3.456 0.384

Desktop Computer or PCs 6 120 14:00-16:00 2 1.44 0.72

Printer 6 50 12:00-13:00 1 0.3 0.3

2 lampFL 12 32 8:00-17:00 9 3.456 0.384

Desktop Computer 6 120 14:00-16:00 2 1.44 0.72

Printer 6 50 12:00-13:00 1 0.3 0.3

2 lamp FL 18 32 8:00-17:00 9 5.184 0.576

Desktop Computer 9 120 14:00-16:00 2 2.16 1.08

Printer 9 50 12:00-13:00 1 0.45 0.45

Head of Hydraulics.Dept. office including offices Deputy Head of 

Hydraulic.Dept., Chairman of Scientific Committee Hydraulics.Dept., 

Hydraulics.Dept License Manager, and Hydraulics.Dept Managers Head of Mech.Dept. office including offices for Deputy Head of 

Mech.Dept., Chairman of Scientific Committee Mech.Dept., Mech.Dept 

License Managers - 4 managers, Mech.Dept Masters Manager - 2 mangers 

(9).   

Genaral Secretary office including offices for Personnel department, Budget 

& accounting, Animation service: Scientific, cultural & sporting, Service of 

maintenance, and Internal security service (6)

Head of Arch. Dept. office including offices for Deputy head of Arch. Dept., 

Chairman of Scientific Committee Arch. Dept, Arch.Dept License Manager, 

and Arch.Dept Masters Manager (5)  

Head of Bmed. Dept. office including Deputy head of Bmed. Dept., 

Chairman of Scientific Committee BMed. Dept., BMed.Dept License 

Managers - 2 managers, and BMed.Dept Masters Managers - 3managers (8)

Head of Civ.Dept. office including Deputy Head of Civ.Dept., Chairman of 

Scientific Committee Civ.Dept., Civ.Dept License Manager, and Civ.Dept 

Masters Managers - 5 mangers (9)

Head of EEE Dept. office including offices for Deputy Head of EEE.Dept., 

Chairman of Scientific Committee EEE.Dept., EEE.Dept License Managers - 

4 managers, and EEE.Dept Masters Managers - 6 managers (13)

Head of Telcom.Dept. office including offices for Deputy Head of 

Telcom.Dept., Chairman of Scientific Committee Telcom.Dept., 

Telcom.Dept License Manager, and Telcom.Dept Masters Managers - 2 

Number 

of loadCategory

Offices

Dean's office including including offices for Vice dean incharge of Pedagogy 

and student issues, and vice dean incharge of post graduation, research and 

external relations (3 offices)

Assistance vice dean office in charge of pedagogy and student issues 

including offices for Head of education department, Head of teaching 

department & evaluation, and Head of statistics & student internships (4 

offices)

Assistance vice dean office in charge of research and external relations and 

offices for Head of cooperations & foreign relations, Research activities 

department and Training follow up service for post graduation, Training 

follow up service for post graduation (4).

Spring and Autumn months

Load

Rated 

Capacity 

(w)

Operation 

duration 

(Hrs/day)

Operation 

Hours 

(Hrs)

AC Load 

KWh/day

Electrical 

power 

demand (kW)
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3. Library, outdoor lighting, PAUWES, kitchen, and personal gadgets loads 

