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Abstract 

 With the rocket increase in energy demand around the globe, the incredible population 

growth, urbanization, industrial progress, water shortage and lack of electricity access crises, 

and the global warming dilemma, the devolution towards sustainable energy systems through 

the appropriate integration of renewable energy sources (RESs) has grown to become a must. 

Despite the great benefits of RESs, their integration into local energy projects is confronting 

different challenges due to their high initial capital cost, limiting their actual implementation 

and intermittency nature which could cause different stability problems. The intermittency 

nature of RESs and their stability issues can be tackled by integrating proper and robustly 

controlled energy storage systems (ESSs), while the cost concern can be handled by deciding 

the optimal design/layout of the energy system. This integration between RESs and ESSs is 

usually known as local energy production system (LEPSs), hybrid renewable energy systems, 

or microgrids. The design optimization of such energy systems attracted the attention of many 

researchers since it is considered a multifaceted task, challenging, and requires solutions that 

encompass various matters in the design process. Selecting an accurate design based only on a 

single performing aspect could be a significant misstep since a multiplicity of influential 

aspects, parameters, constraints, and criteria should be considered during the design procedure. 

Thus, the design of such LEPSs should be realized as a multi-dimensional problem. Also, the 

accessibility and arrangement of RESs, demand information, energy policies, and sustainability 

objectives should be carefully identified and assessed. Furthermore, selecting the optimal 

energy solution and assessing its reliability, stability, and power quality are essential to 

realizing how the system would act on different climatic and load instabilities during the year. 

The substance which could take the lead to create a thorough and vigorous design framework.  

Based on the above-mentioned, a systematic and comprehensive techno-enviro-economic 

(TEE) design optimization framework is developed in this thesis to pick up the optimal energy 

systems in several sites by examining new case-studies or assessing existing ones. The 

developed model comprises four stages: the pre-optimization assessment, the TEE design 

optimization, the findings’ evaluation, and the post-optimization analysis. The design 

optimization stage is accomplished using HOMERPro, while the last stage comprises diverse 

types of analysis such as multicriteria decision-making (MCDM) analysis, dependability 

analysis, sensitivity analysis, as well as stability and power-quality appraisal. The established 

design optimization context's efficacy was confirmed by inspecting the practicability of diverse 

energy projects in different sites to suggest suitable and precise proposals to overwhelm the 
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previously-mentioned dilemmas. Different case-studies include distinct structures of LEPSs 

are investigated to supply various sorts of load demand such as electricity, heat, and water 

demands. In the first case-study, the TEE design optimization framework demonstrated its 

effectiveness during investigating the viability of a new-found case-study that integrates a 

cogeneration system, thermal load controller (TLC), and a boiler with photovoltaic (PV) units, 

wind turbines (WTs), diesel generator (DsGn), and battery storage system (BSS). The analyzed 

case-study targets electrifying a large-scale desalination plant and delivering the essential 

electricity, heat, and freshwater demand to a section of an international airport in Egypt’s new 

capital. The TEE design procedure found the optimal LEPS comprising 66.33-kW PV, 14×10-

kW WTs, 50-kW DsGn, 150-kW cogeneration system, 50 batteries, 150-kW TLC, 64-kW 

converter, and a boiler with the least total net present cost (TNPC) of $1,542,643 and levelized 

cost of energy (LCOE) of 0.089 $/kWh among all solutions. Besides, the assimilation of diverse 

system’s elements into the feasible systems’ acts is examined, which has not been addressed 

effectively in relative literature. The obtained outcomes revealed that mixing the TLC has 

substantially decreased the necessary batteries by 90% and lessened diesel and converter sizes 

by 80% and 53.3%, respectively; the matter which decreased the TNPC, LCOE, emissions of 

a feasible system by 52%, 56.4%, and 36.5%, respectively. 

The design framework is expanded to include MCDM analysis since the design procedure 

is affected by many attributes that must be embraced. A new mixing amongst two MCDM 

techniques, namely the fuzzy analytical hierarchy process (F-AHP) and the fuzzy 

VIseKriterijumska Optimizacija I Kompromisno Resenje (F-VIKOR), which has not been 

achieved for such purposes in comparative literature, is achieved to improve the findings 

exactness. The established framework confirmed its practicality while inspecting the feasibility 

of a real case-study to deliver the necessary energy to a desalination plant of 2133.2 kWh/day 

and peak value of 333.15 kW in Baltim city, Egypt. A number of ten key performance criteria 

representing the technical, economic, topographical, ecological, and reliability aspects are 

addressed. Besides, the performance of the optimal system utilizing two kinds of ESSs (the 

flow batteries and the turbine-pumped hydro storage) is analyzed and compared. The model 

results demonstrated that the optimal system consists of 328-kW PV, 5×20-kW WTs, 100-kW 

diesel generator, 112 flow batteries, and 235-kW converter with TNPC of $104,8046 and 

LCOE of 0.1019$/kWh. Moreover, sensitivity analysis was performed and revealed that 

incorporating flow batteries into the optimal LEPS is more profitable than the turbine pumped-

hydro as opposed to the demand progress, the decrease of storage price and the interest rate 

change. To make the design framework more comprehensive and vigorous, the design 
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optimization is further strengthened with essential dependability, stability, and power-quality 

appraisals, the integration which is noticed seldom in comparative studies. A coordinated 

power management strategy is proposed to enhance the permanence and power quality of the 

optimal LEPS throughout the year's four seasons. A proposed case-study is examined to deliver 

electricity to a remote community area that has daily consumption of 400 kWh and 49 kW peak 

load in Marsa-Matruh, Egypt. The results revealed that the optimal LEPS has a TNPC of 

$351,223 and a LCOE of 0.2262 $/kWh suitable for such investments in Egypt. Besides, the 

dependability analysis revealed that at a capacity shortage fraction of 7%, the TNPC, LCOE, 

and greenhouse gases (GhG) emissions had shown decrease ratios of 13.73%, 8.5%, and 

22.5%, respectively. Furthermore, the proposed power management strategy effectively 

preserved the stability of the optimal system during distinct types of climatic and load 

instabilities during the four seasons of the year.  

Lastly, a particular focus is given for reinforcing the stability of different structures of 

LEPSs and enhancing their power quality in terms of coupling bus voltage, system frequency, 

and load voltage, frequency, and power. Different ESSs like batteries, superconducting 

magnetic energy storage (SMES), and supercapacitors have been integrated, even individually 

or combined, into the different LEPSs controlled with different novel, advanced, and robust 

control techniques to boost the stability of these systems. Four distinct LEPSs structures are 

scrutinized during various variabilities like normal and extreme climatic fluctuations, loading 

unbalance, unexpected load variation, and RESs connection/outage. The proposed control 

methods exhibited their astounding operation to safeguard the different LEPSs’ stability and 

augment their power quality during the observed circumstances. To sum up, the outcomes 

obtained from this thesis proved the efficacy of the proposed models in selecting the optimal 

LEPS solution. Also, the developed models and obtained results can be easily reproduced for 

other case-studies just by modifying the system’s energy technologies, parameters, and 

constraints based on project location and load type. Hence, providing comprehensive and 

robust design optimization blueprints for energy developers, decision-makers, energy 

investors, and authorities to facilitate developing such energy projects, overcome the energy 

and water shortage problems, and meet the sustainable development goals. 
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Chapter 1: Introduction  

1.1 Background and Research Motivations 

The quick expansion in electrical energy demand has arisen due to the massive growth of 

population enumeration every year, the climate and water shortage crises, and the rapid 

development of electric devices technology. The necessity of electricity significantly affects 

nations' economies and can help prevent poverty, reduce the unemployment rate, and overcome 

energy inaccessibility in remote areas and overwhelm the water scarcity crisis  [1]. The global 

electricity demand (GED) raised by 2.3% in 2018, which is almost two times the average 

growth rate in 2010; however, it is expected to grow up by about 30% by 2040 compared to 

2015 [2], [3]. In 2018, around 57% of GED was supplied from conventional energy sources 

(CESs), while only 2% was fed from different renewable energy sources (RESs), achieving a 

growth rate record of 14% [4]. Generation from RESs and nuclear power together encountered 

the most substantial part of this growth; nevertheless, production from fossil fuel-dependent 

power stations rose remarkably despite being the primary source of dangerous emissions [5]. 

World greenhouse gases (GhG) emissions from the electricity generation sector, accountable 

for about 67% of the total emissions, increased by 1.7% in 2018, achieving the highest growth 

rate since 2013 by 33.1 Gt [3]. In 2019, it was noticed that the emissions rising became 25% 

slower than the energy demand thanks to the high penetration of RESs. To meet this dramatic 

demand growth, encounter climate change, reduce GhG emissions, overcome the water 

shortage crisis, the governments and decision-makers become compelled to launch diverse 

solutions, which at the same time should be eco-friendly, cost-effective, and deliver affordable 

energy reliably [6]. However, today, with all efforts to overcome the previous issues, about 940 

million people (13% of the world population), specifically in developing countries, do not have 

access to electricity, as shown in Fig. 1.1-a [7], [8]. Besides, about 1.42 billion people globally, 

including 450 million children, live in areas of high or extremely high-water vulnerability, as 

seen in Fig. 1.1-b [9], [10]. Taking Egypt as an example for the countries which face/will face 

a water availability crisis; Egypt depends on the Nile River to firm about 95% of the water 

required for diverse objectives like drinking, domestic usages, agriculture, tourism, water 

transport, fishing basis, energy generation from the High Dam and industry [11]. Nevertheless, 

Ethiopia and Sudan are currently going to build new hydropower dams, which are likely to 

offer the primary source of electricity [12]. However, constructing such dams can substantially 

change the downriver water accessibility for Egypt, particularly in the reservoir filling phase 

[12], [13]. The previous matters were the most crucial drives for the establishment of several 



Chapter 1: Introduction 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

2 
 

international organizations, blueprints, and agreements such as the sustainable energy for all 

(SEforALL organization) [14], the United Nations (UN) sustainable development goals [15], 

and the Paris Agreement, which calls for reducing GhG emissions [16]. The sustainable 

development goal-6 commits to ensure availability and sustainable management of water and 

sanitation for all while goal-7 commits to ensure access to affordable, reliable, sustainable, and 

modern energy for all people globally. 

 

 
Fig. 1.1 No. of people without access to (a) electricity [7], [8] (b) safe drinking water [9], [10] 

 

The previous organizations and agreements acknowledged and asserted that RESs are the 

most eco-friendly and reasonable energy solutions since they are free, clean and can be 

integrated to supply different kinds of load demand in the non-electrified areas around the globe 

[17]. Investments in RESs can efficiently expand both community and financial developments, 

mainly in developing countries, by providing job opportunities for the new workforce, 

consequently decreasing the unemployment rate, growing the countries’ economy, and 

enhancing the people's well-being due to reducing the GhG emissions. About 12 million 

persons have been hired in different job opportunities offered by various renewable energy 

investments in 2020, the example which proves that the investments in these technologies are 

(a) 

(b) 
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increasing yearly [18]. According to the most up-to-date data announced by the International 

Energy Agency (IEA), the net change in global electricity generation increased and still since 

2015, as shown in Fig. 1.2 [19]. Fossil fuels are yet the major energy sources for producing 

electricity. In 2020, coal and gas made up 34% and 25% of global production, respectively, 

while the low-carbon generation (renewables and nuclear) collectively reported 37%, up from 

32% in 2015. The overall production from renewables increased by 7% and 8% in 2020 and 

2021, respectively, with expectations of growing by more than 6% in 2022. 

 
Fig. 1.2  Global changes in electricity generation, 2015-2022 [19] 

 

In terms of technologies, the energy production from hydropower dominates the highest 

portion among all technologies, followed by the wind and the solar photovoltaic (PV) 

technologies, as shown in Fig. 1.3 [19]. In 2020, the global installed capacity of hydropower 

had increased by 10% compared to 2015, while the wind energy capacity raised by 76% 

achieving 732,410 MW. For the solar PV, the installed capacity in 2020 (716,152 MW) 

achieved an outstanding record by a rocketing increase of 215% compared to 2015. 

Furthermore, Fig. 1.4 indicates how large the investments in renewable energy became from 

2017 to 2020 [20]. It can be recognized how the investments from 2017 to 2020 in both solar 

PV and wind technologies dominate the highest portion of investment with billion $555 (39.3% 

of the total investment) and billion $397 (28.2% of the total investment), respectively; the 

matter which signifies the byline and global reliance of both solar PV and wind technologies 

in most of the RESs investments. The above-discussed reasons were the main inspirations for 

choosing such research areas that provide scientific-based solutions for significant problems 

currently threatening the globe and practically the developing nations. 
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Fig. 1.3 Installed capacity by renewables, 2015-2020 [19] 

 
Fig. 1.4 Global investment in renewable energy by technology, 2017-2020 [20] 

 

1.2 Local Energy Production Systems 

1.2.1 Construction and significance 

Regardless of the vast advantages proffered by RESs, they are still unreliable and unsecured 

energy sources, the issue that obstructs their standalone application. The intermittency nature 

of renewable resources is considered the main reason behind these drawbacks since the 

obtainable energy significantly depends on unpredictable weather circumstances such as wind 

speed, solar radiation [21]. Besides, RESs require comparatively high capital investment and 

necessitate a substantial land area compared to traditional energy sources [22]. The 

intermittency drawback can be overcome by integrating various RESs with energy storage 

systems (ESSs) to get the benefit of the generated energy at a given moment; hence, lessening 

the shortage of other resources. Utilization of the ESSs can ensure the preservation of a steady 

power supply and levelling the loads [23]. However, these ESSs have considerable drawbacks; 

for example, they cause energy loss which reduces the energy conversion efficiency and have 

a high cost, which increases the total system cost [24]. This kind of integration between RESs 

or even conventional ones and ESSs is commonly known as microgrids, or local energy 

production systems (LEPSs) or else hybrid renewable energy systems (HRESs) [6]. A 
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standalone or isolated LEPS is a mixture of several RESs (e.g., wind turbines ‘WTs’, PV, 

hydraulic and biomass generators) and fuel-based generators (e.g., diesel, gas-turbine, and 

combined heat and power generators), integrated with one or hybrid ESSs which used to 

encounter load demand without the necessity of the primary grid connection. Fig. 1.5 was 

completed to show the schematic diagram of a typical LEPS that can operate autonomously or 

be connected to the grid. These LEPSs were advocated as superb solutions for most of the 

formerly-discussed dilemmas as they embrace the excessive potential for sustainable 

development and assist governments in achieving their energy access strategies [25]. Besides, 

LEPSs can alleviate the unnecessary sizing of using individual type of RESs; therefore, 

substantially reduce the required costs. Besides, the integration of RESs drastically reduces the 

GhG emissions and satisfy environment responsibilities. 

Wind turbine Photovoltaic Hydropower BiomassGas-turbine 
generator

Diesel generatorCHP generator

Batteries SMES Turbine-
pumped 

hydro

FlywheelCompressed air Residential Industrial Remote island Agricultural Desalination 
plants

Control and 
Management

Renewable energy sourcesFuel-based generators

Energy storage systems Loads

Utility grid

 
Fig. 1.5 Schematic diagram of a typical LEPS 

Mainly, there are two different architectures of LEPSs (AC structure and DC structure) 

[26], which are mainly based on interconnecting the distributed generators and loads in the 

network. In AC LEPSs, all components are connected to an AC bus, as shown in Fig. 1.6-a. 

This architecture facilitates the modification of voltage levels with low-frequency transformers 

and has high fault management capability [27]. However, it presents some drawbacks, such as 

the need for synchronization of distributed generation units or the circulation of reactive power 

that increases the power losses in the transmission system [27]. Although most distribution 

systems run in AC, the excellent access of DC-based distributed generation units, energy 

storage units and loads, is opening the doors for utilizing the DC LEPSs. Fig. 1.6-b shows a 

typical DC LEPS structure. The key benefit of this structure is the greater overall efficiency 

since fewer interface converters are utilized. Besides, there is no need to synchronize 

distributed generation units as well as reactive power and frequency control [27]. The main 

drawback of the DC structure is the difficulty of the protection system due to the deficiency of 
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zero-crossing points available only in AC electricity [28]. Recently, hybrid AC/DC LEPSs are 

triggering great attention since they merge the benefits of both AC and DC structures [29]. 

Since the two structures are merged in a single distribution system, this enables the immediate 

integration of different distributed generation units, energy storage units, and loads. This 

showcase offers an economical route for integrating the forthcoming RESs with the least 

possible system structure changes. 

Energy storage 
unit

DC distribution 
generator

AC distribution 
generator

AC loadsDC loadsCoupling point
Utility grid

DC BUS

 

Energy storage 
unit

DC distribution 
generator

AC distribution 
generator

AC loadsDC loadsCoupling point
Utility grid

AC BUS

 

(a) (b) 

Fig. 1.6 Structure of LEPSs (a) DC structure (b) AC structure [26] 

1.2.2 Challenges 

Establishing LEPSs is encircled by different challenges which require distinct phases of 

feasibility analysis and investigations. Picking up an appropriate location for implementing 

these energy systems is considered a crucial factor that could cause large deficits and project 

unfeasibility if it has not a sufficient potential of renewable energy resources (RERs). Also, the 

inappropriate choice of the project site has significant consequences associated with visual 

interference, sound pollution, and environmental devastation [22]. Besides, selecting the best 

configuration to supply the load constantly with the lowest costs is considered another vital 

challenge that should be decided accurately using optimization tools or algorithms. The main 

reason that makes the design more challenging is that it involves several contradictory criteria 

and alternatives with a large number of influential parameters; hence, the design problem 

should be considered as multiple objective problems that can be handled by either multi-

objective optimization algorithms or employing multicriteria decision-making (MCDM) 

approaches. The incorrect sizing of the system’s components undoubtedly causes infeasible 

performance in both expenditures and functioning aspects. Besides, the system components’ 

non-linearity, the existence of RERs, and load uncertainty greatly influence the LESPs 

performances [30]. Another challenge concerns the future performance of the designed LEPS 

and its behaviour against any expected change in any influential design parameters (e.g., load 
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growth, meteorological variations, and the economic parameters variation). Moreover, 

preserving LEPSs stability is also considered one of the vital challenges that face the operation 

of any RESs-based energy system. The term stability implies to the energy system capability 

to accomplish its proposed objective of delivering adequately supply of electrical energy to 

consumers efficiently with a reasonable assurance of continuity and quality. A comprehensive 

and accurate design optimization framework of LEPSs could facilitate the above-discussed 

challenges to be immediately alleviated; therefore, improving the potential expansion of these 

energy systems. According to the literature review provided in the following section, the 

research on providing comprehensive and accurate design optimization frameworks for these 

LEPSs is quite inadequate and needs additional assessments. 

1.3 Literature review 

1.3.1 Research trend 

Due to the pervasive necessity for RESs-based energy solutions around the globe and their 

great potential to facilitate overcoming the lack of energy access and potable water crises, 

especially in developing countries, achieving the optimal mix of these energy technologies is 

considered a significant challenge. At the level of academic research, enormous studies have 

addressed different investigations about the design optimization viability of LEPSs. Based on 

the database of Scopus®, the scientific research trend over the last decade regarding the design 

optimization or assessing the LEPSs stability after the design optimization is shown in Fig. 1.7. 

The growing trend signifies the importance of the addressed subject and reveals that the thesis 

topic is attracting the researcher’s attention. However, the interest regarding offering a 

comprehensive study by assessing the stability of optimal energy systems is not adequate. 

  
Fig. 1.7 Research trend in LEPSs’ design optimization and (a) MCDM (b) stability 

assessment 
 

Another manner of analyzing the research trend has been accomplished using the 

VOSviewer software [30], which is used for building and picturing bibliometric networks. 
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These networks incorporate journals, academics, and individual publications, and they can be 

formed based on citation, bibliographic connection, or co-citation [31]. To visualize the studies 

interest related to the thesis topic, author’s keywords co-occurrence analysis is performed based 

on the relative research publications extracted from the Scopus® scientific database. The 

collected data have been refined to adjust the similarities in keywords and then analyzed using 

the VOSviewer. The number of occurrences of each keyword was considered by 5 times to 

extract only the highly cited terms and to guarantee a high level of accuracy in the results. Fig. 

1.8 displays a visualized co-occurrence map regarding addressing the design optimization and 

the MCDM analysis with LEPSs (namely microgrids in the academic field). 

 

 
Fig. 1.8 Authors’ keywords co-occurrences in documents related to the design optimization 

of LEPSs and MCDM analysis (a) network visualization by cluster (b) overlay visualization 

A number of 1756 documents were imported to the VOSviewer, which identified 4756 

keywords, only 116 keywords satisfy the 5 times occurrence threshold. From the figure, the 

(a) 

(b) 
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keywords “microgrid”, which represents the LEPSs, “optimization”, and “multi criteria 

decision making”, have large circle sizes, which means high research interest, close and linked 

to each other. These keywords show the conjunction intensity with other keywords, showing 

their significance and the high frequency of addressing them in the last years. 

 Furthermore, integrating the design optimization and stability assessment has not been 

addressed adequately, as in Fig. 1.9. A number of 451 documents were imported to the tool, 

and with 1217 keywords, only 35 satisfied the occurrence limit. The mapping revealed the 

weak connection between the terms “power quality”, “optimization”, and “microgrid”. Also, 

there was no connection between the term “stability analysis” and the previous terms, which 

clarify that this topic needs more investigations due to its significance. 

 
Fig. 1.9 Author keywords co-occurrences in documents related to the design optimization of 

LEPSs and assessing their power quality or stability analysis 

1.3.2 Broad survey 

A. Design optimization of LEPSs 
 

During the last decade, enormous research works, including surveys or case-studies 

investigations, have examined the design optimization and feasibility of LEPSs. A large review 

study has investigated various energy alternatives for supplying distinct loads in different 

locations globally, considering isolated or grid-on LEPSs in [32]. Besides, different design 

approaches and solving techniques have been employed to find the optimal energy solution, 

for instance, using code-based artificial intelligence methods [28] and commercial tools [33]. 

Among these tools, the HOMERPro is currently recognized as one of the most widely utilized 

design optimization tools by many researchers globally [34]. Through an in-depth analysis of 



Chapter 1: Introduction 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

10 
 

the literature, different attempts have been conducted to investigate the feasibility and design 

optimization of standalone LEPSs to energize rural areas  [35], [36] remote villages and islands 

[37], [38], household sector [39], [40], commercial and public buildings [41], [42], agriculture 

applications [43], [44], water desalination plants [45], [46], and residential and urban 

communities [47], [48]. In the following, a distinct focus is given to some of the most relative, 

valuable, and up-to-date studies to highlight their pros and cons. For instance, in [35], the 

genetic algorithm and HOMER tool were implemented for a design optimization case-study in 

India where the proposed scheme integrates the biogas generator, PV units, WTs, and BSS, 

leading to reduce the LCOE to 0.163$/kWh. The study addressed only the economic aspect of 

the design without assessing the environmental or the social aspects. In another study, 

HOMERPro simulated and designed four different fully-renewable LEPSs comprising PV units, 

hydro-generator, WTs, and BSS for rural electrification in Rwanda [36]. The main results 

revealed that the PV/hydro-generator/BSS combination was the best option with the least 

TNPC and LCOE of $41,210.80 and 0.056 $/kWh, respectively. A socio-economic 

optimization of PV/WT/DsGn/BSS LEPS for a small community in Algeria was investigated 

in [49]. The authors employed a multi-objective evolutionary procedure for the design 

optimization problem, and the study findings unveiled the possibility of the suggested system 

reduce system overall costs and offers responsible jobs opportunities. Although the optimal 

system contains a DsGn, the system’s ecological impact was not examined. In another study 

[50], the economic and ecologic aspects of a PV/WTs/biogas-generator/BSS LESP with 

biochar production were investigated for an island in the Philippines. The authors proposed a 

two-stage stochastic programming approach for capacity sizing and selecting the optimal 

alternative. The optimal system found by the authors comprises PV units/WTs/biogas-

generator with the least values of daily net cashflow and GhG of  $455 and  2795 kg, 

respectively. Another study-case for providing electricity and heat for residential buildings in 

Atlanta, U.S., was presented in [51] to analyze and investigate the design optimization of a 

grid-connected PV/CHP generator/boiler LEPS using HOMERPro. The results showed the 

constructive impacts of integrating the PV units with the CHP generator on enhancing  the 

energy efficiency and reduce of energy cost and GhG.  

Another case-study was presented to explore the techno-economic viability of a 

PV/DsGn/BSS LEPS using HOMERPro for electrifying an island in Taiwan [38]. The study 

focused on the effect of RESs penetration and capacity shortage disparity on the system 

economic behaviour. Even though the optimal system’ LCOE was more significant than that 

of the DsGn only system, the GhG emissions were reduced by 31.6%. Also, in [52], the authors 
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examined the enviro-economic practicability of different energy alternatives comprising PV 

units, WTs, DsGn, and BSS for decarbonizing the Galapagos islands, Ecuador, considering 

several load conditions. However, the ecological assessment was insufficiently investigated. 

Another study in Iran has been presented to investigate the design feasibility of energy 

alternatives involving PV units, WTs, BSS, and a CHP generator to supply a remote island 

with the required electricity, heat, and water [53]. The authors employed particle swarm 

optimization (PSO) and the artificial neural network for picking out the optimal solution; 

however, the economic behaviour of the optimal system was not clarified enough. Furthermore, 

another study was developed in [54] and presented a new TEE design optimization technique 

for a PV/WTs/BSS LEPS in Italy. The study examined the impact of elements exclusion on the 

entire system behaviour. The study outcomes revealed that the PV engagement was the optimal 

alternative to meet the load requirements, investment viability and minimize the CO2 effect. In 

Spain [55], a case-study of PV/WTs/DsGn/BSS combinations was addressed to provide the 

needed electricity to a small-scale desalination plant of 50 m3/day capacity using HOMERPro. 

Although the optimal system had a LCOE of 0.404 $/kWh, the other economic aspects of the 

system were not addressed, and the effect of the GhG produced by the DsGn. A similar study 

was presented for a case-study in Australia by examining the feasibility of a PV/BSS system 

integrated with a tidal turbine to supply a desalination plant using a proposed zero-dimensional 

numerical Model [56]. The presented model successfully reduces the total initial cost of the 

optimal system; however, several aspects like the system’s reliability and response to input 

variations have not been examined. 

B. MCDM for Design optimization of LEPSs 
 

Since the LEPS design optimization is influenced by several interconnected aspects and the 

economic side, the design problem has become further complicated owing to the need to 

achieve different optimum performances. The matter which makes the optimization problem 

of multiple objectives must be professionally and precisely managed. As a result, MCDM 

analysis can undoubtedly perform a vital role in providing robust solutions for multi-objective 

design optimization problems. The MCDM analysis is a division of effective research that aims 

at discovering optimum solutions in multifaceted problems that can incorporate a variety of 

options, meters, criteria, and aims in the same problem [57]. There are distinct MCDM 

structures that can offer mathematical models to weight the addressed criteria, rank the 

different alternatives, and conflate the obtained outcomes [57]. Taking the thesis topic as an 

example, the MCDM plays a crucial role in escorting the decision-makers (DMs) or energy 



Chapter 1: Introduction 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

12 
 

developers to select the optimal energy solution considering, concurrently, different 

contradictory criteria. The MCDM techniques are mainly categorized into conventional 

methods and fuzzy-based methods [51]. The fuzzy-based procedures are proposed to cope with 

inaccuracy issues related to the conventional methods, achieve more quantifiable solutions, and 

facilitate DMs to convey their judgments using linguistic terms. Therefore, more realistic, and 

precise outcomes can be attained.  

Recently, different attempts have been carried out on MCDM and design optimization of 

LEPSs as reviewed in [58]. Also, the distinct MCDM methods have been widely addressed in 

the energy field for several objectives such as site selection [59], evaluating RESs [60], 

establishing energy strategy [61], and also for quality function deployment of electric vehicles 

[62]. A few examples for employing the MCDM methods in line with the thesis topic are given 

next. The technique for order preference by similarity to an ideal solution (TOPSIS) method 

was applied for selecting the optimal energy alternative among different combinations of PV 

units, WTs, a biogas generator, and fuel cells for a rural village in Iran [63]. Besides, authors 

in [64] applied the analytic hierarchy process (AHP) method to appraise different energy 

alternatives formed from PV units, WTs, a  biogas generator, a hydro generator, and geothermal 

plants in Algeria. The study addressed 13 different criteria which cover the technical, 

economic, ecological, and social aspects. The fuzzy-TOPSIS method was addressed in [65] to 

decide on the finest sites for establishing a PV/WTs system in Iran. The various options were 

graded regarding 5 performance criteria covering the weather, natural catastrophes, economic, 

social, and geographical attributes. In [65], the authors offered a detailed analysis based on the 

AHP and the combinative distance-based assessment (CODAS) methods to justify the 

feasibility of distinct LEPS in Bangladesh, considering a mixture of quantitative criteria. The 

results nominated that the PV/WTs alternative as the optimal LEPS with the highest appraisal 

score among the addressed energy solutions. The study presented in [66] proposed a fuzzy 

multi-objective mixed integer long-term model (FMOMIL) for choosing the optimal mixture 

of PV units, WTs, DsGn, and a hydro generator in an island in Colombia. The suggested model 

involved different criteria covering the technical, economic, environmental, and social aspects. 

Furthermore, authors in [67] introduced a new integrative MCDM model to select the optimal 

LEPS for supplying a governmental building in Iran using PV units, WTs, and BSS. The 

viability analysis of diverse configurations was initially achieved using HOMERPro, then the 

best worst method (BWM), the AHP, and the full consistency (FUCOM) methods were applied 

for evaluating the weights of criteria. Next, the TOPSIS and the evaluation based on distance 

from average solution (EDAS) methods were used for ranking alternatives. 
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 Moreover, the authors in [68] proposed a decision aid technique to select the optimal LEPS 

for supplying a domestic building in Algeria. Unlike most studies that used HOMERPro for 

creating feasible energy systems, the study used the Delphi method to establish a set of energy 

alternatives. The F-AHP method was applied to obtain the weights of the criteria considering 

uncertainties in experts' judgments. Next, the fuzzy reference ranking organization method for 

enrichment evaluations (FPROMETHEE) was performed to rank the energy alternatives and 

select the optimal LEPS. Most recently, authors in [69] developed a new computing tool for 

multi-objective optimization of LEPSs based on the general algebraic modelling system 

(GAMS) and MATLAB. The authors created a fuzzy decision model to classify the energy 

alternatives based on a set of evaluation factors related to social, environmental, and technical 

aspects. The tool was tested on a case-study aimed to supply residential buildings in Colombia 

in which the findings revealed that the PV/hydro-generator/biogas-generator/DsGn was found 

the optimal LEPS. Furthermore, a MCDM model based on the AHP and Vlse Kriterijumska 

Optimizacija I Kompromisno Resenje in Serbian (VIKOR) methods for selecting the most 

effective energy project using wind, hydropower, biogas, natural gas resources in Turkey 

considering economical, ecological, and social aspects was introduced in [70]. 

C. Stability enhancement of LEPSs 
 

Generally, the aforementioned studies have demonstrated the ability of LEPSs to fit 

different kinds of load demand in distinct locations around the world. Also, different kinds of 

MCDM methods can help decide the optimal energy alternative by addressing a variety of key 

performance criteria and energy options. Yet, the stability and power quality of these LEPSs is 

of great concern, which has been investigated broadly in literature. Different reasons [72] cause 

instability problems in these LEPSs, such as the RERs fluctuations, the load demand variations, 

the load unbalance, the random insertion, or outage of RESs, and converters insecurity. Energy 

storage systems (ESSs) play a vital role in overcoming the previous challenges, including 

frequency, power, and voltage fluctuation problems. This can be accomplished by controlling 

the charging and discharging actions of ESSs to achieve power equilibrium between RESs and 

loads. ESSs act as a fast-pulsating power supply capable of enhancing the energy interchange 

among energy system components, preserving system stability and self-resiliency during 

eventuality disturbances [71]. Based on a comprehensive and statistical assessment of LEPSs 

based on PV and WTs considering more than 550 relevant articles over the last two decades 

[72], a battery storage system (BSS) was employed in 77% of the studies, followed by hydrogen 

tanks (15.4%). In contrast, other ESSs such as hydraulic storage, superconducting magnetic 
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energy storage (SMES), supercapacitors, flywheels, and compressed air energy storage were 

together accounted for 7.6% of the studies. Power capabilities and run-time are considered the 

key issues in evaluating ESSs; hence, two sorts of ESSs are categorized; the first involves high-

power density, and the second includes high-energy-density [73]. The high expansion of 

employing BSSs is due to their scalability or modularity, the capability to supply different 

ancillary services, and the ability to be integrated with other ESSs [74]. Besides, BSSs are 

distinguished by a high-energy-density device; hence, they are appropriate for use with slight 

and normal load variations. However, the main cons of BSSs include the availability of a 

restricted number of complete discharge cycles, ecologically unfavorable, and their thermal 

fugitive that can arise with the incorrect charging [23]. Meanwhile, the SMES is considered 

one of the very substantial ESSs in the application of LEPSs. The various fluctuations can be 

lessened by utilizing SMES for fast charging or discharging. The SMES is distinguished by the 

instant response thanks to its high-power density, the long lifetime and the high efficacy 

compared to other ESSs; contrariwise, the size and cost considerations are the main arguments 

that impede its broad implementation [75].  

The effectiveness of any ESS cannot be achieved without a proper and robust control 

technique; therefore, different control approaches have been suggested in distinct studies to 

control the behaviour of ESSs and enrich the stability of LEPSs. By assessing different relative 

researches, the proportional-integral (PI) controller, hysteresis control, and fuzzy logic control 

(FLC) are found the most applied controllers with ESSs. In the following lines, a focus is given 

to illustrate some of the most related studies and highlight their pros and cons. In [76], authors 

examined the power-quality enhancement of a LEPS comprised PV generation to smooth out 

the power fluctuations caused by various climate circumstances using a controlled SMES 

system. In [77], authors integrated a PI-controlled SMES system with a standalone LEPS 

comprising two wind-driven generators to reduce the output power instabilities and improve 

the system power quality. Yet, the influence of load change and extremer wind speed variations 

were not addressed. Another study investigated the voltage and frequency stability 

enhancement using a fuzzy-controlled SMES unit in an AC LEPS connected to the grid [78]. 

However, the study addressed only the impact of load insertion/rejection on the system 

behaviour without examining the wind or load fluctuations. Meanwhile in [79], the SMES was 

utilized to overwhelm the instabilities caused by the high penetration level of PV generators in 

a grid-connected AC LEPS. The authors developed PI and fuzzy logic control schemes to 

enhance the system reliability against solar radiation and load changes and the sudden grid 

disconnection. Furthermore, the energy management of a standalone DC LEPS consisting of 
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WT, BSS, and a SMES unit and controlled by a PI-controller was examined in [80]. The system 

was observed under various unstable climatic and loading conditions and also for pulse loading 

events. In [81], a FLC system was proposed to control the DC-bus voltage and enhance the 

power stability of a DC LEPS, including PV, BSS, and fuel cells. The system was examined 

under various dynamic instabilities in load demand, solar radiation, and overloading situations. 

Though no maximum power point tracking (MPPT) technique was used for the PV system, the 

load voltage/frequency control was not adequately explained. Intelligent energy management 

based on merging both FLC and fractional-order PI controller for a DC LEPS of PV, WTs, and 

a BSS was presented in [82]. However, the DC-bus, load voltage, and load power are yet 

comprised vacillations. Also, the efficacy of the proposed technique was not verified during 

the extreme variations of RERs and also loading events. In [83], the authors proposed a fuzzy-

controlled SMES  system integrated with a grid-connected AC LEPS of PV and WTs to 

alleviate the variabilities of active and reactive power interchange in the system. The system 

was examined under wind gusts and load variations; however, the authors accomplished the 

work without comparing the SMES performance with other ESSs. In another study, a 

coordinated BSS control based on FLC for a PV grid-on/off AC LEPS was examined [84]. 

Both the PV system and grid-side converter were regulated using PI controllers. Nevertheless, 

the introduced load power was observed to comprise spikes and over/undershoots. Besides, the 

study has not reported the effect of the extreme variations in solar radiation or load demand to 

validate the efficacy of the proposed control system. Finally, authors in [85] examined a SMES 

unit based on a shunt active power filter for lessening power variations, preventing harmonic 

currents in a grid-on AC LEPS including a PV system to supply distinct varieties of loads 

(balanced, unbalanced, nonlinear, and pulsating load). Yet, the impact on connecting WTs in 

the system and the extreme variations of RERs were not examined. 

1.3.3 Literature remarks and shortcomings 

Based on the aforementioned data, statistics, and broad survey, enormous research has been 

carried out to address the design optimization of different LEPSs using different 

tools/algorithms and improve the stability and power-quality of these systems by integrating 

ESSs based on different control approaches. Yet, these attempts have the following main 

observations and shortcomings: 

• A high proportion of the world’s population still suffers from the absence of electricity and 

potable water access, especially in developing countries. Consequently, spreading the 
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investments of LEPS projects in these countries is of great importance. This matter proves 

the LEPSs projects’ significance in achieving the UN goals. 

• The different structures of LEPSs have been identified as a valuable perception over the 

fossil fuel-based energy production sources. Besides, the standalone LEPSs got much 

attention from research over the grid-connected ones since the standalone option has 

induced tremendous interest in sustainable energy access. 

• Most of the previous studies have not offered a complete or comprehensive framework for 

the design optimization problem. Furthermore, the design optimization of LEPSs is 

regularly performed for a certain case-study in a specified site to supply a specific type of 

load(s), which generalizes these LEPSs practicability further complicated. Consequently, 

offering a comprehensive design optimization framework including MCDM analysis, 

dependability and sensitivity analyses, stability assessment, and power-quality appraisal 

could assist in achieving a better insight into the design optimization problem. 

• The majority of the investigated LEPSs were in charge of supplying a single type of demand 

(electrical, heat or water), while a few studies have addressed the integration of 

cogeneration systems along with the RESs. Besides, among the few case-studies designed 

to energize water desalination plants, most of them have dedicated a feasibility analysis of 

only small-scale plants. Also, the impact of incorporating and non-existence of system’s 

elements on the different LEPSs’ manners has not been focused adequately. 

• Most of researchers have assessed only the energy alternatives' techno-economic 

practicability while selecting the optimal solution. However, distinct aspects should be 

concurrently assessed in the design procedure. This weakness could destructively impact 

the correct decision of design optimization problems; hence, a multi-dimensional design 

optimization framework should be employed. 

• Studies that present the feasibility of LEPSs to supply desalination plants in Egypt as one 

of the countries facing a water availability crisis have not been explored adequately. 

Besides, the comparative analysis of multiple types of ESSs has received limited attention 

in the literature as most of the works analyzed the LEPS performance using a single ESS. 

Furthermore, as far as the authors know, despite the large number of studies that utilized 

MCDM for the design optimization, the integration between the F-AHP and F-VIKOR 

methods were rarely presented in the primary literature. 

• Limited investigations have addressed the integration between HOMERPro, any relevant 

tool, and MATLAB/Simulink to verify the technical operation, stability analysis, or optimal 
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power quality during the year's four seasons. The matter which strengthens the design 

optimization framework. 

• Most of the case-studies investigated the integration of RES with ESSs within the AC LEPS 

structure; only a few research works have addressed the DC LEPSs. Moreover, addressing 

the integration between SMES and wind or PV systems in the DC structure of LEPSs got 

less attention from researchers. Besides, the adoption of FLC for both battery and SMES 

in DC LEPSs has not been implemented widely alongside the application of MPPT 

techniques for PV and wind systems. Finally, the extreme variations of RERs and the 

sudden load unbalance have been rarely investigated. 

1.4 Research Objectives  

Motivated from the aforementioned literature review that addressed the most recent and 

related studies and the observed research gaps/shortcomings, this thesis introduces an advanced 

methodological framework for design optimization and stability enrichment of local energy 

production systems. The main research objectives that aim to improve the existing expertise 

are summarized as follows: 

1. Proposing a methodological TEE design optimization framework of LEPSs 

To select the optimal way for mixing the different energy technologies to supply different 

load types, a systematic techno-enviro-economic (TEE) design optimization framework for 

LEPSs design is proposed. The proposed model considers, simultaneously, the technical, 

economic, and environmental aspects of the design procedure. The matter which, to the best of 

authors’ knowledge, has not been addressed extensively and precisely in literature which 

considered only one aspect in the design procedure. The exceptionality of the presented 

framework is that it offers a significant target framework that can facilitate governments, 

policy-makers, investors, and energy developers to find out the optimal layout of LEPSs in any 

location. Moreover, another critical significance comes from addressing a real case-study to 

offer genuine solutions for existing challenges that threaten the globe, like the water shortage 

and lack of electricity access. The case-study which is addressed in the context of the proposed 

framework, aims at developing a LEPS incorporating PV units, WTs, a DsGn, a cogeneration 

system represented in a micro combined heat and power (M-CHP) cogeneration system, 

batteries, and a thermal load controller (TLC) to energize a large-scale reverse osmosis 

desalination plant (RODP) of 850 m3/day capacity. The proposed case-study can 

simultaneously supply electricity, heat, and freshwater demand for several administrative 

offices in an airport in Egypt. 
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2. Proposing a fuzzy MCDM model for the design optimization of LEPSs 

To boost the truthfulness of the design optimization framework, a novel fuzzy MCDM 

model, based on merging the F-AHP and F-VIKOR techniques for the multiple objectives-

based design optimization of LEPSs, is proposed. The proposed model allows the design 

optimization framework to evaluate the distinct energy alternatives concurrently based on a 

variety of key performance criteria representing distinct aspects (technical, economic, 

ecological, reliability, and topographical). Contrasting the aforementioned case-studies in the 

literature that select the optimal LEPS based on its economic behaviour only, the proposed 

model aims to make the sustainable energy access problem a more inclusive and multi-

objective framework regarding the utilized technologies, energy alternatives, and performance 

criteria. The case-study adopted in the proposed model perspective aims to create a LEPS 

integrating PV units, WTs, and a DsGn to energize a large-scale RODP of 1000 m3/day 

capacity to feed a beach resort with the freshwater needs in Baltim city, Egypt. One additional 

remark of this case-study is that it offers a thorough investigation and comparison between 

integrating two different energy storage technologies (flow batteries and turbine-pumped hydro 

storage) into the LEPS. Furthermore, sensitivity analysis is also accomplished for the optimal 

system to explore the optimal LEPS behaviour against the variation of key input parameters 

like cost of energy storage, load growth, and interest rate. 

3. Proposing coordinated power management strategy for design optimization model 

Another vigorous addition to the design optimization framework is proposed to achieve a 

comprehensive or a complete examination. The proposed framework integrates the 

functionalities of both HOMERPro and Matlab/Simulink software to select the optimal LEPS, 

construct a coordinated power management strategy (PMS), accomplish dependability and 

power-quality assessments. A case-study for a remote residential community area in Marsa-

Matruh, Egypt, is investigated to validate the proposed framework inspired by offering 

promising solutions to the energy access dilemma. The suggested LEPS involves PV units, 

WTs, a DsGn, and lead-acid batteries. Following the TEE design optimization procedure, 

dependability analysis is accomplished by examining the optimal LEPS behaviour against 

possible changes in the maximum annual capacity shortage. Furthermore, in the end, the results 

of the comprehensive power-quality assessment during the four seasons of the year are 

examined and analyzed. 

4. Enriching the stability and power quality of different LEPSs structures 

A particular focus is given to enrich the stability behaviour and voltage quality of different 

structures of LEPSs due to their fundamental dependence on RESs. Robust control techniques 
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are proposed and integrate distinct types of energy storage devices to enrich the stability and 

voltage quality of these LEPSs during various variabilities. The addressed instabilities involve 

the insertion of WT/PV units, normal and extreme variations of RERs (wing gusts and rapid 

shadow), sudden load rejection, sudden load unbalance, and load changes. The proposed 

control methods, which mainly depends on the proportional-integral and fuzzy logic 

controllers, are designed to facilitate the energy storage elements to swiftly charge or discharge 

power to mitigate the power and voltage fluctuations. 

1.5 Thesis Outline 

The thesis is organized into seven chapters as follows: 

Chapter 1 firstly presents a broad background along with the distinct motivations for the study. 

Then the local energy production systems are discussed regarding their structure, significance, 

and main challenges. Furthermore, a comprehensive literature review on the most related and 

up-to-date research highlights the concluded research gaps. Finally, the thesis main aims and 

its organization are respectively summarized. 

Chapter 2 describes the detailed modelling of each component utilized in this work inducing 

the renewables and non-renewable energy sources, the energy storage systems, and the 

description of fuzzy logic control. 

Chapter 3 introduces a detailed demonstration of the proposed methodological techno-enviro-

economic (TEE) design optimization framework of LEPSs, which then validated by a case-

study aim to provide electricity to a large-scale desalination plant and also supply a number of 

airport administrative offices, in the new capital of Egypt, with the required electricity, heat 

and freshwater. The findings are described and analytically examined, showing the significant 

components' influence on the system’s different behaviours. 

Chapter 4 proposes a novel fuzzy multicriteria decision-making model for design optimization 

of LEPSs. The suggested model incorporates the TEE design optimization and a new fuzzy 

MCDM technique based on F-AHP and F-VIKOR techniques addressing 10 performance 

criteria and 10 different energy alternatives. Furthermore, sensitivity analysis is also examined 

to check the optimal system performance against key input variations. Finally, the obtained 

outcomes are analyzed and discussed. 

Chapter 5 introduces the proposed design optimization framework assisted with dependability 

and power-quality analyses for the optimal LEPS, the framework which integrates both 

HOMERPro and Matlab/Simulink software. In publicizing the suggested framework, a case-

study involving solar PV, WTs, DsGn, and batteries that aim to supply electricity to a remote 
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residential community area is investigated. In the end, the results of the broad power-quality 

assessment during the four seasons in the year are analyzed. 

Chapter 6 proposes robust control techniques for different structures of LEPSs to enrich the 

stability behaviour and voltage quality of these LEPSs during diverse types of instabilities. 

Four different case-studies are examined in this chapter integrating different combination of 

energy storage technologies. 

Chapter 7 concludes the fundamental outcomes and significant contributions of the research. 

Besides, presenting the potential future directions of the research. 

To give a unified picture and facilitate realizing the contents and contributions among the 

different chapters, Fig. 1.10 is designed to describe the dissertation workflow. 