CFL 30 13 8:00-17:00 9 3.51 0.39

LED lamps 15 9 8:00-17:00 9 1.215 0.135

T6 lamp FL 12 86 8:00-17:00 9 9.288 1.032

Printer 4 50 12:00-13:00 1 0.2 0.2

Desktop computer 12 120 14:00-16:00 2 2.88 1.44

Three headed outdoor street 

lamps 20 100 19:00-7:00 12 24 2

Polycarbonate outdoor post 

latern with frosted acrylic glass, 

black 25 100 19:00-7:00 12 30 2.5

LED round gate light 30 7 19:00-7:00 12 2.52 0.21

LED road lamps 40 20 19:00-7:00 12 9.6 0.8

LED outdoor street lights 45 60 19:00-7:00 12 32.4 2.7

CFL 66 13 8:00-17:00 9 7.722 0.858

Projectors 5 10 9:00-16:00 7 0.35 0.05

2 lamp FL 20 32 8:00-17:00 9 5.76 0.64

Desktop Computer or PC 10 120 14:00-16:00 2 2.4 1.2

Printer 3 50 12:00-13:00 1 0.15 0.15

Electric stove 1 1800 10:00-12:00 2 3.6 1.8

Oven 1 1250 12:00-2:00 2 2.5 1.25

Coffee maker 1 900 9:00-10:00 1 0.9 0.9

Dish washer 1 900 9:00-9:30 0.5 0.45 0.9

Blender 1 600 11:00-11:30 0.5 0.3 0.6

Food processor 1 600 11:00-12:00 1 0.6 0.6

Multicooker 1 500 11:00-12:00 1 0.5 0.5

Water boiler 1 1500 9:00-10:00 1 1.5 1.5

Electric stove 1 9000 7:00-10:00 3 27 9

Dish washer 2 1000 7:00-8:00 1 2 2

Bread Baking oven machines 1 15000 6:00-8:00 2 30 15

Electric fryer 2 5000 8:00-9:00 1 10 10

Steam oven 4 1000 8:00-11:00 3 12 4

Freezers 10 500 6:00-12:00 6 30 5

CFL 20 13 6:00-12:00 6 1.56 0.26

Phones 200 4 9:00-16:00 7 5.6 0.8

Laptops 200 50 9:00-16:00 7 70 10

Library, outdoor lighting, PAUWES, kitchen, and personal gadgets loads

Number 

of load

Rated 

Capacity 

(w)

Library

Category Load

Outdoor lighting

PAUWES building load

The kitchen appliances  

Estimated personal gadgets

Spring and Autumn months

Operation 

duration 

(Hrs/day)

Operation 

Hours 

(Hrs)

AC Load 

KWh/day

Electrical 

power 

demand (kW)
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A.3: Summary of electrical appliances used to estimate the Faculty of Technology's daily 

electricity load for the months of summer season 

1. Offices, outdoor lighting, and PAUWES loads 

A/C 2 1550 12:00-16:00 4 12.4 3.1

2 lamp FL 4 32 8:00-17:00 9 1.152 0.128

Desktop Computer 2 120 14:00-16:00 2 0.48 0.24

Printer 2 50 12:00-13:00 1 0.1 0.1

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 3 32 8:00-17:00 9 0.864 0.096

Desktop Computer 3 120 14:00-16:00 2 0.72 0.36

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 3 32 8:00-17:00 9 0.864 0.096

Desktop Computer 8 120 14:00-16:00 2 1.92 0.96

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 4 32 8:00-17:00 9 1.152 0.128

Desktop Computer 2 120 14:00-16:00 2 0.48 0.24

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 2 32 8:00-17:00 9 0.576 0.064

Desktop Computer 1 120 14:00-16:00 2 0.24 0.12

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 3 32 8:00-17:00 9 0.864 0.096

Desktop Computer 1 120 14:00-16:00 2 0.24 0.12

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 2 32 8:00-17:00 9 0.576 0.064

Desktop Computer 1 120 14:00-16:00 2 0.24 0.12

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 3 32 8:00-17:00 9 0.864 0.096

Desktop Computer 1 120 14:00-16:00 2 0.24 0.12

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 1 32 8:00-17:00 9 0.288 0.032

Desktop Computer or PCs 1 120 14:00-16:00 2 0.24 0.12

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lampFL 2 32 8:00-17:00 9 0.576 0.064

Desktop Computer 1 120 14:00-16:00 2 0.24 0.12

Printer 1 50 12:00-13:00 1 0.05 0.05

A/C 1 1550 12:00-16:00 4 6.2 1.55

2 lamp FL 3 32 8:00-17:00 9 0.864 0.096

Desktop Computer 1 120 14:00-16:00 2 0.24 0.12

Printer 1 50 12:00-13:00 1 0.05 0.05

CFL 15 13 8:00-17:00 9 1.755 0.195

LED lamps 8 9 8:00-17:00 9 0.648 0.072

T6 lamp FL 2 86 8:00-17:00 9 1.548 0.172

Printer 2 50 12:00-13:00 1 0.1 0.1

Desktop computer 2 120 14:00-16:00 2 0.48 0.24

Three headed outdoor street 

lamps 20 100 19:00-7:00 12 24 2

Polycarbonate outdoor post 

latern with frosted acrylic 

glass, black 25 100 19:00-7:00 12 30 2.5

LED round gate light 30 7 19:00-7:00 12 2.52 0.21

LED road lamps 40 20 19:00-7:00 12 9.6 0.8

LED outdoor street lights 45 60 19:00-7:00 12 32.4 2.7

CFL 20 13 8:00-17:00 9 2.34 0.26

A/C 3 1550 12:00-16:00 4 18.6 4.65

2 lamp FL 10 32 8:00-17:00 9 2.88 0.32

Desktop Computer or PC 3 120 14:00-16:00 2 0.72 0.36

Printer 1 50 12:00-13:00 1 0.05 0.05

Library

Outdoor lighting

PAUWES building load

Head of Bmed. Dept. office including Deputy head of Bmed. Dept., 

Chairman of Scientific Committee BMed. Dept., BMed.Dept 

License Managers - 2 managers, and BMed.Dept Masters Managers - 

3managers (8)