Design Optimization of LEPSs

• RESs modeling and description
• Non-RESs modeling and description
• ESSs modeling and description
• FLC illustration and description

Components Modeling and 
Discription

Ch
a

p
te

r 
2

Fuzzy MCDM model for design optimization

Ch
a

p
te

r 
4

Chapter 5

Ch
a

p
te

r 
3

Chapter 7 (Conclusions and outlook)

Chapter 1 (Introduction)

• Background and Motivations
• Local energy production systems
• Literature review
• Research objectives
• Thesis organization

• The Proposed TEE design optimization 
Framework illustration

• First case-study (PV, WT, Diesel, M-CHP 
generator, batteries, and TLC) fed 
RODP and an airport administrative 
offices

• The Proposed fuzzy MCDM for design 
optimization Framework illustration
• Weights of criteria using F-AHP
• Ranking alternatives using F-VIKOR

• Second case-study (PV, WT, Diesel, 
flow batteries, and turbine-pumped 
hydro storage) fed RODP

• Sensitivity analysis

• The Proposed coordinated energy 
management and design optimization 
Framework illustration

• Third case-study (PV, WT, Diesel, and 
batteries) fed remote residential 
community area

• Dependability analysis
• Stability & Power quality assessmentCo

o
rd

in
a

te
d

 p
o

w
e

r 
m

a
n

a
g

e
m

en
t 

a
n

d
 

d
e

si
g

n
 o

p
ti

m
iz

a
ti

o
n

Chapter 6

Stability enrichment of different LEPSs 
using different ESSs and controllers

• A DC LEPS with BSS  & SMES based PI
• A DC LEPS with BSS & SMES based FLC
• A DC LEPS with hybrid  BSS  & SMES
• A DC LEPS with hybrid BSS & SCapS

ta
b

il
it

y
 

e
n

h
a

n
ce

m
e

n
t 

o
f 

LE
P

S
s

• Summary of the PhD work and theses
• Thesis I, II, III, and IV statements
• Results significance and practical applicability 
• Suggestions for future work

 
Fig. 1.10 Structure of the dissertation



Chapter 2: Components Modeling and Description 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

21 
 

Chapter 2: Components Modeling and Description 

Due to the nature of the introduced study, distinct components are incorporated to develop 

different hybridizations of energy systems. This chapter describes the detailed modelling of the 

utilized components, along with their distinct parameters. The chapter is organized to provide 

the modelling and description into separate subsections, including modelling the employed 

renewable energy sources, non-renewable energy sources, and energy storage systems. Lastly, 

a detailed explanation of the FLC approach employed for controlling the battery and SMES 

interface circuits is also presented. 

2.1 Renewable Energy Sources 

The presented study mainly investigates the role of integrating PV units and WTs into 

different energy systems. The detailed modelling of both solar and wind energy systems is 

presented in the following subsections. 

2.1.1 The solar energy system 

The PV units are generally developed to transform solar irradiance into electricity. The PV 

cells are the fundamental energy conversion units of the PV generation system. These cells are 

typically connected in multiple series and parallel arrangements to form PV modules 

electrically connected in series and/or parallel patterns to form a PV array. The number of series 

and/or parallel modules in the PV array is defined based on the PV system's voltage level 

requirements and the required output power ratings. The general model equivalent circuit of 

both the PV cell and PV module are described in Fig. 2.1 [86], where G, T, Ns and Np represent 

the solar radiation, the temperature, the number of series cells, and the number of parallel cells, 

respectively. The output current of both the PV cell (Icell) and the PV module (Imod), considering 

the model parameters, are defined using (2.1) and (2.2) [87]. The (I-V) and (P-V) 

characteristics of a typical PV array, drawn in Matlab/Simulink, at different solar radiation and 

temperature values are described in Fig. 2.2. 
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Fig. 2.1 Equivalent circuit of the general model of (a) a PV cell (b) a PV module [86] 
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where Iph is the light generated current, Io is the reverse saturation current, Tc is the cell 

temperature, q is the electron charge (1.602 ×10-19 C), k is a constant (1.38 ×10-23 J/K), A is the 

ideality factor of the PV cell, Rsh is the shunt resistance, and Rs is the series resistance. 

  
(a) (b) 

Fig. 2.2 PV characteristics at different values of (a) solar radiation (b) temperature 

 

The generated power (PPV) and cell temperature (Tc) of a typical PV array can be described 

by (2.3) and (2.4), in which STC and NOCT stand for standard test conditions and nominal 

operating cell temperature, respectively. Besides, since the efficiency depends on Tc, assuming 

that the cell efficiency is always equal to the maximum power point efficiency and varies 

linearly with temperature, the efficiency can be described by (2.5) [43], [88]. 
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where YPV is the PV array rated capacity (kW), fPV is the PV derating factor (%), GT is the solar 

radiation incident on the PV array (kW/m2), GT,STC is the incident radiation at STC (1 kW/m2), 

αp is the temperature coefficient of power (%/oC), Tc is the PV cell temperature (oC), Tc,STC is 

the PV cell temperature under STC (25oC), Ta is the ambient temperature (°C), Tc,NOCT is the 

nominal operating cell temperature (°C), Ta,NOCT is the ambient temperature at which the NOCT 

is defined (20°C), GT,NOCT is the solar radiation at which the NOCT is defined (0.8 kW/m2), τ 
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is the solar transmittance of any cover over the PV array (%), α is the solar absorptance of the 

PV array (%), and ηmp,STC is the maximum power point efficiency under STC (%). Beside the 

PV unit which can be an array or more, the complete PV generation system comprises 

additional components such as the dc-dc boost converter which is employed to boost up the PV 

voltage to a higher level and to extract the maximum available power from the PV array using 

different types of maximum power point tracking (MPPT) techniques. The PV generation 

system also includes a voltage source inverter (VSI) used to convert the DC voltage into AC 

voltage before the interconnection with the utility grid or the AC loads. Since the PV system 

can be integrated for grid-connected or stand-alone applications, Fig. 2.3 is accomplished to 

describe the complete connection of the PV generation system. 
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Fig. 2.3 Schematic diagram of a complete PV system 

 

Based on the research topic nature, different types of PV technologies are utilized 

depending on the case-studies’ requirements; hence, the detailed specifications of each utilized 

type are referred to and presented along with each case-study throughout the thesis. 

2.1.2 The wind energy system 

Wind-driven generators are technologies utilized for translating wind kinetic energy into 

mechanical energy and then converting this mechanical energy into electricity. The produced 

electricity is then delivered to consumers through transmission and distribution systems. There 

are different kinds of variable speed wind-driven generators such as doubly-fed induction 

generators (DFIGs), squirrel cage induction generators (SCIGs), and permanent magnet 

synchronous generators (PMSGs). Although DFIGs are more broadly utilized than PMSGs, 

PMSGs have fruitful pros over other kinds of generators. Mainly, PMSGs are self-excited 

generators,  can run at low speeds, do not have rotor current, and can be integrated without a 

gearbox. Due to the previous merits, the nacelle weight and dimensions, mechanical losses, 

and maintenance requirements are all reduced; therefore, the system efficiency is increased, 

and the low maintenance will decrease the system cost, which is the highest matter to invest 
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[89]. However, PMSGs still have some cons due to the high cost of the permanent magnets, 

change of the magnets’ characteristics over time, and the demagnetization problem produced 

by the too high currents or temperatures [90]. In this study, the utilized wind energy conversion 

system comprises a WT coupled with a PMSG. The different modelling parts of the wind 

system are presented as follows: 

A. Wind turbine aerodynamics model  

The WTs aerodynamics model was principally developed based on their steady-state power 

characteristics. A typical WT captures the wind kinetic energy and transforms it to mechanical 

torque, which the driven generator converts into electrical power. Mainly, the WT mechanical 

power (Pm) is expressed as a function of the wind power coefficient (Cp ) and wind speed (υw) 

as described in (2.6) [91] where ρ, A, λ, and β are the air density, rotor swept area (m2), tip-

speed ratio, and blade pitch angle, respectively. The tip-speed ratio, which is the ratio between 

the blades angular speed (ωm) and wind speed, is expressed in (2.7), where R represents the 

blade radius in meters. Besides, the wind power coefficient as a function of both pitch angle 

and tip-speed ratio is described in (2.8) and (2.9) [91], [92]. 

3
0.5 ( , )     m pP A v C  =  (2.6) 

=
 r

w

R ω
λ

v
 (2.7) 

21

0.5179
116

0.4 5 0.0068( )e i

i
pC  


= − − +  (2.8) 

3

1 1 0 035

0 08 1
= −

+ +

.

.iλ λ β β
 (2.9) 

 

Since the Cp principally varies based on λ and β, Fig. 2.4 shows the (Cp-λ) characteristics 

at different values of pitch angles. From the figure, the maximum value of Cp occurs only at a 

single value of λ and decreases by increasing β. Therefore, the pitch angle is usually kept at 

zero to obtain the maximum benefit of the wind power. 

 
Fig. 2.4 The (Cp-λ) characteristics at different values of pitch angles [92] 
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The wind speed in m/s at the hub high of the turbine can be calculated using (2.10); hence, 

the WT output power under the standard temperature and pressure (STP) can be expressed as 

a function of the wind speed using (2.10) [93]. The generated power in (2.11) should be 

adjusted to the actual density conditions; hence, the WT output power in kW (PWT) is corrected 

according to (2.12) [94]. 
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where va is the wind speed at the anemometer height, hhub is the WT hub height (m), ha is the 

anemometer height (m), h0 is the surface roughness length (m), PWT,STP is the WT output power 

at STP, PWT.r is the WT rated power. Besides, the rated, cut-in, and cut-off speeds of the selected 

WT are vr, vci, and vco, respectively. Finally,  is the actual air density (kg/m3) and 0 is the air 

density at STP (1.225 kg/m3).  

The generated power from the WT is regulated throughout a switch-mode rectifier (SMR) 

which consist of a three-phase uncontrolled rectifier followed by a dc-dc boost converter. Fig. 

2.5 describes the schematic diagram of a PMSG wind energy system. The generated AC 

voltage is rectified through the three-phase uncontrolled rectifier where the average DC value 

of the rectifier output voltage, which at the same time the input voltage (Vin) for the boost 

converter, is given by (2.13) in which Vpeak represents the peak voltage value of the generated 

AC voltage. The boost converter matches the rectified voltage with the DC-bus voltage and 

plays the main role in the MPPT for the wind energy system through adjusting its duty cycle. 

3 3

2
in peakV V


=

 

(2.13) 

The input/output voltage and current relations for the boost converter are given (2.14) and 

(2.15) [95] where Vout, Vin, D, Iout, and Iin are the output voltage of the converter, the input 

voltage of the converter, the duty cycle, average output current, and the average input current, 

respectively. The relation between the output and input resistances can be given by (2.16). 
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From (2.16), it can be observed that by controlling the duty cycle of the boost converter, 

the equivalent load side (output) resistance (Rout) will be changed and hence the input side 

resistance (Rin) will be changed. Thus, the PMSG will be affected by the change of the 

resistance which affect the rotation speed of the PMSG. Therefore, by controlling the duty 

ratio, the rotation speed of the PMSG can be controlled and the MPPT can be accomplished. 
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Fig. 2.5 Schematic diagram of the PMSG wind energy system [90] 

B. Modeling of the PMSG 

The PMSG is typically modelled as a conventional d-q axis model in a synchronous 

reference frame, as shown in the equivalent circuit in Fig. 2.6. The voltage equations for the 

PMSG are provided in (2.17) [92], where vds and vqs are the d-axis and q-axis stator voltages, 

respectively, while Ld, Lq are the stator inductances in the dq-axis in Henry. Also, rs is the stator 

resistance (Ω), ψr is the rotor flux linkage (Wb), and ωr is the rotor speed (rad/sec). 

= − + − ds

ds s ds r q qs d
v
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r i ω L i L
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The electromagnetic torque (Te) produced by the PMSG can be calculated by (2.18), while 

the rotor speed is governed by the motion equation presented in (2.19) [92]. 

1 5= . [ - ( - )]e qs r ds qs d qT P i ψ i i L L  (2.18) 

= ( - . - )r
e r m
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T F ω T

dt J
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where Tm is the mechanical torque (N.m), P is the number of pole pairs, J and F are the inertia 

and friction of the rotor, respectively. 
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Fig. 2.6 Equivalent circuit of the PMSG in the synchronous reference frame [92] 

2.2 Non-renewable Energy Sources 

2.2.1 Diesel generator 

The DsGn is mainly employed in LEPSs to safeguard a continuous power supply and 

improve their reliability and consistency. The DsGn utilized in this thesis comprises a governor 

& diesel engine coupled with a salient-pole synchronous generator. Fig. 2.7 displays the model 

representation of the employed DsGn as represented in the Matlab/Simulink. The fuel 

expenditure is proportional to the power necessary to be delivered by the diesel generator. Fuel 

consumption and DsGn efficiency are described in (2.20) and (2.21), respectively [96] where 

F0 is the fuel curve intercept coefficient, F1 is the fuel curve slope, PDsGn,r is the DsGn rated 

power (kW), PDsGn,o is the DsGn output power (kW), mf is the fuel mass flow rate (kg/hr), and 

LHVf is the fuel lower heating value (a measure of energy content in MJ/kg). The factor of 3.6 

appears since 1 kWh = 3.6 MJ. 
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Fig. 2.7 Governor & diesel engine and excitation model of the diesel generator 
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2.2.2 Micro-combined heat and power cogeneration system 

The M-CHP is a cogeneration technology that generates heat and electricity concurrently 

from the same energy source in individual households or large buildings. It can be employed 
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in cogeneration systems as a primary supply for thermal loads and as a backup for electrical 

loads when the generation from RESs becomes insufficient. The significant disparity between 

an M-CHP system and a typical boiler is that an M-CHP system can produce electricity even 

as heating water while a boiler cannot do this. Fig. 2.8 demonstrates the schematic diagram of 

a typical M-CHP system [97]. Similar to the diesel generator model, the M-CHP’s fuel 

consumption is represented by (2.22), which represents the amount of fuel consumed to 

produce a certain amount of electrical power, while the residual fuel energy is transferred to 

thermal energy [51]. The M-CHP system efficiency is calculated using (2.23), where HCHP,o is 

the thermal energy generated from the generator [98]. 
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Fig. 2.8 Schematic diagram a typical M-CHP cogeneration system [97] 

2.3 Energy Storage Systems 

Energy storage systems (ESSs) are generally employed and controlled to supervise the 

energy exchange among the generation and load sides during normal and abnormal conditions. 

Furthermore, the ESSs responsibility becomes crucial, mainly when maximum exploitation of 

RERs is utilized. Furthermore, ESSs convert the energy from the electrical form to another 

form based on the utilized technology. Different energy storage technologies are integrated into 

the investigated energy systems in this work, and their performance and influence on the 

systems are analyzed. The following subsections exhibit the modelling of distinct ESSs 

employed in this work. 
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2.3.1 Battery storage system 

The battery storage system (BSS) is considered one of the key elements for accomplishing 

the equilibrium between generation and load sides in the standalone energy systems. ESSs are 

utilized principally to compensate for the energy shortage of the generation side or to overcome 

the unexpected rise in load demand; hence, they play a vital role in enhancing the stability of 

energy systems. In this work, a battery standard model is used in which the battery state of 

charge (SOC) is considered a state variable to prevent the arithmetic loop complexity and 

facilitate representing four types of batteries, including the lead-acid and the Zinc-Bromine 

flow batteries types, which are utilized in this work [99]. The model represents the battery by 

a regulated voltage source and a fixed resistance as depicted in Fig. 2.9 and emphasized by 

(2.24) and (2.25) [99]. 
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Fig. 2.9 Typical equivalent circuit of a battery controlled with a buck-boost converter [99] 
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where V, V0, VPol, Cbt, ibt dt, A0, and A1 are the no-load voltage, the battery’s constant voltage, 

the polarization voltage, the battery capacity, the actual battery charge, the exponential zone 

amplitude, and the exponential zone time constant inverse, respectively. Besides, Vbt refers to 

the battery terminal voltage; Ri is the internal resistance and ibt to the actual battery current. 

The battery capacity must sustain the load requirement for more prolonged intervals in the risk 

of insufficient production; hence, the defined battery storage capacity can be calculated by 

(2.26) [94]. The battery (SOCbt) and the amount of charge (Ebt,ch) and discharge (Ebt,dch) 

energies at a step time (t) are conveyed by (2.27), (2.28), and (2.29), respectively [42]. 

=
. 

. . 
DD

bt

bt cv

x E
C

V DoD η
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where x represents the daily autonomy, EDD is the daily demand (kWh/day), DOD is battery 

depth of discharge, ηcv is the voltage source converter efficiency (%), Ebt,st is the energy stored 

in the battery in kWh, ηbt is the battery efficiency (%), EG is the total produced energy (kWh), 

and αdr is the battery self-discharge rate (0.007%/hour).  

2.3.2 The superconducting magnetic energy storage system   

The Superconducting magnetic energy storage (SMES) system stores the electrical energy 

in a magnetic form generated by the circulating current passing through a superconducting coil 

fabricated from superconductive materials. These materials are kept at the superconducting 

state by cooling them with liquid helium or nitrogen; hence, there are two types of SMES based 

on the cooling temperature (liquid helium for low-temperature and liquid nitrogen for high-

temperature). The cooling system retains the temperature of the superconducting coil below 

the critical temperature of the superconducting material [100], [101] to acquire zero resistance; 

hence, it removes the losses and boosts the efficiency [102]. The SMES has several advantages 

in comparison with other ESSs as listed below [103]: 

• The direct storage of electrical energy permits response times in milliseconds. 

• The SMES has no moving elements, and currents in the SMES coil experience nearly 

zero resistance, the matters which increase its efficiency which can reach up to 98%. 

• Environmentally beneficial as compared to batteries. 

• The quantity of charges/discharges have almost no impact on the SMES lifespan. 

Besides, from the economic viewpoint, based on the economic data provided in [103], the 

SMES has a moderate cost compared with other ESSs; also, the SMES lies in a suitable place 

among different ESSs based on the price of its specific power density. Also, the operating and 

maintenance costs of SMES are reasonably comparable with various ESSs. Besides, the  SEMS 

can enhance the power quality for critical loads and offers momentary energy during transient 

voltage sags and power outages. Besides, it help enhancing load leveling between RESs and 

distribution network. Conversely, the SMES drawbacks are the small and short-lived energy 

content as well as the permanent needs for cryogenics technology [100]. 



Chapter 2: Components Modeling and Description 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

31 
 

A. Construction of SMES system 

 Fig. 2.10 shows the schematic diagram of a typical SMES system which comprises a 

superconducting coil, a cryogenic system, a protection system, and a control system. The 

superconducting coil is considered the heart of the SMES system since it is responsible for 

storing the energy. This coil is made of superconducting materials, such as Mercury or 

Niobium–Titanium, which is kept cold enough by the cryogenic system to sustain the 

superconducting state [104]. The protection system protects the SMES unit against irregular 

actions and quenches instants while the control system supervises the power transfer to/from 

the SMES coil [105]. When the SMES is integrated with AC systems, a power conditioning 

unit, consisting of a bidirectional voltage source converter and a dc-dc bidirectional converter, 

is utilized as an interface stage [106]. For DC systems such as DC LEPSs, the SMES is 

connected directly to the DC-bus through the bidirectional dc-dc converter. 
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Fig. 2.10 Construction of a typical SMES system 

B. Operation of the SMES system 

The SMES has three modes of operation (charging, discharging, and standby), as illustrated 

in Fig. 2.11. The charging mode is attained by employing positive voltage across the SMES 

coil via switching-on S1 and S2 as exhibited in Fig. 2.11-a; in this mode, the power is transferred 

from the DC-bus to the SMES coil. The discharging mode shown in Fig. 2.11-b is achieved by 

applying a negative voltage across the SMES coil throughout D1 and D2. Hence, the power is 

transferred from the SMES to the DC-bus. In the standby mode indicated in Fig. 2.11-c, two 

different freewheeling paths are possible through (S1 and D1) or (S2 and D2), where the voltage 

across the SMES coil becomes zero and the power circulates in one of these freewheeling paths, 

hence; no power transfer occurs. Consequently, the SMES coil is charged/discharged/standby 

by modifying the average value of Vs across the coil, which is defined by the duty cycle (D) of 

the bidirectional dc-dc converter. When the duty cycle is more significant than 0.5 or less than 
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0.5, the SMES energy is both charged or discharged, respectively. While if D equal to 0.5, then 

the standby mode is activated. 
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Fig. 2.11 Different operating modes of the SMES [106] 

The stored energy, measured in Joules, as a function of coil inductance (Ls) and SMES 

current (Is), is described by (2.30), while the SMES power in Watts, as a function of SMES 

coil average voltage (Vs), is expressed by (2.31) [105]. Besides, the relationship between the 

SMES coil average voltage, the DC-bus voltage (Vdc-bus) and duty cycle (D) is conveyed by 

(2.32). Furthermore, the SMES active power (Ps) is changed positively and negatively during 

charging and discharging modes, respectively, as described by (2.33). 

20 5= .   s s sE I L  (2.30) 

= = =s s
s s s s s

dE dI
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2.3.3 Turbine-pumped hydro storage 

The turbine-pumped hydro (TPH) storage system depends on converting the potential energy 

to electricity. Throughout extreme availability of power generated from renewables, the TPH 

storage can be exploited to drive water from a lower reservoir (or underground water) to an 

upper reservoir located at a specific height. The upper reservoir size is supposed to be large 

enough to fulfil the load demand once the power generated from renewables become 

insufficient. Fig. 2.12 displays the construction of a typical TPH storage system [107]. The 

energy reachable (Er) in the water reservoir and its volume (V) is explained by (2.34), where 

w is the water density, g is the gravitational constant, h is the head height, and ηT-G is the 

efficiency of the turbine-generator set. During the generating (discharging) operation, the water 

flow rate (DFR) and the generated power (Pg,GT) can be calculated by (2.35), where hT-G is the 

height of the turbine-generator set [108]. Besides, (2.36) describes the pump flow rate (PFR) 
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along with the required time to fully charge the reservoir (tch) during the charging operation 

where ηM-P is the motor-pump efficiency [109]. 
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Fig. 2.12 Configuration of a turbine-pumped hydro storage system [107] 

2.4 Fuzzy Logic Control 

The fuzzy logic control (FLC) is one of the advanced and robust control schemes that are 

extensively employed in different power system applications. The FLC characterizes by 

rapidity, implementation easiness, and applicability for both linear/nonlinear system 

disturbances. The FLC is favored over the traditional controllers since they are more vigorous 

and can include a significantly broader range of operating conditions than the PID controllers 

[110]. Besides, FLC can run through distinct forms of noise and disturbances, which are the 

foremost aspects of the energy systems that comprise RESs. Also, utilizing a FLC is 

considerably inexpensive than acquiring a model-based controller for the same application. 

Table 2-1 summarizes a comparison to show the distinct disparities among the FLC and other 

control techniques. 
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Table 2-1 Comparison among the FLC and other control techniques [110], [111] 

Item/Controller PID FLC MPC 

Flexibility Low High High 

Simplicity  Easy Easy Complex 

Tuning Hard Relatively Hard Complex 

Out the control possibility Yes No No 

Control modification Easy Easy Complex 

Efficiency Moderate High High 

Handling systems Linear+nonlinear Linear+nonlinear Linear+nonlinear 

Disturbance minimization Moderate High High 

Adaptation Yes Yes Yes 

Number of inputs/outputs SISO MIMO MIMO 

System forecasting No Yes with AI Yes 

Abbreviations: PID: Proportional-Integral-Derivative; FLC: Fuzzy Logic Control; MPC: Model 

Predictive Control; SISO: Single Input Single Output; MIMO: Multiple Inputs Multiple Outputs; AI: 

Artificial Intelligence  
 

The FLC signifies a rule-based control procedure that does not necessitate expert users; 

hence, it is at ease to recognize and adjust its rules, is tailored, which, besides utilizing users’ 

tactics, is conveyed in natural linguistic expressions [112]. Driven by the above-referred FLC 

pros, the FLC works as a decent option to put this study into practice. The FLC is achieved 

using the procedure shown in Fig. 2.13. The Fuzzification unit contains the functions that have 

two main tasks: read, measure, and scale the control variables and, secondly, convert the 

numerical values to the following linguistic variables, which are fuzzy variables with suitable 

membership values. The knowledge base unit includes the fuzzy membership functions 

described for each control variable and the essential rules that stipulate the control objectives 

by linguistic terms. The inferences unit must be competent in imitating user decision-making 

and manipulating the control behaviours based on fuzzy logic. The Defuzzification unit 

converts the implied decision from linguistic terms to numerical values. 
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Fig. 2.13 Procedure of fuzzy logic control technique [110] 
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The FLC is executed with the graphical user interface running with Matlab environment. 

Fig. 2.14 shows the four most commonly-used membership functions (i.e., triangular, 

trapezoidal, Gaussian, and sigmoidal), which are utilized to fuzzify both inputs and output with 

different numbers of sets for the membership degree. The triangular function is described by a 

lower limit a, an upper limit b, and an m value, where a < m < b as described in (2.37) and Fig. 

2.14-a. The trapezoidal function is specified by a lower limit a, an upper limit d, a lower support 

limit b, and an upper support limit c, where a < b < c < d as shown in (2.38) and Fig. 2.14-b. 

There are two special cases of the trapezoidal-type function: the R-function with parameters a 

= b = - ∞ and the L-function with parameters c = d = + ∞. The Gaussian function is defined 

with a central value c and a standard deviation σ > 0 as described in (2.39) and Fig. 2.14-c. 

Finally, the sigmoidal-type function is depicted in (2.40) and Fig. 2.14-d, where a parameter 

defines the curve's sharpness, and c is a parameter that traces the gap from the origin. Both 

Gaussian-type and triangular membership functions are the most commonly-used functions in 

FLC systems. They also afford an improved response and quick act during abrupt variations of 

inputs, which effectively assess the sudden RERs and load fluctuations [113]. 
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The center of area (CoA) defuzzification method is utilized for the defuzzification process. 

The FLC firstly defines the area under the surmounted membership functions and in the output 

variable scale. Then, the FLC uses (2.41) to determine the area’s geometric center where z is 

the linguistic variable value, and zmin & zmax are the linguistic variable range  [111]. 
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https://zone.ni.com/reference/en-XX/help/370401J-01/lvpidmain/creating_memfuncs/
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Chapter 3: Design Optimization of Local Energy 

Production Systems 

The execution of LEPSs projects is considered a significant matter that should be 

implemented optimally. The design of such projects is influenced by the financial capacity, 

project location selection, resources potential, types of loads, candidate energy technologies, 

and indeed the project design optimization. It is crucial to guarantee the optimal system design 

to meet the sustainable development goals announced by the UN, as mentioned in the 

introduction chapter. Accordingly, besides being the most cost-efficient design, the optimal 

LEPS should fulfil distinct technical and ecological attributes. Hence, this chapter proposes a 

systematic framework for design optimization of LEPS and investigates a real case-study in 

one of the most important projects currently being developed in Egypt, assessing its technical, 

economic, and ecological performances.  

3.1 Problem Depiction and Main Objectives 

According to the literature review introduced in chapter 1, facing the dramatic increase in 

global energy demand by safe, economic, and eco-friendly energy production practices has 

become a prerequisite recently since the global climate continues to be affected by GhG 

produced by fossil fuel-based energy production systems. Besides the global warming and 

environmental pollution, freshwater and fossil fuels reserves are lessened, and clean water 

bodies are contaminated. Moreover, the statistics provided in the literature revealed that 

millions of people globally live alongside the coastal and in remote areas and suffer from the 

lack of electricity and freshwater and rely on saline water sources for drinking and agriculture 

reuse applications. Also, some countries face problems regarding freshwater quotas due to 

political problems or the dryness of freshwater sources. Therefore, LEPSs is acknowledged as 

a highly effective and consistent entity of energy production compared to the traditional ones 

in numerous locations around the world. In this context, numerous investigations have 

addressed the design optimization of different LEPSs in different spots globally to supply 

different kinds of loads. However, most studies considered only the economic attribute for 

design optimization without considering essential aspects (i.e., reliability, ecological, or social) 

that affect the design. Also, to the best of the authors’ knowledge, combining cogeneration 

systems, which simultaneously provide electricity and heat, into LEPSs has not been addressed 

adequately. Also, a limited number of studies offered a straightforward and methodological 

framework for LEPSs design optimization. Hence, this chapter proposes a methodological TEE 
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design optimization framework for optimal planning and reliable standalone LEPSs operation. 

The proposed design optimization framework is accomplished for a standalone LEPS 

comprises PV units, WTs, DsGn, a M-CHP cogeneration system, a boiler, a TLC, and a battery 

storage system to supply an RODP with the required electricity, besides providing airport’s 

offices with the required electricity, heat, and freshwater. 

3.2 The Proposed TEE Design Optimization Framework 

The TEE design optimization framework is proposed with a primary objective of producing 

consolidative and robust ties between the distinct aspects that affect the design procedure and 

stimulating the application of LEPSs with optimal layout and robust behaviour. Hence, the 

suggested framework can be considered a decision-making model that provides essential 

assistance for policymakers, energy planners, and investors to adopt the most cost-effective, 

sustainable, and reliable LEPS. The suggested framework comprises four core phases, as 

displayed in Fig. 3.1. The detailed description of each phase is explained in the following 

subsections. 
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Fig. 3.1 Different phases of the proposed TEE design optimization framework  

3.2.1 Phase-1: pre-optimization Assessment 

The first phase incorporates a pre-optimization assessment, which is a crucial stage that 

assists in picking the proper technologies (PV units, WTs, diesel generators, batteries, and other 

components) and producing a suitable combination to fulfil the requested load demand. 

Besides, it is mandatory to assess the climatological data and renewable resources available in 

the chosen site. Also, the loads’ type, daily or annual profiles, and existing power supply are 
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evaluated considerably. The country's economic situation where the project will be established 

should also be assessed evidently to recognize the preliminary feasibility of the project. Finally, 

the distinct system constraints related to energy sources, climatic circumstances, and project 

financial data are identified since they may restrict the incorporation of any chosen technology. 

3.2.2 Phase-2: TEE optimization analysis using HOMERPro 

3.2.2.1 The HOMERPro optimization tool 

The hybrid optimization of multiple energy resources (HOMERPro) is an optimization tool 

for designing and implementing LEPSs or microgrids and distributed power systems that can 

incorporate a mixture of RESs, storage systems, and fossil fuel-based generation. The tool was 

initially designed by the National Renewable Energy Laboratory (NERL) [114], and now, it is 

owned by the UL company, which enhances and distributes the tool. HOMERPro is a simulation 

model; however, its derivative-free optimization algorithm offers simulation, optimization, and 

sensitivity analysis capabilities [115]. The optimization procedure recognizes the most cost-

effective alternatives for distributed power systems, including grid-connected and stand-alone 

LEPSs. HOMERPro allows comparing and evaluating thousands of possible solutions (feasible 

energy alternatives) in an individual simulation which permits recognizing the influence of 

model variables [115]. HOMERPro is considered a complicated piece of software that 

incorporates distinct input choices for each utilized component. Diverse economic input 

parameters are offered to the operator: real interest rate, inflation rate, project lifespan, system 

capital costs, and more. The outputs include a comprehensive financial summary comprising 

capital, operating and maintenance, fuel costs, and project cash flow, a detailed energy 

summary about the production, consumption, extra energy, unmet load, capacity shortage, and 

more. Also, HOMERPro generates a thorough report regarding systems’ ecological 

performance. According to the literature, HOMERPro has been lately employed in numerous 

researches globally for modelling, simulating, and optimizing different types of LEPSs [34]. A 

comprehensive survey, presented in [116], examined the disparities among energy planning 

tools considering their ability to model, simulate and optimize LEPSs for remote and 

communities’ areas. Moreover, another up-to-date survey addressed the different approaches 

utilized in LEPSs’ modelling and design, especially for standalone LEPSs [117]. Besides, 

HOMERPro was designated as one of the most potent tools and the world’s leading LEPSs 

modelling and optimization software. The critical merits of HOMERPro are the consistent 

software structure, the superior calculation reliability, the inclusion of a wide range of 

technologies compared to other tools, and the capability of modeling both thermal and 
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hydrogen systems. Therefore, HOMERPro grants providing beneficial intuitions for energy 

planners and decision-makers as well as alleviating risk modelling by evaluating all 

hybridization possibilities. Driven from the through literature survey, Fig. 3.2 was 

accomplished to display a comparison among the commonly used tools for LEPSs design in 

which the advantageous of HOMERPro over other available tools are apparent. Driven by the 

above-mentioned discussion, HOMERPro has been chosen in this work for solving the LEPSs 

design optimization problem. 
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Fig. 3.2 Capabilities of HOMER against other software tools 

3.2.2.2 Formulation of the objective function 

In this phase, the design optimization is performed for the adopted technologies, which will 

set up the different energy alternatives which among them, the optimal LEPS (energy 

alternative) will be obtained. The objective function formulation in design optimization is 

mainly determined by the nature of the examined case-study or problem as the LEPSs usually 

have different attributes and lifespans [118]. Besides, identifying the ecological aspect as the 

main objective of the framework is less forthright and less convinced than the technical or the 

economic aspects. Meanwhile, technical, and economic aspects are congregated in the design 

optimization model as the preferable objectives of finding the optimal energy alternative. Since 

the capital cost of RESs is typically high and the operating and maintenance (O&M) cost almost 

free, merging diesel generators and batteries with the RESs will significantly raise the total 

O&M cost of the system due to the fuel consumption and batteries renewal. Hence, evaluating 
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the system’s economic performance based on the total net present cost (TNPC) is much truthful 

standard that provides the optimal solution with integrity as a justifiable choice. Thus, to realize 

the optimal solution, the model objective function is developed to reduce the TNPC as possible 

while considering the different model constraints as indicated by (3.1), where NPCi is the net 

present cost of component number i while k is the total number of system’s components. Hence, 

the energy alternative with the least TNPC is identified as the optimal design. 

     
1=

 
= = 

 
min
k

i
i

OF TNPC NPC  (3.1) 

Also, the capacities of the system’s elements are optimized provided that sustaining the 

required load demand with zero maximum annual capacity shortage and fulfilling all system 

constraints. Furthermore, an appropriate dispatch strategy should be selected and preserved 

along with the optimization model to prevent incorrect estimation of components’ capacities. 

The modelling of the different aspects is introduced in the following subsection.  

3.2.2.3 Modelling of the technical aspect  

The technical aspect comprises different factors related to the technical performance of the 

LEPS, such as renewable fraction (RnF), surplus energy fraction (SeF), capacity shortage 

fraction (CsF), unmet load fraction (UlF), and the full hardware performance details. A brief 

illustration of each factor is introduced as follows: 

A. Renewable fraction 

The renewable fraction (RnF) is the fraction of the energy delivered to the load that 

originated from RESs [119]. HOMERPro determines the RnF by (3.2), where EnonREN is the total 

non-renewable electricity generation, HnonREN is the total non-renewable heat generation, ETd is 

the total electrical load served, and HTd is the total thermal load served. 
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B. Surplus electricity fraction 

The surplus electricity fraction (SeF) is the ratio of total excess electricity to total electrical 

production. HOMERPro calculates this value at the end of each simulation using (3.3), where 

Ee+ is the total excess electricity and Eg is the total electrical production [98]. 
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 (3.3) 

C. Capacity shortage fraction 

The capacity shortage fraction (CsF) or the loss of power supply possibility is the most 

widely used method to evaluate the dependability of LEPSs. It is the ratio of power supply 

mk:@MSITStore:C:/Program%20Files/HOMER%20Energy/HOMER%20Pro%20x64/Help/HOMER.chm::/maximum_annual_capacity_shortage.html
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deficits (Ecs) to the total electrical demand (ETd) during a specific period as in (3.4) [120]. 

HOMERPro considers a system feasible (or acceptable) only if the CsF is less than or equal to 

the maximum annual capacity shortage constraint. This metric varies from 0 to 1, where 0 

implies that the LEPS is dependable with a zero-capacity shortage. Besides, 1 indicates that the 

loads are never served. 

     = = −,  cs
cs g Td

Td

E
CsF E E E

E
 (3.4) 

D. Unmet load fraction 

The unmet load fraction (UlF) is the proportion of the total unserved load (Eunmet) due to 

deficient generation as indicated by (3.5) [120]. The unmet load occurs when the electrical 

demand surpasses the supply. HOMERPro determines both annual unmet load and UlF for every 

alternative and considers any solution that meets unmet load unfeasible. 

     = unmet
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3.2.2.4 Modelling of the economic aspect  

A. The total net present cost 

The TNPC is the fundamental economic indicator for quantifying the economic viability of 

LEPSs. A system TNPC is defined as the present value of all costs incurred over its lifespan 

minus the present value of all the revenue it earns over its lifetime. HOMERPro determines the 

TNPC using (3.6) where k refers to the component type (e.g. PV, WT, and battery), ny is the 

project lifetime, Nk is the quantity (unit) or size (kW) of the kth unit, CCk is the capital cost, 

OMCk is the operating and maintenance costs including emissions penalties, FCk is the fuel 

costs, RCk is the replacement costs, and SCk is the salvage value and grid sales income [98]. 

Also, Df is the discount factor at the yth year in which r is the real discount rate, r’ is the nominal 

discount rate, f is the expected inflation rate. The TNPC is the main economic output in 

HOMERPro and the value by which it ranks all alternatives in the optimization outcomes. 

 

1

11

 =

= + + + −

−
= =

++

 
, ,...

'

.( ) ; 

 ( , ) ,  
( )

yn

k k k k k k
k PV WT i y

y

TNPC N CC Df OMC FC RC SC

r f
Df r y r

fr

  (3.6) 

B. Levelized cost of energy 

The levelized cost of energy (LCOE) is the average cost/kWh of valuable electrical energy 

produced by a system. To determine the LCOE, HOMERPro divides the annualized cost of 

generating electricity by the entire electric load served as expressed in (3.7) [98], [120]. The 
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Cann,tot is the system's total annualized cost expressed by (3.8), Cboiler is the marginal cost of the 

boiler, HTd and ETd are the total thermal, and electrical load served, respectively. The annualized 

cost of producing electricity is the total annualized cost, excluding the cost of serving thermal 

loads. In LEPSs which do not serve thermal loads, the second term in the numerator (Cboiler.HTd) 

is zero. Besides, the CRF is the capital recovery factor which used to calculate the present value 

of an annuity (a series of equal annual cash flows). The LCOE is a suitable metric with which 

to compare alternatives, however HOMERPro does not rank systems based on it. 
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Since the energy alternative with the minimum TNPC eventually scores the minimum 

LCOE, the LCOE can be considered a truthful metric for evaluating the financial behaviour of 

LEPSs. Besides, it is usually recognized as a high clarity economic indicator. 
 

C. Payback period 

The payback period (PbP) is the system's number of years for the cumulative income to 

equal the initial investment. It also indicates how long it would take to recover the difference 

in investment costs between a system and the base-case system as in (3.9) [46]. 
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D. Internal rate of return 

The internal rate of return (IRR) is a discounted cash method that considers money's time 

value. The IRR sets the TNPC of the cash flows equal to 0 in a given time (3.10) [46], where 

Cn is the cash flow related to the nth year, and Nsh is the number of individuals cash flows. This 

parameter is used to determine if the deemed investing may be remunerative or not. 
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Following, the different components already chosen in phase-1 are modelled and identified 

along with their manufacturer data. Both financial and hardware performance specifications of 

each utilized technology are gathered and specified as model inputs. Since each case-study has 

its unique structure and application, different technologies are utilized based on the nature of 

the case-study; hence, technical data of each employed element are indicated within each case-
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study through the thesis. Meanwhile, the mathematical modelling and representation of distinct 

components used in this work are presented in chapter 2. 

3.2.2.5 Modelling of the ecological aspect  

Since the presence of fuel-based generation sources integrated into LEPSs would result in 

generating harmful GhG, especially carbon dioxide (CO2), the ecological aspect is addressed 

in this study to evaluate the environmental behaviour of the possible LEPSs. HOMERPro 

determines the amount of GhG associated with non-renewable energy sources by (3.11) [98] 

in which Fcm is the total fuel consumption by the non-renewable generator m (liter), and Efm is 

the carbon dioxide emissions factor (kg of pollutant emitted per unit of fuel consumed). 

     


=  .m m
m RESs

GhG Fc Ef  (3.11) 

3.2.2.6 Model constraints and possible assumptions 

A typical optimization problem is considerably associated with specific operational 

constraints and conditions that must be met during the optimization procedure. Taking the 

design optimization of LEPSs as an example, the optimization is performed considering the 

distinct kind of constraints and assumptions. The resources’ constraints are represented in the 

yearly average value of both solar radiation and wind speed. The technical constraints are 

associated with preserving the power equilibrium between generation and load sides as well as 

retaining the batteries state of charge (SOC) inside the acceptable boundaries. Besides, the 

operating reverse constraints, represented as a percentage of the load and renewable output, 

should be assigned. Moreover, a reliability constraint is represented by the maximum capacity 

shortage (or loss of power supply probability). This constraint is usually set to zero to guarantee 

viable solutions with high dependability. The ecological constraints are represented by any 

emission penalties in $/tonnes; however, this constraint mainly depends on the availability of 

implementing this kind of penalty in the country of the project. Besides, there are some 

economic key inputs and assumptions that should be carefully provided to the model to avoid 

divergence and wrong sizing. The key inputs are the nominal discount rate and the expected 

inflation rate, while the assumptions are such as the fixed capital and O&M costs. Most of these 

constraints are directly associated with the project lifespan. Usually, zero capital or O&M costs 

are considered to offer expediency in the economic comparison. 

3.2.2.7 Optimization procedure using HOMERPro 

Based on the understanding of the HOMERPro process throughout the offered tutorials [98], 

the operating procedure of HOMERPro for design optimization problems was developed as 

described in Fig. 3.3. The tool demands different input parameters incorporating energy 
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resources (profiles of solar, wind, and temperature, hydro, and biomass resources), technical 

details (electrical and thermal loads profile, and hardware technical data including the energy 

storage necessities and control strategies), and hardware and project economic details (market 

price). The entire parameters are enrolled into HOMERPro, and then appropriate objective 

functions with constraints are carefully chosen to handle the load requisite and economic 

analysis. HOMERPro begins simulation creating possible energy alternatives using the selected 

technologies, then applying an energy equilibrium algorithm in every time step over one year 

(8760 hours) and validating whether the alternative meets the load requirements as per the 

predetermined constraints [121]. The HOMERPro software offers different time steps (can be 

called the resolution of the simulation process), starting from 1 minute to 60 minutes, to 

perform the simulation and optimization in one year. The default simulation time step in 

HOMERPro is 60 minutes; however, it can simulate generation scheduling with any time step 

provided that the time step must be shorter than one hour and higher than one minute. If the 

minutes per time step is set to 60, the total time steps per year will be 8760; meanwhile, if the 

minutes per time step is set to 1, the total time steps per year will be 525,600. Despite that the 

shorter time step allows the generation scheduling to offer more accurate results, the processing 

time of HOMERPro is significantly increase. The shorter step time (1 minute resolution) allows 

the optimization tool to search the optimal design of system components to maintain the design 

objectives subject to the design constraints (satisfying the load demand at every single minute). 

This offers more accurate results. In contrast, for longer step time (60 minutes resolution), in 

some cases, if there is a peak period in the load between two consequent hours, it will not be 

detected by the optimization causing less accurate results. 

Once fulfilling the condition, simulation and design optimization are performed for every 

viable solution. HOMERPro, therefore, sizes the alternatives’ elements and optimizes the total 

installation and operation costs over the project lifespan [122]. The software continues 

simulating the different alternatives until an optimal solution is achieved based on the minimum 

TNPC. After optimizing all viable solutions, a list of feasible and optimal alternatives ranked 

by their TNPC is generated for further analysis in the next Phase. Generally, HOMERPro offers 

different dispatch algorithms to manage and operate the generators and storage batteries once 

there is insufficient power from RESs to fulfil the load demand. These dispatch strategies are 

the load following (LF), the cycle charging (CC), and the combined dispatch (CD). In the LF 

strategy, when RESs fail to provide the load demand, the DsGn is utilized to satisfy the primary 

load, and it is left to the RESs to charge the batteries when needed [115]. The utilization of the 

LF strategy is optimal in systems with high penetration of RESS, which occasionally surpasses 
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the load demand. For the CC strategy, the DsGn operates at full capacity for providing the 

primary load, and the surplus power charges the batteries. Hence, the amount of GhG emissions 

using the CC strategy is greater than using the LF strategy. The CC tends to be optimal in 

systems with small penetration of RESs or no renewable power. The CD strategy can enhance 

operation over the LF and CC strategies by producing more effective utilization of generators. 

More details regarding the different strategies can be found in [115] and [123].  
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Fig. 3.3 Operating procedure of HOMERPro for design optimization problems 

3.2.3 Phase-3: findings’ evaluation 

The importance of the findings’ evaluation phase is crucial since the different outcomes 

obtained by phase-2 are subconscious and should be evaluated and appraised. Since the 

different hybridization scenarios resulting from the design optimization model are generated 

ranked from the best cost-effective system to the most expensive one, various assessments 

concerning their economic, technical, and ecological behaviour are accomplished to highlight 

in detail the disparities among the different energy alternatives. Besides, comprehensive 

evaluations of the optimal solution and its superiority over other solutions are also 
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accomplished in this phase. The number of assessments in this phase depends on the number 

of aspects addressed in phase-2. In the proposed model, three major aspects (technical, 

economic, and ecologic) are considered; however, some other aspects such as social, 

topographical, and policies can be incorporated. 

3.2.4 Phase-4: post-optimization assessment 

Based on the literature presented in chapter 1, the majority of the addressed case-studies 

only implemented the design optimization without paying attention to the significance of the 

post-optimization stage (phase-4). This phase performs different kinds of analysis after 

completing the optimization process. It is crucial to execute post-optimization examinations 

such as MCDM analysis, sensitivity analyses, and power quality appraisal. The MCDM 

analysis, which is based on evaluations of a group of experts, allows selecting the optimal 

solution but in a multi-objective dimension (i.e., in the presence of different criteria that affect 

the solution). Besides, two kinds of analysis are accomplished for the optimal system; the first 

is the sensitivity analysis which is necessary to quantify and assess the behaviour of the optimal 

alternative under the uncertainty of the system’s input variables that are uncontrollable. In 

contrast, the dependability analysis is essential to evaluate the optimal alternative performance 

under the change of one of the vital model constraints (annual capacity shortage). The role of 

both analyses is crucial for realizing in which manner the behaviour of the optimal system will 

be influenced in the future and to provide replies for expected inquiries, which are important 

for energy planners and policymakers, about the optimal system. The last type of post-

optimization analysis is the power-quality appraisal in which the optimal system is modelled 

with the optimal capacities and examined under distinct circumstances. In this analysis, which 

can be executed using MATLAB/Simulink or other relative tools, the optimal system’s stability 

behaviour, as well as the voltage and power quality, are examined and enhanced using proposed 

control strategies. This, in turn, supports offering a complete and thorough analysis of the 

suggested design optimization framework. 

3.3 Case-study Elucidation 

Egypt is considered one of the countries which recently impacted by the freshwater 

shortage problem, especially after the Ethiopian Renaissance Dam crisis; hence, the Egyptian 

authorities started establishing desalination plants projects based-RESs. The matter adds to the 

motivation of addressing such a case-study.  
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3.3.1 Project location and system structure 

The chosen project area is located in the new administrative capital of Egypt (30°4.8' N, 

31°50.8' E), as shown in Fig. 3.4. The new capital will include the central government 

departments and ministries, foreign embassies, new housing compounds, logistic areas, malls, 

and an international airport that is already in operation. A standalone LEPS consisting of a 

cogeneration module is proposed to supply a large-scale RODP with the required electricity 

and supply a number of offices of the airport with the essential electricity, heat, and freshwater. 

The RODP is used to provide the necessary freshwater to the airport. The site is currently a 

colossal under-development area in Egypt's new administrative capital; this vast project has 

been under construction since 2015. 