Head of Civ.Dept. office including Deputy Head of Civ.Dept., 

Chairman of Scientific Committee Civ.Dept., Civ.Dept License 

Manager, and Civ.Dept Masters Managers - 5 mangers (9)

Head of EEE Dept. office including offices for Deputy Head of 

EEE.Dept., Chairman of Scientific Committee EEE.Dept., EEE.Dept 

License Managers - 4 managers, and EEE.Dept Masters Managers - 

6 managers (13)

Head of Hydraulics.Dept. office including offices Deputy Head of 

Hydraulic.Dept., Chairman of Scientific Committee 

Hydraulics.Dept., Hydraulics.Dept License Manager, and 

Hydraulics.Dept Managers Managers - 2 managers (6)

Head of Mech.Dept. office including offices for Deputy Head of 

Mech.Dept., Chairman of Scientific Committee Mech.Dept., 

Mech.Dept License Managers - 4 managers, Mech.Dept Masters 

Manager - 2 mangers (9).   

Summer months

Head of Telcom.Dept. office including offices for Deputy Head of 

Telcom.Dept., Chairman of Scientific Committee Telcom.Dept., 

Telcom.Dept License Manager, and Telcom.Dept Masters Managers 

- 2 managers (6)

AC Load 

KWh/day

Electrical 

power 

demand (kW)

Offices, outdoor lighting, and PAUWES

Dean's office including including offices for Vice dean incharge of 

Pedagogy and student issues, and vice dean incharge of post 

graduation, research and external relations (3 offices)

Assistance vice dean office in charge of pedagogy and student issues 

including offices for Head of education department, Head of 

teaching department & evaluation, and Head of statistics & student 

internships (4 offices)

Assistance vice dean office in charge of research and external 

relations and offices for Head of cooperations & foreign relations, 

Research activities department and Training follow up service for 

post graduation, Training follow up service for post graduation (4).

Category Load

Number 

of load

Rated 

Capacity 

(w)

Operation 

duration 

(Hrs/day)

Operation 

Hours 

(Hrs)

Genaral Secretary office including offices for Personnel department, 

Budget & accounting, Animation service: Scientific, cultural & 

sporting, Service of maintenance, and Internal security service (6)

Head of Arch. Dept. office including offices for Deputy head of 

Arch. Dept., Chairman of Scientific Committee Arch. Dept, 

Arch.Dept License Manager, and Arch.Dept Masters Manager (5)  
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 Appendix B 

B.1: Solar PV Module specifications 

Item Specification 

Manufacturer  Canadian Solar 

Country Canada 

Maximum Power (Pmax) 325 W 

PV Module Technology Poly-crystalline, 6 inch 

No. of Cells 72 (6 ˣ 12) 

Module Efficiency STC  16.94% 

Operating Temperature  -40°C ~ +85°C 

Open circuit voltage (Voc) 45.5 V 

Maximum Power Voltage (Vmp) 37.0 V 

Short-circuit Current (Isc) 9.34 A 

Maximum Power Current (Imp) 8.78 A 

Power Tolerance 0 ~ + 5 W 

Maximum system voltage 1000 V (IEC) or 1000 V (UL) 

Temperature coefficients of Pmax -0.41 % / °C 

Temperature coefficients of Voc -0.31 % / °C 

Temperature coefficients of Isc 0.053 % / °C 

Nominal operating cell temperature 

(NOCT) 
45±2 °C 

Dimensions 1954 ˣ 982 ˣ 40 mm (76.9 ˣ 38.7 ˣ 1.57 in) 

Weight 22 kg (48.5 lbs) 
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B.2: Wind turbine specifications 

Item Specification 

Manufacturer Australian Wind and Solar (ASW) 

Country Australia 

Type AWS HCM 3.3kW 

Rated power 3300W  

Peak Output  3650W  

Number of blades 3 standard (6 for extra charge)  

Rotor diameter 4.65m / 15ft  

Cut-in wind speed 2.7m/s, 6mph  

Rated Wind Speed  10.5m/s, 24mph  

Hub height 12m 

Tip Speed Ratio  8.5 

Yaw control  Passive by Tail Vane  

Poles  16 

RPM—50Hz/60Hz  375 / 450  

Over Speed Limit  525RPM / 70Hz  

Swept Area  6.4 sq.m / 175 sq.feet  

Survival Wind Speed  55 m/s  

Suggested Routine Maintenance  Annual Inspection  

 