  
 

Fig. 3.4 Project location and layout 

The schematic diagram and HOMER model of the developed LEPS are displayed in Fig. 

3.5. From Fig. 3.5-a, the project comprises eight major components: PV units, WTs, M-CHP 

cogeneration system, DsGn, batteries, converter, TLC, and a boiler allowing a standalone 

hybridization between RESs and non-RESs. The mathematical modelling of the first system 

components is presented previously in chapter 2. For the TLC (or the electrical boiler), it allows 

surplus electrical production to serve loads on the thermal bus [124]. Integration of TLC within 

LEPSs is expected to effectively improve the overall system performance in terms of reducing 

the components' sizes, less dependency on fuel-fired generators, thus enhancing the RnF and 

lessening the GhG and system cost. HOMERPro supports the modelling of TLC by providing 

its cost, lifetime, and size data [98]. Besides, the boiler makes up the heat by burning fuel and 

is used as a backup for the available thermal energy resource to guarantee to supply thermal 

loads [119]. In this work, a natural gas-fired boiler is employed using HOMERPro, and its model 

description is defined through boiler efficiency and fuel cost [98]. The technical and cost 

specifications are provided respectively in Table A1 and Table A2, in Appendix-A. 
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Fig. 3.5 The proposed LEPS structure (a) Schematic diagram (b) HOMERPro model 

3.3.2 Renewable energy potential 

The average monthly weather data in the project site are given in Fig. 3.6. The solar 

radiation records its minimum value in December by 3-kWh/m2/day and reaches its maximum 

in June with 7.69 kWh/m2/day with an annual average value of 5.35 kWh/m2/day. Also, solar 

radiation is high from April to September and of low activity from October to March. 

Additionally, the clearness index values slightly changed around the year, recording an annual 

average value of 0.6. The wind speed activity slightly varies around the annual average value 

(4.76 m/s), hitting its maximum value in February (5.02 m/s) and its minimum value in 

November (4.44 m/s). 

 
Fig. 3.6 Annual weather and RERs data at the project site 

3.3.3 Load demand assessment 

For the investigated site, the served loads comprise the electrical and thermal demand of 

the airport and the energy requirement of the RODP. In this study, the airport's load demand 

was represented based on the daily consumption for a sample of 53 administrative offices. The 
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necessary energy was measured throughout the primary survey data in line with the Egyptian 

Code for electrical connections and installations in buildings. Besides, the data were 

synthesized random variabilities of  10% day-to-day and 20% time-step-to-time-step. Thus, the 

office load has an average daily consumption of 2424.25 kWh and a peak power of 243.34 kW. 

The daily electrical load profile is shown in Fig. 3.7, while Table 3-1 summarizes the detailed 

electrical load list of the airport. Moreover, the airport offices were provided with the proper 

heat via a centralized heating system, especially during the winter. The thermal load profile of 

the airport for the winter and summer seasons is also given in Fig. 3.7, considering randomness 

factors similar to electrical loads. Accordingly, the average annual thermal energy consumption 

for water heating and space conditioning system during winter and summer was assumed 

2426.45 kWh/day with a peak power of 344.88 kW. Besides, to provide the essential freshwater 

needed to the airport, an 850 m3/day RODP is projected to be installed near the airport. The 

plant is assumed to operate for 16 hrs/day from 6:00 am to 9:00 pm and consumes annual 

energy of 903.6 kWh/day and have a 67.31 kW peak. A brief display of the RODP is presented 

in Appendix-B, while the plant specifications are summarized in Table A3 in Appendix-A. 

Table 3-1 Electrical load specifications of the airport administrative offices 

Category Load 
Power 

(W) 
Quantity 

Operating 

Hours 

Daily 

demand 

(kWh/day) 

Monthly 

demand 

(kWh/month) 

% 

Office 

Lighting 10 8 8 0.64 19.2 1.39% 

HVAC 2600 1 8 20.8 624 45.47% 

PC 120 1 8 0.96 28.8 2.09% 

LCD monitor 75 2 9 1.35 40.5 2.95% 

Phones charger 10 4 1.5 0.06 1.8 0.13% 

Laser printer 120 1 4 0.48 14.4 1.04% 

Office copier 750 1 4 2.25 67.5 4.91% 

Refrigerator 750 1 24 18 540 39.35% 

Dishwasher 1200 1 1 1.2 36 2.62% 

Total demand/office 45.74 1372.2 100% 

No. of offices                                          53 

Total demand 2424.22 72,726.6  
 

 
Fig. 3.7 Daily electrical and thermal load profiles of the investigated site 
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3.3.4 Model constraints 

For this case-study, the optimization procedure is accomplished considering the different 

constraints listed in Table 3-2. The hourly load operating reserve is set to 5% for reporting the 

unexpected load spikes, while a 10% operating reserve is considered for both solar and wind 

power output due to the innate reliance of the two resources on the different climate 

circumstances. Also, the nominal discount rate and inflation rate are set to 12.25% and 5.1%, 

respectively [125]. The emissions penalties are set to 0 $ since this kind of penalty are not 

available in Egypt. Also, the project lifespan is assumed to be 25 years. 
 

Table 3-2 Different model constraints associated with case-study 

Constraint Constraint type Value 

Average solar radiation 

Technical 

5.35 kWh/m2/day 

Average wind speed 4.76 m/s 

Operating reserve as a percentage of load  5 % 

Operating reserve as a percentage of renewable output 10 % 

Maximum capacity shortage Reliability  0 % 

System fixed capital cost 

Economic 

0 $ 

System fixed O&M cost 0 $/yr 

Capacity shortage penalty 0 $/kWh 

CO2 emission penalties Ecological 0 $ 
 

3.4 Results and Discussion 

3.4.1 Optimization results evaluation 

Table 3-3 summarizes the TEE design optimization results for 14 feasible LEPSs that can 

be implemented to supply the loads based on the available renewables activity and input data. 

The table demonstrates the optimum sizes of system configurations, optimization criteria, and 

associated cost data. The different configurations were ranked based on their TNPC while 

satisfying all constraints. Based on the TEE optimization results, the optimal system was found 

comprises of PV units, WTs, DsGn, M-CHP, TLC, BSS, bidirectional converter (BDC), and a 

boiler with the following capacities: 66.33-kW, 14 x 10-kW, 50-kW, 150-kW, 150-kW, 50 

batteries, and 64-kW respectively. In contrast, the 100% renewable-based and diesel-based 

scenarios were found the least cost-optimal plans. The optimal system has the least TNPC and 

LCOE with 1542643$ and 0.0897$, respectively. Moreover, it has very low CsF (0.0993%), 

which guarantees a high/reliability level to fulfil the load requirements. Besides, the renewable 

penetration in the proposed optimal system has a reasonable GhG value of 532267.2 kg/yr 

(11.153%), which is less than the base-case by 59.54%. On the other side, however, the base-

case system has the lowest initial capital cost of 202050$. It was characterized by the highest 

operation and maintenance expenses (451440.2 $/yr) due to the excessive fuel consumption 
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rate (427164.5 L/year) and regular maintenance times. The optimization results also show that 

employing batteries showed a considerable reduction in both DsGn and BDC capacities besides 

saving the surplus energy, which is used later by the TLC for serving the thermal loads. 

Moreover, TLC's development showed a significant reduction in the necessary number of 

batteries and DsGn capacity; therefore, TNPC, LCOE, and GhG were considerably reduced. 

Besides, it allows exploiting the surplus electric energy for supplying the thermal loads. 

 

Table 3-3 Optimization results of feasible configurations and the base-case 

Rank 

System elements System performance parameters DsGn M-CHP 

PV WT DsGn CHP BSS TLC BDC TNPC LCOE CsF RnF GhG O&M Capital Fuel Hours Fuel Hours 

kW Qty kW kW Qty kW kW $ $/kWh % % kg/yr $/yr $ L/y hr L/y hr 

1 66 14 50 150 50 150 64 1542643 0.0897 0.0993 11.153 532267.2 82580.3 562967.8 9055.95 695 228449.5 6141 

2 126 9 - 150 138 150 113 1564305 0.0912 0.0925 6.6 543525.6 83245.7 576736.4 - - 246586.4 6377 

3 - 16 50 150 66 150 53 1582081 0.0924 0.0944 7.9 557265.8 85740.2 564917.7 12648.66 843 236526.8 6185 

4 - 14 - 200 53 150 62 1602822 0.0938 0.0746 0 608792 90922.4 524181.4 - - 282508.3 6104 

5 120 - 50 150 82 100 83 1608641 0.0943 0.0968 0 696731.5 105502.8 357028.3 13141.42 916 326028.1 8406 

6 63 - - 200 63 100 76 1612662 0.0945 0.0974 0 758501.1 110482.5 301974.3 - - 373867 7703 

7 - - 50 200 24 100 34 1643287 0.0966 0.0326 0 843248.3 118816.2 233734.7 6642.17 541 421994.5 8665 

8 - - - 200 80 75 83 1647635 0.0970 0.09998 0 810220.8 115654.4 275592.2 - - 401425.8 7673 

9 83 8 200 150 - 150 122 2181675 0.1340 0 0 686718.8 138435.5 539373 42253.35 1996 280282.7 8489 

10 - 14 200 100 - 150 - 2597784 0.1629 0.00099 12.705 692767.8 177004.5 497926 99509.13 3996 190157.4 7994 

11 71 17 200 - 236 150 105 3069455 0.1956 0.00058 29.909 714391.5 191488.8 797764.4 199072.7 3841 - - 

12 148 1 250 50 492 - 137 3201586 0.2048 0 7.9601 838841.4 198893.7 842049.8 184058.6 2829 129122.5 8440 

13 - 14 300 - - 150 - 5142875 0.3395 0.00099 21.509 1031197 392536.1 486100 328684.8 8104 - - 

14 - - 300 - - 75 - 5557623 0.3683 0.00469 0 1315634 451440.2 202050 427164.5 8760 - - 

 

3.4.2 Performance analysis of optimal LEPS  

3.4.2.1 Energy production analysis 

The optimal LEPS successfully achieved the target throughout the indicated technical 

quantities of system performance listed in Table 3-4 indicating that the designed system has 

superb dependability to feed the loads continuously. Besides, Fig. 3.8 and Table 3-5 show the 

production and consumption summary of the proposed LEPS by indicating the share 

percentage of each component. Owing to the cogeneration capabilities of M-CHP and the low 

cost of natural gas fuel, it dominates the most considerable sharing by delivering 725,464 

kWh/yr (54% total production). Also, PV and WT share nearly 43.82% of the total energy 

production by 568,601 kWh/yr due to the high potential of RERs. The DsGn contributes with 

only 28,971 kWh/yr (2.16%) to cover the unmet load during the shadow and low WT periods 

over the year. Furthermore, Fig. 3.8 shows that the maximum production is obtained in March 

by (119.6 MWh), while the minimum value is achieved in February (101.8 MWh). 
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Table 3-4 Technical electrical quantities of the optimal LEPS design 

Quantity Value Unit % 

SeF 107,149 kWh/yr 7.9781% 

UlF 639 kWh/yr 0.0526% 

CsF 1,207 kWh/yr 0.0993% 
 
 

 

Table 3-5 Electric production/consumption summary of the optimal LEPS  

Production summary Consumption summary 

Component kWh/yr % Component kWh/yr % 

PV 115,748 8.62% AC Primary Load 1,214,027 100% 

DsGn 28,971 2.16% DC Primary Load 0 0% 

M-CHP 725,464 54% Deferrable Load 0 0% 

WTs 472,853 35.2% 
Total 1,214,027 100% 

Total 1,343,036 100% 
 

 
Fig. 3.8 Monthly average electrical energy production of the optimal LEPS design 

Table 3-6 condenses the generation and consumption summary for the thermal load of the 

airport. The data indicate that the most dominant component of serving the thermal load is the 

M-CHP with 817,247 kWh/yr (67.1%), while the boiler contributes 293,796 kWh/yr (24.1%). 

The system also generates surplus energy of 332,566 kWh/yr (37.6%), which can be stored in 

a heat storage tank (if used) for subsequent utilization at the time the heating supply is 

insufficient. Besides, Fig. 3.9 demonstrates that the developed LEPS fulfils the thermal load 

demand via the M-CHP, the TLC, and the boiler throughout the year. The peak thermal 

production is usually obtained during the winter months, while the lowest contribution is 

acquired during summer. 

Table 3-6 Thermal production/consumption summary of the optimal LEPS  

Production summary Consumption summary 

Component kWh/yr % 
Component  kWh/yr % 

M-CHP 817,247 67.1% 

Boiler 293,796 24.1% 
Thermal load 885,654 100% 

Excess thermal 332,566 37.6% 

Total 1,218,219 100% Total 885,654 100% 
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Fig. 3.9 Monthly average thermal energy production of the optimal LEPS 

To verify the load balance at each time step, Fig. 3.10 reveals both electrical and thermal energy 

dispatch for three consecutive days. Fig. 3.10-a shows the contribution of each power source 

for supplying the load electricity with a particular focus given to the BSS performance during 

this period. From the SOC curve, the BSS efficiently restored the extra power in periods of 

high generation. Besides, Fig. 3.10-b depicts the M-CHP, boiler, and TLC's contribution to 

filling the thermal load during the three days. Due to the TLC, excess energy can be transferred 

to heat; thus, having less unutilized energy. 
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Fig. 3.10 Three days energy dispatch (HOMERPro output) (a) electrical energy flow (b) 

thermal energy flow 

3.4.2.2 Financial analysis 

Fig. 3.11-a shows the cost analysis of the different cost types, while Fig. 3.11-b summarizes 

the yearly cost results for each component. It can be noted that the M-CHP cost overlooks the 

most significant part of the total cost by 815,756$ (52.97%) due to its high initial capital and 

operating costs. Meanwhile, the TLC cost was the most inexpensive element by only 

9,100$ (0.6%). Since the number of needed WTs is relatively high (14 units), the WT system’s 

cost signifies the second highest cost by $336,014 (21.82%). Since the optimal LEPS utilizes 

the second lowest number of batteries, batteries’ cost represents 5.4% ($84,333) of the total 

cost. Moreover, Fig. 3.11 simplifies that the WT consumes almost half of the initial capital cost 

with 49.74%, followed by M-CHP with 20.73%. The M-CHP’s operating cost represents the 

highest portion among the system components by 59.82%, apart from the resource cost. 

Additionally, the system replacement cost was shared among the WT, M-CHP, and batteries.  

The cumulative cash flow of the optimal LEPS and base-case system over the project lifetime 

is shown in Fig. 3.12. This Fig. highlights that the proposed system would take only 1.2 years 

to recover the invested money before making profits, which proves the optimal configuration 

plan's cost feasibility. 

(b) 
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       Year 

 
                                                                      Year 

Fig. 3.11 Nominal cash flow of the optimal LEPS by (a) cost type and (b) component  

 
Fig. 3.12 Cumulative discounted cash flow over the project lifetime  

3.4.2.3 Ecological analysis 

The environmental behaviour of the optimal system, among other configurations, is displayed 

in Fig. 3.13. The figure highlights that the highest significant decrease in GhG resulted from 

the optimal LEPS with only 532,267 tones/year, providing a 59% reduction compared to the 

base-case. This is mainly due to the inclusion of RESs with an RnF of 11.2%. In contrast, the 

base-case system produces the most considerable amount of emissions with 1315.634 tones/y. 

So, the conventional generation scheme's swapping to the proposed system can guarantee an 

eco-friendly and sustainable energy supply. 
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Fig. 3.13 GhG and RnF of the optimal system against the most competitive ones 

3.4.3  Effect of Renewables 

To investigate the crucial impact of RESs utilization on the optimal system behaviour, different 

indicators were compared with case-14 (the base-case) and case-7, which has the same 

components as the optimal LEPS but with zero renewables penetration. However, the presence 

of RESs succeeded in decreasing the rating of the M-CHP by 50 kW; the optimal system 

required two times the number of batteries compared to case-7. As given in Fig. 3.14, compared 

to case-7, employing RESs reduce the system TNPC and LCOE to $1.54M (6.12%) and 0.0897 

(7.2%), respectively, also, the GhG was reduced by around 37%. Furthermore, in comparison 

with case-14, the significance of integrating renewables with the M-CHP, TLC, and boiler on 

saving the invested money and preserving the environment can be strongly highlighted. The 

optimal system can decrease the TNPC and LCOE by around 72.24%, and 75.63% produce an 

amount of GhG less than the base-case system with 59.54%.  

 
Fig. 3.14 The influence of employing RESs on alternatives’ behaviours 

3.4.4  Effect of batteries 

Batteries are supposed to be one of the most expensive components in the energy system. A 

comparison between case-1 and case-11 is carried out in Table 3-7 to examine the batteries 
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effectiveness on system behaviour. From the comparison, the batteries' presence effectively 

reduced the TNPC, LCOE, and the annual operating costs by 29.3%, 33.6%, and 40.34%, 

respectively. This significant reduction can be clarified from the lessened capacities of both DsGn 

(75%) and BDC (47.5%). Therefore, the annual fuel consumption rate was dropped by 78.5%, 

the annual emissions have lessened by 22.5%. 

Table 3-7 Batteries impact on the systems' attributes 

 TNPC ($) 
LCOE 

($/kWh) 
O&M cost ($/yr) GhG (kg/yr) DsGn (kW) BDC (kW) 

Case-1 1542643 0.089 82580.3 532267.2 50 64 

Case-11 2181675 0.134 138435.5 686718.8 200 122 

Reduction% 29.29 33.58 40.35 22.49 75 47.54 
 

3.4.5  Effect of thermal load controller (TLC) 

The TLC permits recovering the excess electric energy to serve thermal loads on the thermal 

bus. A TLC is not required for systems with a thermal load but without it, excess electrical 

production is not used. To highlight its impact on systems' attributes, case-1 was compared 

with case-12 which has the same elements as the optimal LEPS without TLC. The comparison 

results are introduced in Table 3-8. From the table, the TLC has a direct impact on capacities. 

In case-12, a bulky number of batteries are required (492 units), while in the optimal LEPS, 

employing a TLC has significantly reduced the needed batteries by 90%. Besides, the DsGn 

and BDC capacities were hugely reduced by 80% and 53.3%, respectively. This directly 

influenced both the economic and ecological behaviour of both systems. Due to the reduced 

capacities, capital cost and operating costs were reduced, achieving a reduction in TNPC and 

LCOE by 52% and 56.4%, respectively, while the emissions were reduced by 36.5%. 

Table 3-8 Impact of utilizing TLC on the systems' aspects 

 TNPC ($) 
LCOE 

($/kWh) 
Batteries (Qty) GhG (kg/yr) DsGn (kW) BDC (kW) 

Case-1 1542643 0.089 50 532267.2 50 64 

Case-12 3201586 0.204 492 838841.4 250 137 

Reduction% 51.82 56.37 89.84 36.55 80 53.28 
 

3.4.6 The optimal LEPS against the base-case 

To emphasize the LEPS’s significance over the base-case based on diesel, a comparison 

between the two systems was developed, as shown in Fig. 3.15. Significantly, the optimal 

system has TNPC lower than the base-case system by 72.24%; therefore, this would inspire the 

investors to invest their money in the project. The proposed system has annual operating costs 

lower than the base-case system by 81.7% due to the renewables penetration level (11.15%). 
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Furthermore, the LCOE of the optimal system is lower by 75.63% compared to the base-case 

system. Since the DsGn operating hours were reduced, this means a massive reduction of fuel 

consumption by 97.87%; consequently, GhG were decreased by 59.54%. This diminution in 

the GhG should expedite applying LEPSs for conserving the environment. 

 
Fig. 3.15 Comparison between the optimal LEPS and the base-case 

3.5 Conclusions 

This chapter provided a comprehensive feasibility analysis of LEPSs incorporating PV 

units, WTs, DsGn, M-CHP, BSS, TLC, BDC, and a boiler for supplying both electrical and 

thermal loads. An accurate TEE simulation and design optimization were conducted for 

different energy alternatives to determine the optimal one. The main conclusions of this chapter 

can be summarized as follows: 

• Among 14 energy alternatives, the optimal LEPS was found comprising 66.33 kW PV, 

14x10 kW WTs, 50 kW DsGn, 150 kW M-CHP, 50 battery packs, 150 kW TLC, and 64 

kW BDC for supplying the electrical and thermal loads. 

• The economic assessment analysis revealed the optimal LEPS behaviour as the most cost-

effective option with the least TNPC of 1,542,643$ and LCOE of 0.089 $/kWh among all 

configurations.  

• The proposed LEPS offers a significant decrease in the TNPC, the LCOE, and the annual 

operating costs by 72.24%, 75.63%, and 81.7%, respectively, compared to the base-case 

system. Also, the detailed cumulative cash flow analysis showed that the LEPS could 

regain the invested money after only 1.12 years. 
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• The ecological analysis revealed that the optimal system generates the least GhG with 

532,267.2 kgs/yr, where the base-case produces 1,315,634 kgs/year, recording a 59.5 % 

reduction ratio. 

• The optimal LEPS distinguishes by a negligible UlF (0.052%) since the CsF is also 

negligible (0.0993%). These negligible indicators confirm the superb reliability of the 

designed system. 

• The TLC's inclusion succeeded in decreasing the TNPC, LCOE, GhG, and the number of 

batteries by 52%, 56.4%,  36.5%, and 90%, respectively. It additionally helps to improve 

the RnF by 11.2%.  

The proposed framework can support executives’ authorities and policy-makers to 

recognize the optimum strategy of integrating LEPSs with desalination plants in remote 

locations to overcome the current/upcoming energy and water shortages. 

The results of this chapter have been published in [J5]. Besides, a similar case-study has been 

investigated and published in [J8].  
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Chapter 4: Design Optimization Based Multi-Criteria 

Decision-Making Analysis 

The design optimization of LESPs should not be decided according to their economic 

performance only since there are distinct attributes that can influence the design of such 

systems. Accordingly, the design optimization problem is turned into a multi-attributes 

(multi-objective) problem that can be handled using multicriteria decision-making 

(MCDM) approaches. Hence, this chapter proposes a design optimization approach based-

MCDM analysis in fuzzy environment for a real case-study in Egypt. 

4.1 Problem Depiction and Main Objectives 

In spite of the effectiveness of the methodical framework presented in chapter 3 to 

assess the technical, economic, and ecological performance of LEPSs, the optimal choice 

was primarily based on the economic behaviour (TNPC) over the project lifespan. Deciding 

on an energy system on a purely economic basis without considering its other effects or 

considering other aspects during the design process could threaten the system itself and the 

surrounding environment.  Yet, attaining sustainability necessitates a thorough assessment 

and examination of different aspects besides the economic aspect. These aspects indeed 

include various contradictory criteria and alternatives, the matter which turns the design 

optimization problem into a multi-dimensional or multicriteria decision-making problem. 

Therefore, in this chapter, a new MCDM approach for design optimization is proposed by 

examining, concurrently, 10 different key performance criteria (KPC) involving technical, 

economic, and ecological aspects that affect optimal planning. Driven from the freshwater 

shortage dilemma discussed earlier,  a case-study of supplying a large-scale RODP using a 

combination of PV units, WTs, DsGn, and two different energy storage technologies (flow 

batteries ‘FBAT’ and turbine-pumped hydro ‘TPH’) is investigated. One uniqueness of 

such case-study is that a thorough investigation and comparison between FBAT and TPH 

storage technologies are conducted, which is found limited in the literature. Firstly, 

HOMERPro performs a design optimization to generate a set of viable alternatives ranked 

on an economic basis. Secondly, a novel fuzzy MCDM approach is proposed by integrating 

the analytic hierarchy process (AHP) and VIKOR methods in a fuzzy environment to 

distinguish the optimal energy alternative. Thirdly, to measure the LEPS behaviour under 

uncertainty of the model input parameters (cost of ESSs, load growth and interest rate), a 

sensitivity analysis is performed.  
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4.2 The Proposed Fuzzy MCDM for Design Optimization 

In this case-study, HOMERPro is employed to obtain and rank up the distinct feasible 

energy alternatives according to their economic perforce using the TEE design optimization 

framework introduced before in chapter 3. Besides, to assess the feasible energy 

alternatives based on multiple and conflicting criteria, a novel MCDM approach based on 

mixing the fuzzy analytic hierarchy process (F-AHP) and the fuzzy-VIKOR (F-VIKOR) 

methods are furtherly proposed. A set of KPC is firstly identified then the F-AHP method 

is utilized for evaluating the weights of each criterion based on assessments decided by 

decision-makers/experts. Secondly, the F-VIKOR method is utilized for obtaining the final 

ranking of the feasible energy alternatives. Thirdly, a sensitivity analysis is performed to 

quantify the importance of uncertain input parameters regarding their impact on the optimal 

solution behaviour and the worth of investment. Fig. 4.1 displays the general flow of the 

proposed approach for this study, while the descriptive details of the employed techniques 

are illustrated in the following subsections. 

Start

First stage:
TEE Design Optimization using           

              

Second stage:  MCDM Analysis

Determine the weight of criteria using 
Fuzzy-AHP 

Identify the  key performance criteria 

Determine the final ranking of 
alternatives using Fuzzy -VIKOR

End

Third stage:
Sensitivity Analysis for the optimal 

alternative using

 

Fig. 4.1 Workflow of the proposed fuzzy MCDM for design optimization 

4.2.1 Selecting the key performance criteria 

Generally, the MCDM analysis examines deciding the best solution amongst several 

alternatives considering different viable attributes [126]. Since individual judgments 

through evaluation may be inaccurate, fuzzy sets have been merged with MCDM methods 
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for providing a precise solution [127]. For the current study, a novel integration between 

the F-AHP and F-VIKOR approaches was employed for picking out the single optimal 

LEPS considering 10 KPC covering three economic, environmental and energy aspects (see 

Table 4-1). First, the F-AHP was implemented to measure the significance of each criterion 

by determining the relative weights. Then, F-VIKOR was employed for valuation and 

ranking the viable alternatives. The KPC were initially designated and appraised through 

three DMs from the scientific research sector and energy markets to ascertain the 

comparative significance of the distinct KPC to each other and also the significance of KPC 

to each energy system alternative. For beneficial criteria, the maximum value is the best, 

and the minimum value is the worst. Contrary, the minimum value of non-beneficial criteria 

is the best while the maximum value is the worst. 
 

Table 4-1 Selected attributes for assessing the feasible LEPSs 

Aspect Addressed KPC Type Objective 

Economic 

C1 Total Net Present Cost (TNPC) Non-beneficial Minimize  

C2 Levelized Cost of Energy (LCOE) Non-beneficial Minimize 

C3 Operating and Maintenance Expenses (OPEX) Non-beneficial Minimize 

C4 Payback Period (PbP) Non-beneficial Minimize 

Ecological 
C5 Greenhouse Gases (GhG) Non-beneficial Minimize 

C6 Renewable Energy Fraction (RnF) Beneficial Maximize 

Topographical C7 Land Requirement (LR) Non-beneficial Minimize 

Reliability C8 Capacity Shortage Fraction (CsF) Non-beneficial Minimize 

Technical 
C9 Surplus Electricity Fraction (SeF) Beneficial Maximize 

C10 Installation Easiness  (IE) Beneficial Maximize 
 

4.2.2 Determination of criteria weights using the F-AHP approach 

The AHP is the most widespread criteria weighting technique in decision-making problems 

[126]. To increase the accuracy of pair-wise judgments during comparisons and for 

efficient handling of the fuzziness and uncertainty of problem nature, a fuzzy set is 

combined with AHP, replacing the exact numbers with fuzzy linguistic expressions, and 

forming F-AHP. Fig. 4.2 illustrates the steps of the applied F-AHP, while the working 

procedure explanation is described as follows [127]:  

1- Develop a hierarchical structure with a goal at the top-level, selected criterion in the 

middle level, and the different alternatives at the bottom level.  

2- Each decision-maker (DM) establishes a pair-wise comparison matrix based on his 

ratings. This matrix exemplifies the relative importance of different criteria concerning 

the goal with the help of the scale of relative importance, which is indicated in Table 

4-2 [127]. In this case-study, the AHP method is used to only determine the weights of 
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criteria; hence, DMs evaluate the criteria with respect to each other in the pair-wise 

comparison matrix. 

3- Test the consistency of each comparison matrix. The matrix is judged consistent if the 

inconsistencies amongst the pair-wise comparisons are within a fixed limit known as 

consistency ratio (CR=0.1). Otherwise, the DMs need to re-assess their ratings. CR can 

be calculated using (4.1) where CI is the consistency index; λm is the principal 

eigenvalue of the comparison matrix; RI is the random index which depends on the 

matrix size (n), which can be found in [128]. 

,   CI
1

m nCI
CR

RI n

 −
= =

−
 (4.1) 

4- The comparison matrices are then transformed into a fuzzy environment using the 

selected fuzzy membership (triangular in this case-study) as listed in Table 4-2. Then, 

synthesize the DMs’ ratings in a single fuzzy pair-wise comparison matrix since the 

ratings of various DMs could differ. Their thoughts should be aggregated to generate a 

single result. To explain, let (DM1, DM2, . . ., DMn) be the n DMs, (F1, F2,. . ., Fx) be 

the x criterion, and F~
ij

(n)=(lij
(n), mij

(n), hij
(n)) be a triangular fuzzy number representing 

the relative importance of Fi over Fj judged by DMn be the aggregated relative 

importance of Fi over Fj. Using the geometric mean method represented in (4.2) [127], 

the different judgments of DMs can be aggregated. 

~ ~ ~ ~~
(k) (1) (2) ( )

1

(k) (k) (k)

1 1 1

1

1

1 1 1

( , , ) ( )

                      , ,

n
n

ij ij ij ij ij ij ij ij

k

n n n

ij ij ij

k k k

n

n

n n n

F l m h F F F F

l m h

=

= = =

 
= = =    

 

      
 =      
       



  

 (4.2) 

5- Determine the fuzzy weights of each criterion by accumulating the various fuzzy sets 

in the matrix computed in step-4 into a single fuzzy set. Using the Geometric mean 

method illustrated by (4.3) [129], the fuzzy weights are calculated. 
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6- Defuzzify the fuzzy weights into crisp weights for further comparison since the fuzzy 

sets are hard to accurately be evaluated as they are partly instructed instead of 

stringently arranged crisp values. The center of area (CAO) method shown in (4.4) 

[127] is employed to defuzzify the fuzzy weights. 
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3

l m h
W  + +

=  (4.4) 

7- Normalize the weights as a final step to ascertain that the totality of all weights is 

exactly equal to 1. 

Table 4-2 Linguistic variables for pair-wise evaluations of every criterion 

Point scale Linguistic description 
Triangular fuzzy 

number 

1 Equally strong (1,1,1) 

2 Intermediate (1,2,3) 

3 Moderately strong (2,3,4) 

4 Intermediate (3,4,5) 

5 Strong (4,5,6) 

6 Intermediate (5,6,7) 

7 Very strong (6,7,8) 

8 Intermediate (7,8,9) 

9 Extremely strong (9,9,9) 
 

Aggregate the ratings of all DMs in single 
pair-wise comparison matrix

Defuzzify the fuzzy weights

Check 
consistency

CR<0.1

Yes

DM-1 DM-2 DM-3 DM-n   ..   .

Construct a fuzzy pair-wise comparison matrix by each DM

Re-compare
 criteria

Calculate the fuzzy weights of criterion

Calculate the final normalized weights and print the results 

Determine the type of linguistic variables and fuzzy set  

No

Start

Develop a hierarchical structure of the problem 

End

Main goal

Criterion-1 Criterion-2 Criterion-3 Criterion-4 Criterion-m

Criterion-1 Criterion-2 Criterion-3 Criterion-4 Criterion-m

 
Fig. 4.2 Working procedure of the F-AHP method for determining criteria weights 

4.2.3 Ranking alternatives using the F-VIKOR approach 

The VIKOR technique was introduced as one of the decision-making methods for resolving 

multicriteria dilemmas, including incommensurable and contradictory criteria, and it has 

been utilized in several research works according to the review done in [130]. It principally 

focuses on the alternatives ranking and selecting an alternative with contradictory attributes 

and provide a compromise justification assisting the DM in selecting the best solution 

[131]. The theory of both fuzzy set and VIKOR method has been merged to develop the F-

VIKOR technique to discover the most satisfactory solution of multi-person MCDM 
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dilemmas [132]. Fig. 4.3 shows the flow chart of the F-VIKOR technique while the detailed 

description of each step is provided as follows: 

1- Determine the linguistic variables which will be converted into fuzzy sets by experts or 

DMs to evaluate every linguistic parameter. Triangular memberships are used as 

indicated in Table 4-3 to obtain alternatives’ ratings under criteria on a scale of 0-1. 

2- Usually, the importance weight of each criterion is assessed by each DM based on the 

linguistic parameters in Table 4-3, and then their ratings are aggregated to obtain the 

final weights of the criteria. However, in the current study, criteria weights are obtained 

using the F-AHP method in which the DMs’ evaluations are tested using the 

consistency test, which ensures accuracy. 

3- Aggregate the alternatives evaluation attained  from DMs to construct a single fuzzy 

decision matrix using the geometric mean method illustrated previously in (4.3) 

Generally, a fuzzy decision-matrix in MCDM problems can be expressed as shown in 

(4.5) [133] where xij is the rating of alternative i respecting criterion j. 
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4- Calculate the fuzzy best value (Fb*
j) and fuzzy worst value (Fw-

j) of all criteria using 

the formulas in (4.6) [133]. 
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5- Calculate the value of S~
i and R~

i using (4.7) and (4.8) [131], where S~
i indicates the 

separation measure of alternative-i from Fb~*
j and Ri indicates the separation measure 

of alternative-i from Fw~-
j. 
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6- Compute the VIKOR index (Q*) as indicated in (4.9) and (4.10) [133] where v can differ 

from 0 to 1, however, mostly v = 0.5 is chosen. 
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7- Defuzzify the value of Q* to crisp values using the mean method and rank the 

alternatives. The alternative of the least value of Q* ranked first. 
 

 

Table 4-3 Linguistic variables used for the evaluation of alternatives 

Linguistic variables Linguistic term 
Triangular Fuzzy 

number 

Very poor VP (0,0,1) 

Poor P (0,1,3) 

Medium poor MP (1,3,5) 

Fair F (3,5,7) 

Medium good MG (5,7,9) 

Good G (7,9,10) 

Very good VG (9,10,10) 
 

Aggregate the ratings of all DMs in a single decision matrix 

Defuzzify the fuzzy VIKOR indices 

DM-1 DM-2 DM-3 DM-n   ..   .

Construct fuzzy decision matrix by each DM

Calculate the fuzzy best (Fb*j) and fuzzy worst (Fw*j) values
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Fig. 4.3 Solution process of the F-VIKOR method 
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4.2.4 Sensitivity analysis 

Following the selection of the optimal LEPS, distinct system factors/parameters would 

vary depending on the precision of gathered data, project ageing, and policies [134]. These 

parameters incorporate resources factors (solar radiation and wind speed), economic factors 

(fuel cost, components cost, and interest rate), and load factors represented in the possible 

load growth. Therefore, the uncertainty of these input parameters could have a substantial 

impact on the LEPS design and the investment viability; hence, sensitivity analysis 

becomes crucial. The term sensitivity analysis is considered a what-if analysis that seeks to 

measure the significance of tentative inputs on the different model behaviours [135]. 

4.3 Case-study Elucidation 

4.3.1 Project location and system structure 

The developed LEPS is employed to energize a large-scale RODP located in Baltim 

city, Egypt (31°34'30'' N and 31°12'0'' E). The RODP is installed to provide the necessary 

daily freshwater to the Pharma Beach Resort in the city of Baltim by desalinating the raw 

water. The site, which is demonstrated in Fig. 4.4-a, has an inspiring renewable resource 

potential which justifies being exploited for energizing the RODP. Besides, its location is 

far from the main grid lines, as shown in Fig. 4.4-b. A detailed demonstration of the 

renewable resource potential of the investigated site is given in the following subsections. 

The proposed LEPS consists of five major components as shown in Fig. 4.5: PV units, 

WTs, DsGn, BDC and an energy storage element. Two different ESSs, namely Zinc-

Bromine flow battery (FBAT) and turbine-pumped hydro (TPH), are integrated 

individually into the LEPS. Both PV units and WTs are considered the main power supplies 

of the RODP. The FBAT or TPH is utilized to maintain the load deficits and store the 

excess power. Besides, the DsGn is turned on to cover the peak load during the cloudy and 

unwind hours. The detailed mathematical modelling of system elements is previously 

presented in chapter 2, while the components’ technical and economic specifications are 

provided respectively in Table A4 and Table A5, in Appendix-A. 
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Fig. 4.4 The addressed site (a) location and layout, and (b) Egyptian national grid lines 
 

 

 

 
Fig. 4.5 The proposed LEPS structure (a) Schematic diagram (b, c) HOMERPro models 

4.3.2 Renewable energy potential 

The examination of RESs performance requires collecting the renewable resources data 

in the investigated site. Therefore, meteorological data, including the solar and wind 

activities for the studied location, are collected from the National Aeronautics and Space 

Administration (NASA) database. Baltim coastal city has promising wind resource 

potential with an average wind speed of 5.8 m/s. Fig. 4.6-a shows the heat map of the wind 

(b) 

(a) (b) 

(c) 
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speed at the resort area in which it can be seen that the highest average wind speed is 

detected in February with 6.63 m/s while the lowest wind speed is observed in September 

(5.13 m/s). Remarkably, it can be recognized from the figure that the wind speed is 

astonishing during the months when the solar radiation is low. This harmonizing nature of 

these RESs is considered beneficial to fulfil the load demand over the year. For a better 

description of the solar radiation data in the investigated site, the heat map of global 

horizontal solar ins of the study area is given in Fig. 4.6-b. The analysis of the data 

demonstrates that the annual average solar radiation value is 5.5 kWh/m2/day. Also, the 

solar radiation intensity is pretty high from April to September during the summer, where 

the highest value of solar radiation is recorded in June with 8.1 kWh/m2/day, while the 

lowest value is recorded in December with 2.74 kWh/m2/day, correspondingly. The site 

temperature is high during the summer season, reaching its maximum in August with 

32.8°C, while the lowest temperature is recorded in January with 19.9°C. The temperature 

heat map of the studied location is shown in Fig. 4.6-c. 

  

  

  

Fig. 4.6 Site resources (a, b) solar radiation, (c, d) wind speed, and (e, f) ambient 

temperature 

4.3.3 Load demand assessment 

In this case-study, the load demand represents a large-scale RODP of 1000 m3/day, 

which is constructed to provide daily freshwater to a beach resort in Baltim, Egypt. The 
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plant technical data are summarized in Appendix-A. The load demand of the RODP was 

characterized based on the plant daily electricity requirements as shown in the daily load 

profile in Fig. 4.7. Besides, the real data were synthesized by random variabilities of  5% 

day-to-day and 5% time-step to obtain the annual scaled load profile. The inspected RODP 

facilities consume average energy of 2133.2 kWh/day with a peak value of 333.15 kW, in 

which the plant is designed to operate for 8 hours/day from 9:00 am to 5:00 pm. 

 
Fig. 4.7 Load profile of the studied RODP in Baltim city 

4.3.4 Model constraints 

The optimization is achieved by contemplating the constraints listed in Table 4-4. The 

hourly load operating reserve is set to 10%, and the operating reserve is considered 20% 

for both solar and wind power output, owing to the inherent dependence of both resources 

on the different climate circumstances. Also, the nominal discount rate and inflation rate 

are set to 9.25% and 3.4%, respectively [125]. Similar to the previous case-study, the 

emissions penalties are set to 0 $, and the project lifespan is assumed 25 years. 

Table 4-4 Different model constraints associated with case-study 

Constraint Constraint type Value 

Average solar radiation 

Technical 

5.5 kWh/m2/day 

Average wind speed 5.805 m/s 

Operating reserve as a percentage of load  10 % 

Operating reserve as a percentage of renewable output 20 % 

Maximum capacity shortage Reliability  0 % 

System fixed capital cost 

Economic 

0 $ 

System fixed O&M cost 0 $/yr 

Capacity shortage penalty 0 $/kWh 

CO2 emission penalties Ecological 0 $ 
 

4.4 Results and Discussion 

4.4.1 Optimization results assessment 

The findings of the performance analysis in this study include nine different feasible 

LEPSs in addition to the base-case (DsGn only). The comparison targets to emphasize the 

diverse influences of using two different technologies of FBAT and TPH on the developed 

LEPS. The studied alternatives are categorized into four different groups: the first group 
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represents the DsGn only to be treated as a reference for comparisons (case-0), the second 

group include RESs and FBAT storage (case-1 to case-4), the third group include RESs 

and TPH storage (case-5 to case-8), and the fourth group include RESs without ESSs (case-

9). Table 4-5 summarizes the optimization results for feasible alternatives that can be 

employed to supply the RODP. The tabulated results reveal the optimum components’ 

capacities and the values of different evaluation parameters for each feasible alternative. 

Furthermore, to reveal an alternative manner of comparisons, Table 4-6 summarizes the 

different ranks of the ten alternatives based on distinct performance aspects, including the 

TNPC, LCOE, RnF, CsF, UlF, SeF, PbP, and GhG. 

Table 4-5 Optimization results of the feasible alternatives  

Case# Case-0 Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 Case-7 Case-8 Case-9 

Config./Item DsGn 
FBAT+WT 

+DsGn 

FBAT+PV 

+ DsGn 

FBAT+WT 

+PV+ DsGn 

FBAT+WT 

+PV 

TPH+WT 

+ DsGn 

TPH+PV 

+ DsGn 

TPH+WT

+PV+ 
DsGn 

TPH+WT

+PV 

WT+PV+ 

DsGn 

O
p

ti
m

al
 s

iz
e 

WTs (No.) - 14 - 5 1 13 - 5 8 10 

PV (kW) - - 583 328 1707 - 558 329 354 568 

DsGn (kW) 400 50 50 100 - 100 50 100 - 250 

BDC (kW) - 269 324 235 328 245 322 222 330 282 

FBAT (No.) - 122 94 112 58 - - - - - 

TPH (No.) - - - - - 13 12 10 14 - 

Reservoir (m3) - - - - - 13,000 12,000 10,000 14,000 - 

E
n

er
g
y

 a
sp

ec
ts

 

WTs (kWh/yr) - 1,012,707 - 361,681.1 72,336.22 940,370.9 - 361,681.1 578,689.8 723,362.2 

PV (kWh/yr) - - 975,639.4 548289.7 2,856,877 - 933,913.9 550,767.3 592,941.1 950,542.1 

DsGn 

(kWh/yr) 
1,334,684 73,576.48 42,936.37 34,550 - 114,462.7 48,710.97 64,050 - 220,847 

SeF% 41.66 13.5 13.8 6.15 71.58 16.82 13.1 12.4 28.12 58.08 

CsF% 0 0.018 0 0.097 0.021 0 0.084 0.0721 0.0907 0.043 

UlF % 0 0 0 0.07463 0 0 0.004 0.006 0.0121 0.002 

E
co

n
o
m

ic
 

TNPC ($) 8,697,765 1,290,240 1,148,861 1,048,046 2,292,340 1,698,684 1,457,158 1,371,805 1,535,590 2,705,951 

LCOE 

($/kWh) 
0.8456 0.1254 0.1116 0.1019 0.2228 0.1651 0.1416 0.1333 0.1493 0.263 

Capital cost ($) 200,000 787,591.3 810,999.8 759,184.9 1,923,690 862,822.1 891,917.1 817,957.4 1,016,357 1,205,771 

Fuel cost ($/yr) 182,159 8657.052 5060.936 4063.441 0 13,475.43 5740.677 7528.452 - 29,172.34 

PbP (yr) - 1.12 1.14 1.1 3.00 1.25 1.26 1.16 1.42 1.89 

IRR (%) - 97.4 94.9 104 34.7 84.8 83.4 92.9 72.0 51.5 

E
co

lo
g
ic

al
 

ReF % 0 90.55 94.48 95.55 100 85.3 93.74 91.77 100 71.63 

GhG (kg/yr) 1,139,837 54,170.39 31,668.16 25,426.46 0 84,320.76 35,921.55 47,108.32 0 182,542.2 
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Table 4-6 Different rankings of feasible LEPSs based on distinct parameters 

Item 
Rank 

TNPC  LCOE PbP  ReF  SeF  CsF  UlF  GhG 

out of 10 10 9 9 10 8 6 9 

Case-0 10 10 reference 9 3 1 1 9 

Case-1 3 3 2 6 6 2 1 6 

Case-2 2 2 3 3 7 1 1 3 

Case-3 1 1 1 2 10 8 6 2 

Case-4 8 8 9 1 1 3 1 1 

Case-5 7 7 5 7 5 1 1 7 

Case-6 5 5 6 4 8 6 3 4 

Case-7 4 4 4 5 9 5 4 5 

Case-8 6 6 7 1 4 7 5 1 

Case-9 9 9 8 8 2 4 2 8 
 

4.4.2 Comparative analysis among the feasible alternatives 

A. Economic aspects comparison 

From the optimization results given in Table 4-5, it can be recognized that the second 

group dominates the first three positions in the economic ranking among all alternatives. 

The FBAT+WT+PV+DsGn system (case-3) is classified as the most cost-effective 

configuration, thus ranked first, with minimum TNPC, LCOE and PbP of $1,048,046, 

$0.1019/kWh, 1.1 years, respectively, as well as maximum IRR of 104 %. Also, case-2 is 

ranked 2nd with TNPC, LCOE, PbP, and IRR equaling $1,148,861, $0.1116/kWh, 1.14 and 

94.9%, respectively. Moreover, the FBAT+WT+DsGn system (case-1) is ranked as the 

third most cost-effective configuration with a TNPC of $1,290,240 and a COE of 

$0.1254/kWh. Alternatively, for the third group, the obtained results revealed that the 

TPH+WT+PV+DsGn system (case-7) is the least cost design and has TNPC, LCOE, PbP 

and IRR of $1,371,805 and $0.1333/kWh, 1.16 and 92.9% correspondingly. However, it 

ranked as the 4th economical of all cases based on the TNPC. The results also show that the 

absence of ESSs has an uneconomic impact on the values of TNPC, and LCOE, as 

demonstrated in the WT+PV+DsGn system (case-9). This system has the second expensive 

TNPC and LCOE of $2,705,951 and $0.263/kWh, respectively. This is mainly attributed 

to the high capital cost required for both the WT and PV systems; consequently, it is ranked 

in 9th place just before the base-case system. 

B. Energy aspects comparison 

The technical or energy performance of the diverse systems can be evaluated by three 

strictures (CsF, SeF, and UlF). From Table 4-5, it can be recognized that the 

FBAT+WT+PV+DsGn (case-3) has the best economic performance. Nevertheless, it 

produces the least amount of surplus energy per year with only 58134.18 kWh (6.15%), 
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which signifies that for the unforeseen load variations, it would not be of high benefit and 

may not be able to encounter the future growth in the plant load demand. Moreover, this 

system has negligible values of both the CsF and UlF with only 760.87 kWh/yr (0.097%) 

and 581.0985 kWh/yr (0.07463%). Despite these negligible percentages, case-3 ranks last 

based on the CsF and UlF, as indicated in Table 4-6. Conversely, the highest amount of 

surplus energy is produced from the FBAT+WT+PV system (case-4) with 2,096,764 

kWh/yr (71.58%), which signifies that this configuration can undoubtedly handle any 

unexpected load fluctuations and upcoming rise in the plant load demand without 

increasing the cost of the system. Besides, this system ranked first and third based on the 

UlF percentage and the CsF, respectively, because of its ability to meet the load demand 

with a negligible shortage of 165.507 kWh/yr (~0.021%). Also, the comparative technical 

analysis shows that the DsGn only, FBAT+PV+DsGn, and TPH+WT+DsGn systems all 

together ranked first regarding CsF and UlF as they effectively meet the load demand 

without scarcity. 

A special attention was given to the impact of incorporating each ESS within the 

feasible alternative. If ESSs are not employed in the LEPSs as represented by case-9, the 

load is then will be mainly supplied by the PV and WT systems. Due to the absence of the 

ESSs, the DsGn supplies the load during the night and light wind periods. The monthly 

contribution of each element, including the fuel consumption, is shown in Fig. 4.8 in which 

it can be seen that the DsGn shares 11% of the total production; hence, the fuel consumption 

rate increased to become the 2nd highest rate behind case-0; therefore, case-9 has the 2nd 

highest GhG with 182,542.2 kg/yr. To highlight the absence of ESSs on the diverse design 

aspects of LEPSs, a comparison among case-9, case-3, and case-7 was conducted and 

demonstrated in Table 4-7. Efficiently, the inclusion of the FBAT in case-3 lessens the 

TNPC, LCOE, capital cost, and annual operating costs by almost 61.3%, 61.2%, 37%, 

80.74%, respectively. This substantial reduction can be elucidated from the reduced 

capacity of DsGn (60%). Consequently, the yearly fuel consumption rate is reduced by 

86%, and hence, the annual emission is also saved by 86%. Meanwhile, utilizing TPH 

storage in case-6 results in a significant reduction in TNPC and LCOE by 49.3% and 

decreases the DsGn capacity by 60%, which in turn shortens both the fuel consumption rate 

and GhG by 86%. 
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Fig. 4.8 Average monthly production by case-9 (PV/WTs/DsGn) 
 

Table 4-7 Impact of utilizing FBAT and TPH on the different systems’ aspects 

Energy storage System 
TNPC 

($M) 

LCOE 

($/kWh) 

Operating 

cost ($/yr) 

Capital 

cost ($M) 

Fuel 

consumption 

(L/yr) 

GhG 

(kg/yr) 

DsGn 

size 

(kW) 

None Case-9 2.71 0.263 113,563.9 1.21 69,790.29 182,542 250 

FBAT Case-3 1.05 0.101 21,866.82 0.76 9721.15 25,426.4 100 

TPH Case-7 1.37 0.133 41,926.35 0.82 18,010.65 47,108.32 100 

Reduction due to FBAT (%) 61.3% 61.2%, 80.74% 37% 86% 86% 60% 

Reduction due to TPH (%) 49.3% 49.3% 63% 32.2% 74.2% 74.2% 60% 
 

C. Ecological aspects comparison 

The environmental comparison evaluates the GhG, which is inversely proportional 

with the RnF, of the ten feasible configurations. As expected, both case-4 and case-8 (i.e., 

pure renewables designs) have the highest RnF due to the absence of the DsGn; 

consequently, these systems have zero GhG and ranked in the first place among all 

configurations regarding both the GhG and RnF. From Table 4-5 and Table 4-6, it can be 

recognized that the FBAT+WT+PV+DsGn (case-3) system is positioned at 2nd place 

among all configurations in terms of ecological behaviour with 95.55% RnF; consequently, 

it produces a realistic amount of carbon emissions with only 25426.46 kg/yr. This 

configuration displays a lessening of 97.76% in GhG compared to the base-case. 

Furthermore, emission results illustrate that the FBAT+PV+DsGn is intently positioned in 

the 3rd place among all systems (GhG of 31,668.16 kg/yr and RnF of 94.48%). Thus, this 

system has resulted in a reduction of GhG by 97.22% compared to the base-case. The worst 

GhG among all systems (excluding the base-case system) goes to the WT+PV+DsGn (case-

9) system with 182,542.2 kg/yr since it has an RnF of 71.63%. Fig. 4.9 summarizes a broad 

comparison among the ten feasible alternatives. 
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Fig. 4.9 Comparison among the ten feasible alternatives 

To summarize, based on the previous evaluation and comparisons, there is no 

particular system that has a superior performance in all aspects of comparison. 

Economically, the FBAT+WT+PV+DsGn (case-3) system is the best. However, from the 

energy reliability point of view, it is the severest. The FBAT+WT+PV (case-4) system 

comes in the top rank among all systems regarding the load feeding reliability; however, 

economically, this system ranked the 8th due to the high capital cost. Sustainably and 

ecologically, both case-4 and case-8 have 100% RnF with no GhG emissions; however, 

economically, they are not the best. From the previous conclusions, it can be noticed that 

different performance aspects affect the system's ranking. Therefore, MCDM is applied by 

employing both F-AHP and F-VIKOR methods to select the optimum configuration, as 

illustrated in the next subsection. 

4.4.3 Multicriteria decision-making analysis results 

A. F-AHP results 

The fuzzy pair-wise comparison matrices of the three DMs are shown in Appendix-C. 

The calculated values of CR with DM1, DM2 and DM3 are 0.079, 0.082, and 0.080, 

respectively, which are less than 0.1, indicating the consistency and robustness of the 

preferences. Further, the aggregated fuzzy pair-wise comparison matrix is shown in Table 

4-8. The final fuzzy geometric mean, fuzzified and defuzzified weights and normalized 

weights are listed in Table 4-9. For further demonstration, Fig. 4.10 illustrated the obtained 

weights for the addressed KPC. From the figure, it can be recognized that the economic 

criterion represented in the TNPC is the most important with a weight value of 0.248, 

followed by the GhG emission criteria with a weight equal to 0.152. In contrast, the LR and 
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IE criteria have the lowest importance on the decision of best alternative selection with 

normalized weights of 0.019 and 0.017, respectively. 
 

Table 4-8 The aggregated fuzzy pair-wise comparison matrix of all DMs 

KPC TNPC LCOE OPEX PbP GhG RnF LR CsF SeF IE 

TNPC (1,1,1) (1.587,2.08,2.52) (4.579,5.593,6.604) (2.154,3.302,4.38) (1.26,1.442,1.587) (2.884,3.915,4.932) (7.862,8.277,8.653) (3.302,4.309,5.313) (3.175,4.217,5.241) (9,9,9) 

LCOE (0.397,0.481,0.63) (1,1,1) (2.289,3.302,4.309) (0.794,1,1.26) (0.437,0.585,0.794) (2.154,3.302,4.38) (6.868,7.612,8.32) (1.587,2.621,3.634) (2.884,3.915,4.932) (6.868,7.612,8.32) 

OPEX (0.151,0.179,0.218) (0.232,0.303,0.437) (1,1,1) (0.347,0.511,0.721) (0.315,0.362,0.437) (0.63,0.874,1.145) (4.579,5.593,6.604) (0.874,1.442,2.289) (1.587,2.621,3.634) (5.241,6.257,7.268) 

PbP (0.228,0.303,0.464) (0.794,1,1.26) (1.387,1.957,2.884) (1,1,1) (0.693,1,1.442) (2.621,3.634,4.642) (5.518,6.542,7.56) (1.587,2.154,2.621) (3.175,4.217,5.241) (6.868,7.399,7.862) 

GhG (0.63,0.693,0.794) (1.26,1.71,2.289) (2.289,2.759,3.175) (0.693,1,1.442) (1,1,1) (3.175,4.217,5.241) (4.327,4.327,4.327) (2.289,3.476,4.579) (3.42,4.481,5.518) (6.316,7.319,8.32) 

RnF (0.203,0.255,0.347) (0.228,0.303,0.464) (0.874,1.145,1.587) (0.215,0.275,0.382) (0.191,0.273,0.315) (1,1,1) (3.107,4.38,5.518) (1.26,1.817,2.289) (2,3,4) (3.78,5.013,6) 

LR (0.116,0.121,0.127) (0.12,0.131,0.146) (0.151,0.179,0.218) (0.132,0.153,0.181) (0.231,0.231,0.231) (0.181,0.228,0.322) (1,1,1) (0.191,0.243,0.347) (0.315,0.362,0.437) (0.55,0.794,1.26) 

CsF (0.188,0.232,0.303) (0.275,0.382,0.630 (0.437,0.693,1.145) (0.382,0.464,0.63) (0.218,0.288,0.437) (0.437,0.55,0.794) (2.884,4.121,5.241) (1,1,1) (2,2.466,2.884) (4.16,5.192,6.214) 

SeF (0.191,0.237,0.315) (0.203,0.255,0.347) (0.275,0.382,0.63) (0.191,0.237,0.315) (0.181,0.223,0.292) (0.25,0.33,0.5) (2.289,2.756,3.175) (0.347,0.405,0.5) (1,1,1) (3.915,4.932,5.944) 

IE (0.111,0.111,0.111) (0.12,0.131,0.146) (0.138,0.16,0.191) (0.127,0.135,0.146) (0.12,0.137,0.158) (0.167,0.199,0.265) (0.794,1.26,1.817) (0.161,0.193,0.24) (0.168,0.203,0.255) (1,1,1) 

 

Table 4-9 Fuzzified and defuzzified weights and of the addressed KPC 

Criterion 
The fuzzy geometric mean 

value 

Fuzzy weights 

(W~
i) 

De-fuzzified 

weights 

Normalized weights 

(w*) 

TNPC (2.901,3.522,4.067) (0.17,0.253,0.365) 0.263 0.248 

LCOE (1.647,2.119,2.611) (0.097,0.152,0.234) 0.161 0.152 

OPEX (0.777,1.015,1.3) (0.046,0.073,0.117) 0.078 0.074 

PbP (1.563,1.985,2.492) (0.092,0.143,0.224) 0.153 0.144 

GhG (1.964,2.417,2.883) (0.115,0.174,0.259) 0.183 0.172 

RnF (0.74,0.964,1.25) (0.043,0.069,0.112) 0.075 0.071 

LR (0.228,0.263,0.317) (0.013,0.019,0.029) 0.020 0.019 

CsF (0.675,0.866,1.162) (0.04,0.062,0.104) 0.069 0.065 

SeF (0.442,0.544,0.704) (0.026,0.039,0.063) 0.043 0.040 

IE (0.2,0.23,0.271) (0.012,0.017,0.024) 0.018 0.017 
 

 
Fig. 4.10 Weights of KPC obtained from the F-AHP approach 
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B. F-VIKOR results 

Depending on the assessment of available DMs, the linguistic variables for evaluating 

energy system alternatives are transformed into fuzzy numbers. Linguistics terms are 

translated to fuzzy numbers then, the DMs’ ratings are aggregated, using the geometric 

mean method, to a single fuzzy decision-matrix. Table 4-10 and Table 4-11 show the DMs 

ratings, the aggregated decision-matrix, and the fuzzy best and worst values. The indices 

Si, Ri, S
*, R*, S-, and R- shown in Table 4-12 are then calculated by Equations (4.7-4.10). 

Besides, Table 4-12 also shows both the fuzzified and defuzzified values of the VIKOR-

index (Q*) for every energy system and the final ranking of alternatives. From the F-

VIKOR outcomes, case-3 was identified as the best configuration; thus ranked 1st, among 

the ten feasible alternatives for supplying the investigated large-scale RODP of Baltim 

coastal city. This result is mainly attributed to the excellent economic characteristics and 

realistic ecological and technical of this design. Besides, case-2 and case-1 are ranked 2nd 

and 3rd, respectively, followed by case-7 (TPH+WT+PV+DsGn). It is worth mentioning 

that case-7 is classified as the best alternative in the second group. As expected, due to the 

high cost and emission behaviours, the base-case and case-9 (WT+PV+DsGn) have ranked 

the worst systems with 9th and 10th positions, respectively. 

Table 4-10 Rating of alternatives concerning criteria by each DM 

DM Config. TNPC LCOE OPEX PbP GhG RnF LR CsF SeF IE 

DM-1 

Case-0 VP VP VP F VP VP VG VG G VG 

Case-1 G G G G MG G F G MG F 
Case-2 VG VG G VG G G P VG MG MP 

Case-3 VG VG VG VG G G VP VP F P 

Case-4 MP MP G G VG VG P G VG MP 
Case-5 F F F F F MG F VG MG F 

Case-6 G G MG MG G G P P MG MP 

Case-7 G G MG MG MG G VP MP MG VP 
Case-8 G G MG MG VG VG VP VP G VP 

Case-9 P P P P P F P F VG MP 

DM-2 

Case-0 VP VP P VP VP VP G G MG G 

Case-1 G G MG VG MG MG F G F MG 
Case-2 G G MG VG MG G F VG F G 

Case-3 VG VG VG VG G VG P G MP MG 

Case-4 VP VP MG MP VG VG MP G G MG 
Case-5 P P MP MG MP MP MP VG F P 

Case-6 F F F MG MG MG P F F MP 

Case-7 MG MG F G F F VP MG MP P 
Case-8 F F F MP VG VG VP F F VP 

Case-9 P P P MP P MP MP MG G F 

DM-3 

Case-0 VP VP VP F VP VP G G G G 

Case-1 VG VG F G MP MG F MG MP F 

Case-2 VG VG MG G F G F G MP F 
Case-3 VG VG G G VG G MP MG P MG 

Case-4 P P MG VP VG VG F G VG F 

Case-5 MP MP F F P F P VG MP P 
Case-6 F F F F F F P MG MP MP 

Case-7 F F F G F F VP G MP P 

Case-8 F F MG F VG VG VP MG F P 
Case-9 P P VP MP VP F P G VG MG 
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Table 4-11 The aggregated fuzzy decision matrix in the F-VIKOR method 

KPC TNPC LCOE OPEX PbP GhG RnF LR CsF SeF IE 

Weight (0.17,0.253,0.365) (0.097,0.152,0.234) (0.046,0.073,0.117) (0.092,0.143,0.224) (0.115,0.174,0.259) (0.043,0.069,0.112) (0.013,0.019,0.029) (0.04,0.062,0.104) (0.026,0.039,0.063) (0.012,0.017,0.024) 

Case-0 (0,0,1) (0,0,1) (0, 0, 1.442) (0, 0, 3.659) (0,0,1) (0,0,1) (7.612, 9.322, 10) (7.612, 9.322, 10) (6.257, 8.277, 9.655) (7.612, 9.322, 10) 

Case-1 (7.612, 9.322, 10) (7.612, 9.322, 10) (4.718, 6.804, 8.573) (7.612, 9.322, 10) (2.924, 5.278, 7.399) (5.593, 7.612, 9.322) (3, 5, 7) (6.257, 8.277, 9.655) (2.466, 4.718, 6.804) (3.557, 5.593, 7.612) 

Case-2 (8.277, 9.655, 10) (8.277, 9.655, 10) (5.593, 7.612, 9.322) (8.277, 9.655, 10) (4.718, 6.804, 8.573) (7, 9, 10) (0, 2.924, 5.278) (8.277, 9.655, 10) (2.466, 4.718, 6.804) (2.759, 5.13, 7.047) 

Case-3 (9, 10, 10) (9, 10, 10) (8.277, 9.655, 10) (8.277, 9.655, 10) (7.612, 9.322, 10) (7.612, 9.322, 10) (0, 0, 2.466) (6.804, 8.573, 9.655) (0, 2.466, 4.718) (0, 3.659, 6.24) 

Case-4 (0, 0, 2.466) (0, 0, 2.466) (5.593, 7.612, 9.322) (0, 0, 2.466) (9, 10, 10) (9, 10, 10) (0, 2.466, 4.718) (7, 9, 10) (8.277, 9.655, 10) (2.466, 4.718, 6.804) 

Case-5 (0, 2.466, 4.718) (0, 2.466, 4.718) (2.08, 4.217, 6.257) (3.557, 5.593, 7.612) (0, 2.466, 4.718) (2.466, 4.718, 6.804) (0, 2.466, 4.718) (9, 10, 10) (2.466, 4.718, 6.804) (0, 1.71, 3.979) 

Case-6 (3.979, 6.082, 7.884) (3.979, 6.082, 7.884) (3.557, 5.593, 7.612) (4.217, 6.257, 8.277) (4.718, 6.804, 8.573) (4.718, 6.804, 8.573) (0, 1, 3) (0, 3.271, 5.739) (2.466, 4.718, 6.804) (1, 3, 5) 

Case-7 (4.718, 6.804, 8.573) (4.718, 6.804, 8.573) (3.557, 5.593, 7.612) (6.257, 8.277, 9.655) (3.557, 5.593, 7.612) (3.979, 6.082, 7.884) (0, 0, 1) (3.271, 5.739, 7.663) (1.71, 3.979, 6.082) (0,0, 2.08) 

Case-8 (3.979, 6.082, 7.884) (3.979, 6.082, 7.884) (4.217, 6.257, 8.277) (2.466, 4.718, 6.804) (9, 10, 10) (9, 10, 10) (0, 0, 1) (0, 0, 3.979) (3.979, 6.082, 7.884) (0, 0, 1.442) 

Case-9 (0, 0, 2.08) (0, 1, 3) (0, 0, 2.08) (0, 2.08, 4.217) (0, 0, 2.08) (2.08, 4.217, 6.257) (0, 1.442, 3.557) (4.718, 6.804, 8.573) (8.277, 9.655, 10) (2.466, 4.718, 6.804) 

Fb* (0,0,1) (0,0,1) (0, 0, 1.442) (0, 0, 2.466) (0,0,1) (9, 10, 10) (0,0,1) (0, 0, 3.979) (8.277, 9.655, 10) (7.612, 9.322, 10) 

Fw- (9, 10, 10) (9, 10, 10) (8.277, 9.655, 10) (8.277, 9.655, 10) (9, 10, 10) (0,0,1) (7.612, 9.322, 10) (9, 10, 10) (0, 2.466, 4.718) (0, 0, 1.442) 

 

Table 4-12 Values of Si, Ri, Q
* and the rank of energy system alternatives 

Config. Si Ri Q* Defuzzified Q* Rank 

Case-0 (-0.203, 0.153, 0.740) (0.034, 0.069, 0.207) (-3.55, 0.073, 2.878) -0.20250271 9 

Case-1 (0.272, 0.77, 1.971) (0.112, 0.236, 0.456) (-8.06, 0.879, 1.357) -1.942742707 3 

Case-2 (0.313, 0.817, 2.005) (0.124, 0.244, 0.456) (-8.10, 0.931, 1.171) -2.001553769 2 

Case-3 (0.332, 0.89, 2.043) (0.136, 0.253, 0.456) (-8.15, 1, 1) -2.050997231 1 

Case-4 (-0.095, 0.301, 1.065) (0.092, 0.174, 0.324) (-5.35, 0.420, 2.052) -0.962507016 7 

Case-5 (-0.061, 0.402, 1.412) (0.02, 0.083, 0.293) (-5.42, 0.271, 2.876) -0.757862554 8 

Case-6 (0.07, 0.582, 1.692) (0.051, 0.154, 0.36) (-6.56, 0.56, 2.347) -1.21766291 6 

Case-7 (0.171, 0.648, 1.824) (0.063, 0.172, 0.391) (-7.1, 0.6, 2.07) -1.475019065 4 

Case-8 (0.092, 0.574, 1.564) (0.092, 0.174, 0.36) (-6.4, 0.6, 1.82) -1.326389738 5 

Case-9 (-0.246, 0.139, 0.812) (0.012, 0.042, 0.178) (-3.29, 0, 3.2) -0.029617366 10 

S*, R* (-0.246, 0.139, 0.740) (0.012, 0.042, 0.178) 
 

S-, R- (0.332, 0.890, 2.043) (0.136, 0.253, 0.456) 

 

4.4.4 Sensitivity analysis results 

Herein, the sensitivity analysis is executed to investigate the response of the optimal 

systems in both the first and the second groups against the uncertainties model inputs 

parameters. In this study, the influence of three design parameters is considered: (i) growth 

of the RODP energy demand, (ii) the reduction of ESS cost, and (iii) the positive and 

negative change of the interest rate. These inputs were sensitively selected stand on the 

following reasons: 

• The effect of plant load growth is considered due to the nature of the investigated site. 

The beach resort project is expected to be expanded to comprise more residential, 

commercial, and service facilities; therefore, the necessity of freshwater will be 

increased. The load growth was assumed to be 30% and 60% of the specified value. 

• Due to the quick-changing in ESSs influence in reducing the storage facilities cost, the 

impact of reducing the storage cost by 50% and 70% is examined. 
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• Since the interest rate (discount rate) mainly depends on the state's economic status, 

two possibilities were conducted once by increasing the discount rate to 12% and once 

again by reducing its value to 6%. 

Fig. 4.11 shows the response of the TNPC and LCOE against the variations in the three 

considered sensitivity variables. First, the analysis reveals that increasing the load demand 

by 30% and 60% will increase the TNPC by 29.2% and 59.8%, respectively, when using 

the TPH energy storage. In contrast, the inclusion of the FBAT results in increasing the 

system TNPC by 30.18% and 58.5%, respectively. This increase in system cost is due to 

the substantial growth of the direct investment for the further PV panels, WTs, and energy 

storage units to satisfy the load growth and enhance the system reliability. These results 

provide an undesirable imprint on the economic feasibility of the designed system for future 

expansions. On the other side, the LCOE values of case-3 and case-7 are relatively stable 

against future load growth, proving economic viability and encouraging future investment 

in renewables in the investigated area. In view of the ESSs cost, reducing the TPH storage 

cost by 50% and 70% executes lessening in both TNPC and LCOE by 11.7% and 6.57%, 

respectively. Similarly, the reduction of the FBAT cost by 50% and 70% achieve saving in 

the TNPC and LCOE by only 2.83% and 1.88%, respectively. Even with the reduction of 

FBAT and TPH storages costs, case-3 show better cost performance than case-7; thus, it 

remains the best economic option for supplying the RODP demand. These can give a 

constructive impact on the financial feasibility of hybrid systems for upcoming 

investments. Later, regarding the interest rate, it can be noticed from Fig. 4.11 that the 

interest rate is inversely proportional with the TNPC and directly proportional with the 

LCOE. Thus, the probable decrease in the interest ratio to 6% performs a significant 

increase in the TNPC using TPH and FBAT by 15.3% and 6.6%, respectively, and a 

significant decrease in the LCOE to $0.111/kWh and $0.079/kWh, respectively. Inversely, 

the projected increase in the interest ratio to 12% decreases the TNPC using TPH and 

batteries by 8.7% and 6.5% and increases the LCOE to $0.154/kWh and $0.122/kWh, 

respectively. Categorically, the decrease in the energy storage facilities and the possible 

load growth in the resort location necessity be considered by decision-makers for the 

appropriate investment choice. 
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(a) (b) 

Fig. 4.11 Sensitivity analysis results impact on (a) TNPC and (b) LCOE 

4.4.5 Evaluation of model accuracy compared with relative literature 

Nevertheless, the existing study analysis was challenging to be compared with relative 

literature due to alterations in LEPS structure, climate conditions and load consumption; 

the economic metrics were considered satisfactory standards for assessing and contrasting 

the attained findings with the results found in the literature. Table 4-13 presents a synoptical 

evaluation between the TNPC and LCOE values of the current work and the absolute values 

of specific LEPS projects constructed at different locations over the globe. Since the 

calculation of the TNPC depends on components' capacities and project capital expenses, 

its significance was considerably unbalanced and varied from a region to another. 

Alternatively, the LCOE values should be observed as a consistent measure of sustainable 

development cost. According to Table 4-13, it can be remarked that the case-study 

presented in [45] has the minimum LCOE (0.062 $/kWh) among other regions, while the 

case-study of Fuerteventura Island, Spain [55] has the highest value of 0.478 $/kWh. By 

evaluating the electricity cost of different case-studies which leads to a cost of energy of 

0.209 $/kWh on average, the LCOE of the current study was founded below the average, 

this signifies a robust alignment with the other global studies and will extend awareness 

into the economic viability of the suggested LEPS. 
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Table 4-13 Obtained results compared with most recent and relevant studies 

Reference Year  City, Location LCOE ($/kWh) TNPC ($) 

[136] 2020 Isolated Island 0.145 69,049,624 

[137] 2020 Al Batinah,, Oman 0.28 60,562 

[138] 2020 Neom city, KSA 0.117 438,657 

[45] 2018 Bozcaada Island, Turkey 0.308 152,672 

[139] 2019 Minya, Egypt 0.062 115,649 

[55] 
2019 

Fuerteventura Island, Spain 0.478 560,247 

Lanzarote Island, Spain 0.404 473,013 

[46] 2020 Sinai, Egypt 0.107 502,662 

[140] 2021 Five villages, Iran 0.148 358,350.2 

Current study 2020 Baltim, Egypt 0.1019 1,048,046 
 

4.5 Conclusions 

This chapter developed a fuzzy decision-making optimization approach for the design and 

evaluation of  LEPS comprised PV, WT, and DsGn with two options of energy storage 

(FBAT and TPH). The load demand represents a large-scale RODP used to supply a beach 

resort with freshwater with an average demand of 2133.2-kWh/day and a peak demand of 

333.15-kW. The significant outcomes and conclusions of this case-study can be 

summarized as follows: 

• Using FBAT, the design optimization using HOMERPro showed that the 

WT+PV+DsGn+FBAT system (case-3) is the most cost-effective system with 

minimum TNPC, LCOE and PbP of $1,048,046, 0.1019 $/kWhr, and 1.1 yr, 

respectively. Nevertheless, this configuration has a moderate technical and energy 

performance. Still, excluding the 100% renewable solutions, case-7 has the best 

ecological impact. 

• With the inclusion of TPH storage rather than FBAT, the WT+PV+DsGn+TPH system 

(case-7) is found the best system to supply the RODP. The system has a TNPC of 

$1,371,805, a LCOE of 0.1333$/kWhr and the highest IRR of 92.9%. However, case-

2 with battery storage shows a better economic performance, achieving ~23% in TNPC 

and LCOE compared to case-7. 

• Since the optimization results rank the feasible alternatives based on their economic 

behaviour, a fuzzy MCDM model based on integrating both F-AHP and F-VIKOR 

approaches was proposed to decide to select the optimal solution based on 10 

performance criteria. 

• The F-AHP and F-VIKOR results nominated case-3, which comprises 5×20-kW WTs, 

328-kW PV units, 100-kW DsGn, 112 FBAT, and 235-kW BDC, provide a right trade-
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off solution supplying the RODP. This LEPS is ranked 1st among the ten feasible 

alternatives with a minimum defuzzified Q* equals -2.05. 

• The optimal LEPS ensure the ability to maintain the load balance and records the best-

compromised values of TNPC ($104,8046), LCOE (0.1019$/kWh), PbP (1.1 yr), IRR 

(104%), RnF (95.55%), GhG (25426.46 kg/yr), CsF (761 kWh/yr, i.e., ~ 0.0977%) and 

UlF (581 kWh/yr , i.e., ~ 0.0746%). 

• Last, the sensitivity analysis revealed that the optimal LEPS comprising FBAT are 

more cost-efficient than comprising TPH storage against the growth of RODP demand, 

reduction of storage cost, and interest rate variation. 

Overall, this presented study would help researchers, energy developers, investors, and 

decision-makers to select the most suitable LEPS design for off-grid areas where 

sustainable planning based on technical, economic, and ecological aspects is a significant 

objective. The results of this chapter have been published in [J6]. Besides, two other case-

studies have been investigated and published in [J4] and [J7]. 

  



Chapter 5: Coordinated Power Management and Design Optimization 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

84 
 

Chapter 5: Coordinated Power Management and Design 

Optimization 

In the previous two chapters, the optimal LEPSs have not been assessed to examine 

their stability and power quality against different meteorological and loading 

circumstances. Such appraisal can be achieved by employing an applicable PMS which has 

a significant concern to examine and expect the operation of the optimal systems before 

their real implementation. This chapter introduces the integration between design 

optimization and stability and power quality appraisal. 

5.1 Problem Depiction and Main Objectives 

The literature survey revealed a limited number of studies that incorporate design 

optimization and the power quality appraisal together. Such integration verifies the 

operational, power management and control feasibility of the LEPSs under different real 

circumstances; hence, it offers a more comprehensive analysis for the optimal LEPSs. A 

good power quality assessment allows LEPSs to perform energy management, 

precautionary maintenance, and quality control; hence, it can save both energy and money. 

In this chapter, a case-study is investigated to decide the optimal LEPS using TEE design 

optimization using HOMERPro followed by a comprehensive MATLAB/Simulink power 

quality assessment based on a proposed PMS. An intermediate dependability analysis is 

also presented on the optimal LEPS to investigate the behaviour of the optimal system 

under different values of possible capacity shortage. Besides, driven from the continuous 

efforts to overcome the lack of electricity dilemma in developing countries, the suggested 

framework is endorsed for an illustrative case-study which is projected to deliver electricity 

to a rural community area in Marsa-Matruh, Egypt. Distinctive isolated energy alternatives 

involving PV/WT/DsGn/BSS are developed, assessed, and compared considering the 

intermittence nature of renewable resources with a primary objective to acquire the most 

cost-effective and eco-friendly solution. Furthermore, the LEPS’ power quality is assessed 

using a proposed power management strategy to maximize the energy harvesting from solar 

and wind energies, supervise the energy exchange in the whole system, and improve the 

system stability. Hence, providing the stockholders, investors, energy developers, and 

competent government agencies with comprehensive and robust design optimization 

proposals for energy projects. 
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5.2 The Proposed Framework 

The proposed framework for this case-study is displayed in Fig. 5.1 in which it depends 

on three stages; the first stage is the TEE design optimization which is illustrated in chapter 

3, the second stage is the dependability analysis which is followed by the third stage (the 

power-quality assessment using a proposed PMS). Illustration of the dependability analysis 

and power quality appraisal is given in the following subsections. 

Optimal System 
Modeling

Power Management 
Strategy

PV
MPPT 

WT
MPPT 

DC-bus 
contol

DsGn 
control

Flow chart 
algorithm

Load V,f control

Objectives

Attaining the maximum 
available powers from both 
solar and wind energy

Managing the total generated 
power among whole system 
components

Upholding the dc-bus voltage 
constant during the 
unexpected disturbances

Regulating the load voltage in 
terms of magnitude and 
frequency

Keep a battery reserve at all 
times

Phase 4
(Power Quality       

Appraisal)

TEE design optimization 
using

Phase 4: 
Dependability Analysis

Objective

Evaluate the optimal system 
performance under different 
values of maximum capacity 
shortage (CsF%) 

 
Fig. 5.1 Proposed methodology of the addressed case-study 

5.2.1 Dependability analysis 

Dependability is considered one of the truly argumentative concerns with the planning 

of LEPSs. This is due to the several load demand characteristics supplied by these LEPSs, 

which involve distinct conditions of dependability. A dependable system implies that it can 

accomplish the equilibrium between production and loads devoid of power deficiency at a 

specific period of time. The CsF, which is illustrated previously in (3.2.2.4) in chapter 3, 

can be used as a dependability metric to measure the LEPS consistency. The dependability 

analysis is accomplished using HOMERPro by adjusting the maximum annual capacity 

shortage to several values and re-run the methodology each time. 

5.2.2 The proposed power management strategy 

Since the studied system mainly depends on RESs of unpredicted activity, the optimum 

generated power may be larger or less than the load demand; hence, a power management 

strategy (PMS) is proposed to enhance the energy exchange inside the system during 
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different disturbances. The block diagram, which describes the whole system components 

integrated with their specific controller, is shown in Fig. 5.2. The main objectives of the 

proposed PMS are: 

• Attaining the maximum available powers from solar and wind energies by employing 

maximum power point tracking (MPPT) approaches to the PV system and the WTs. 

• Controlling the power interchange among system’s components. 

• Sustaining the dc-bus voltage constant during the unexpected disturbances. 

• Regulating the load voltage in terms of magnitude and frequency. 

• Keep a battery reserve at all times. 

To accomplish the previous objectives, a unique controller is proposed for each element 

of the system to monitor and regulate its operation. The following part describes each 

control system along with its tasks and objectives. 
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Fig. 5.2 Schematic diagram of the different controllers within the optimal LEPS 

A . MPPT of the PV system 

According to the PV characteristics at high temperatures, the PV output power and 

efficiency decrease while the high level of solar radiation increases the output power and 

efficiency. Hence, when the temperature and radiation change, it is important to maintain 

the PV output voltage at the maximum power point (Vmpp), the matter that can be achieved 

by employing MPPT techniques. MPPT techniques are vastly addressed in enormous 

investigations, including the indirect techniques [141], [142] such as the open-circuit and 

short-circuit methods, the direct techniques such as perturbation and observation (P&O), 

incremental conductance (IC), and the intelligent techniques such as FLC-based methods 

and artificial neural networks-based methods [143]. The indirect techniques necessitate a 
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pre-knowledge of the operating characteristics of PV for numerous distinctive climate 

conditions. Hence, the accurate tracking of the MPP at any cell temperature and solar 

radiation is not possible. On the other side, P&O and IC schemes typically moderate the 

reference signal of a DC-to-DC converter which match-up the voltages of both PV and DC-

bus. The key merits of P&O and IC are the blind compatibility with any PV type since there 

are no needed details about the PV, the easiness of execution on digital controllers, the low 

cost, and the integrability with industrial inverters [144]. The P&O scheme experiences 

from the oscillation dilemma and can be improper during rapid climate circumstances. The 

IC method has enhanced tracking speed and precision over the P&O method [143]. The 

intelligent techniques are characterized by superior tracking speed and accuracy over the 

direct approaches; however, they suffer from the complexity and the high cost of 

application. In this context, a proposed new MPPT technique of two main blocks, the 

adaptive calculation block and the FLC block, to enhance the tracking ability and reduce 

the steady-state fluctuations is presented in [144]. The proposed scheme displayed better 

performance over P&O, IC, and the conventional FL-based methods. In [145], both 

simulation and hardware realization of the IC method in PV systems along with a direct 

control method are presented to upgrade the system performance. Due to the merits 

mentioned above of the IC technique, it has been employed in this study to accomplish the 

MPPT functioning for the PV system. The IC technique applies the critical point rule of 

derivatives on the PV output power. Both (5.1) and (5.2) express the mathematical 

description of the IC technique; the PV output power is differentiated to the voltage and set 

to equal zero to produce the conditions of acquiring the maximum power: 

0


= = + =
( )pv pv pv pv

pv pv
pv pv pv

dP d V I dI
I V

dV dV dV
 (5.1) 

0+ = → − =
pv pv pv pv

pv pv pv pv

I dI I dI

V dV V dV
 (5.2) 

 

In (5.2), the term (-Ipv/Vpv) represents the inverse of instant conductance of the array, 

while the term (dIpv/dVpv) indicates the array’s incremental conductance. For achieving the 

maximum power, both terms must have the same magnitude with a different sign. At every 

instant, both the voltage and current of the array are measured and differentiated to the 

time; the remaining main steps of the IC procedure are shown in Fig. 5.3 and can be 

summarized as follows, according to (5.1), there are three probabilities: 
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• If Equation (5.1) is equal to zero, this means the operating point is precisely at the top 

of the PV curve (exactly at the maximum power point ‘MPP’), and the measured 

voltage and current are Vmpp and Impp, respectively, as shown in Fig. 5.3-b.  

• If Equation (5.1) is not equal to zero, this indicates the measured voltage is higher or 

less significant than (Vmpp); hence, determine the direction of inward perturbation to 

drive the operating point in the MPP path. Thus, the remaining two possibilities are:  

o If the result is positive, this implies the array voltage is higher than (Vmpp); hence, 

the operating point is on the right of the MPP. In this case, the controller decreases 

the duty cycle to push the operating point towards the MPP; the previous process 

is repeated until fulfilling (5.1), which then allows the tracking system continues 

to operate at this point pending any change over is detected.  

o If the result is negative, this means the array voltage is less than (Vmpp); hence, the 

operating point is on the left of the MPP. In this case, the controller increases the 

duty cycle to push the operating point towards the MPP; the previous process is 

repeated until (5.1) is fulfilled. 

The descriptive diagram of the MPPT for the PV system based on the IC technique is 

shown previously in Fig. 5.2 in which an auxiliary PI controller is engaged to enhance the 

tracking capability by reducing the ripple fluctuations, which reflects on the precision of 

the calculations. 
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Fig. 5.3 The IC control method (a) flowchart (b) its procedure on PV characteristics 
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B . MPPT of the wind system 

The wind speed measurement (WSM) method, which was adopted in this study, 

requires two feedback signals, the wind speed, and the turbine speed. Besides, the tip-speed 

ratio, which is the ratio of the turbine blade speed to the wind speed, must be determined 

[146]. There are three other methods used for controlling the WT, namely perturb and 

observe (P&O) [147], power signal feedback (PSF), and oriented torque control (OTC) 

[148]. The P&O method does not necessitate a pre-knowledge of the maximum WT power 

at various wind speeds or generator specifications; hence, it has a robust consistency but of 

poor efficiency [147]. The PSF method does not need wind speed measurement; instead, 

the WT maximum power curve must be provided to the controller so that the maximum 

power is subsequently traced by shaft speed control [148]. For the three MPPT methods, 

when the WT output power becomes higher than the rated power due to the beyond-rated 

wind speed, the WT is forced to stop working to safeguard the coupled generator. For this 

regard, the pitch angle control is applied to adjust the blades pitch angle to keep the WTs 

producing electricity at the rated value and decrease overloading of the WT beyond rated 

wind speeds. 

Based on the modelling of the wind energy system illustrated previously in chapter 2, 

the relationship between the tip speed ratio (λ) and the wind power coefficient (Cp) changes 

based upon the blade pitch angle (β). Besides, the wind power coefficient can be maximum 

(Cp-opt) at only one value of λ, namely the optimal tip speed ratio (λopt) as indicated 

previously in Fig. 2.4 in chapter 2. Consequently, if β equals zero (no pitch angle control), 

the maximum power coefficient can be obtained and thus, the optimal wind power PWTopt 

can be determined. The SMR circuit is exploited for maximum power extraction from the 

wind due to its low cost and simple implementation. Fig. 5.2 shows the control structure of 

the MPPT technique applied for the wind energy system. The figure shows that the MPPT 

technique consists of two cascaded PI-controllers in which the optimal wind power (Popt) 

is compared with the actual generated power (Pact). The resulting error is handled by the 

first PI-controller, which defines the reference value of the dc-bus current for the next 

control loop. The actual dc-bus current is measured and compared with the pre-determined 

reference current; then, the resultant mismatch is supervised using the second PI-controller. 

The controller generates the desired duty cycle of the boost converter under the different 

variabilities in the input side (the wind turbine side). Furthermore, a limiter is applied to 

the controller to handle the threshold value of the generator current. 
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C. The battery control unit 

The major target of the battery control unit (BCU) or the DC-bus voltage regulator is 

to maintain the DC-bus voltage constant at the desired reference value at different operating 

circumstances. This goal is achieved through employing a battery regulated by a 

bidirectional buck-boost converter, as shown in Fig. 5.2. In such kinds of converters, the 

voltage level of the battery can be chosen smaller than the desired reference value. The 

control function of the buck-boost converter is to adjust, observe and supervise the battery 

operation day and night. The battery modes of operation can be charging, discharging, or 

standby, depending on the control action of the BCU. In order to minimize the ripple in the 

battery current, an inductor is employed at the battery side, which in turn improves the 

battery efficiency and increases its lifetime. The BCU consists of two cascaded PI 

controllers; the first is responsible for generating the reference signal of the desired battery 

current (IBref) by comparing the actual DC-bus voltage (Vdc) with the desired reference value 

(Vref). In the second PI-controller, the actual battery current is measured and compared with 

the formerly determined reference signal. The output of the controller is the duty-cycle of 

the buck-boost converter, which in turn is compared with a carrier signal to generate the 

required switching pulses of the converter switches. The operating modes of the battery are 

principally based upon the level of the DC-bus voltage, which is associated with the 

required reference value. In the charging/bucking mode, the DC-bus voltage is higher than 

the desired reference voltage. This mode is founded when the power generated from the 

wind turbine and the PV array is higher than what actually the consumer/load needs. 

Therefore, the battery is in charging mode. In the discharging/boosting mode, the DC-bus 

voltage is less than the required voltage. In contrast with the charging mode, this mode is 

activated when the power generated from the wind turbine and the PV array is not enough 

to supply the load. In this manner, the battery discharges to overcome the shortage. 

D. The inverter control unit 

It is essential to alleviate the load power in terms of voltage magnitude and frequency 

throughout the inverter control circuit. There are two main classifications of controlling the 

inverter in which each classification includes distinct schemes of control; the first is the 

pulse width modulation feedforward scheme which includes the sinusoidal pulse-width 

modulation (SPWM). The second scheme is the pulse width modulation feedback which 

includes the hysteresis current control and the space vector pulse-width modulation. Due 

to the various inverter control techniques, there are control methods in which the dq-axis 
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components can be employed to obtain the modulation index; on the other side, other 

control approaches are achieved by directly obtaining the controlled modulation index. As 

a primary focus is given is to enhance the stability and power quality of a 

PV/WT/DsGn/BSS LEPS, a straightforward inverter control technique based-SPWM is 

proposed to control the load voltage and frequency during balanced and unbalanced loading 

events. In this technique, a high-frequency carrier signal is compared with three unit-vector 

sinusoidal modulating signals shifted by 120o and has the required output/load frequency. 

The gating signal for a particular phase result from comparing the carrier and the 

modulating signal corresponding to that phase. The relationship between the input DC 

voltage and the output line-voltage is given by (5.3). 

0 6124
−

=  dc bus.  lineV m V
 (5.3) 

The magnitude of the inverter output voltage depends on the amplitude of the 

modulation index (m) and the value of input DC voltage. From (5.3), the inverter's output 

voltage depends on the modulation index and the input DC voltage, which must be 

maintained constant. Hence, the required AC voltage in the output determines the necessary 

modulation index. In this proposed technique, the inverter can be controlled to supply either 

a balanced or unbalanced load. For balanced loading conditions, the same modulation index 

is employed for the three phases. For unbalanced loading conditions, using the same 

modulation index (fixed modulation index ‘FMI’) for all phases makes the control 

unacceptable since it produces different (unequal) output voltage for all phases. In order to 

overcome this problem, the control method proposes a variable modulation index (VMI) 

control technique used to control each phase separately, as shown in the inverter control 

unit in Fig. 5.2. From the figure, it can be seen that the input of each PI-controller is the 

voltage deviation between the reference rms phase voltage and the actual rms phase 

voltage. The PI-controllers handle the mismatch that occurs in phase voltages then generate 

the modulating signal amplitude for each phase, which is then entered to a limiter or a 

saturation block to limit its value below the unity. The required firing pulses for each 

inverter switch are generated using the proposed variable modulation index in which the 

three sinusoidal modulating signals are generated for each phase with different amplitude 

according to the output of the corresponding PI-controller. 

To appraise the impact of unbalanced loading, a definition of voltage unbalance 

necessary. Both IEEE and National Equipment Manufacturing Association (NEMA) 

employ the same description of voltage unbalance as in (5.4) [149]. The only disparity is 
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that the IEEE utilizes the phase voltage over the line voltage used by NEMA. In the IEEE 

definition, which is known as the phase-voltage unbalance rate (PVUR), the average phase 

voltage is always assumed to be equal to the rated voltage. 

−

−

=
max. voltage deviation from V

%
V

ph avg

ph avg

PVUR  (5.4) 

The proposed PMS depends upon the level of the total generated power from both PV 

units and WTs compared to the load demand power and the batteries’ SOC. If the generated 

power, excluding the converters losses, is higher than the load demand, the battery bank 

may be either in charging mode or discharging mode depending on the pre-set minimum 

and maximum SOC levels. If the battery SOC is higher than the predetermined minimum 

charging level, the BSS can release its reserve energy to aid the main supplies. If the 

supplied power is not enough, or in other words, the SOC becomes less than the minimum 

charging level, the standby diesel generator provides the load. Also, the battery bank is in 

charging mode until reaching the maximum charging level. If the SOC is less than the 

predetermined maximum charging level, the battery starts to receive energy from the 

system to charge until the SOC matches the maximum charging level. Occasionally, the 

total generated power becomes higher than the load demand. At the same time, the battery 

is fully charged; in this case, the extra power is planned to supply deferrable load to get the 

benefit of this energy (i.e., heating water). The flowchart which describes the proposed 

PMS is shown in Fig. 5.4. 
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Fig. 5.4 Flowchart of the proposed PMS 
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5.3 Case-study Elucidation 

5.3.1 Project location and system structure 

Since Egypt is located in the global sunbelt region and has good availability of solar 

and wind energies, the opportunity to establish a LEPS is certainly considered great to 

generate electricity from such free and clean energy for residential community 

electrification on the edges of Marsa-Matruh city in the northern-western of Egypt (31. 21° 

N and 27.16° E) with an elevation above the sea level by 30 m as shown in Fig. 5.5. In the 

current case-study, the proposed LEPS consists of five components: PV units, WTs, DsGn, 

BSS and BDC, as shown in Fig. 5.6. Each component in the LEPS has its unique control 

unit, which in turn has specific tasks during different circumstances. The detailed 

mathematical modelling of these elements has been introduced in chapter 2, while both 

technical and cost data are given in Table A6 in Appendix-A. 

 

Fig. 5.5 Location of the investigated case-study in Marsa-Matruh 
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Fig. 5.6 The developed LEPS (a) Schematic diagram, (b) HOMERPro model 

(a) (b) 
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5.3.2 Renewable energy potential 

The solar and wind atlases of Egypt show high solar and wind production availability over 

the whole area of the country [150]. The monthly averaged solar radiation profile and wind 

speed profile are illustrated in Fig. 5.7. The estimated average solar radiation potential is 

5.29 kWh/m2/day at an average clearness index of 0.59, where the highest monthly solar 

radiation and wind speed occur in July (7.89 kWh/m2/day), while the minimum value was 

2.5 kWh/m2/day during December. Meanwhile, the wind speed was ranged from 5.01 m/s 

to 6.38 m/s with a yearly average value of 5.53 m/s. The given profiles reveal the high 

prospect of renewable resources throughout the year, particularly during summertime and 

less availability during the winter. 

 
Fig. 5.7 Marsa-Matruh’s meteorological data 

5.3.3 Load demand assessment  

According to the results of the 2017 census, Marsa-Matruh city, the capital area of 

Matruh Governorate, has 2,675 km² and a 209,149 population, where 76.7 % of the city is 

categorized as an urban area, while the remaining is counted for the rural area [151]. The 

energy requirement in the investigated area is assessed through primary survey data and 

according to the Egyptian Code for electrical connections and installations in building with 

a daily load profile given in Fig. 5.8. The loads include domestic and community 

enterprises. The local load includes lighting, fans, television, mobile charging point, TV, 

etc. Community load includes streetlights in the city, shops, health center facilities, 

elementary school, etc. Detailed demand data after the load demand analysis for a sample 

of 60 houses in the Marsa-Matruh community is given in Table 5-1. The community 

consumes a low power rate from12 a.m. to 6 a.m. daily, while the peak demand usually 

occurs between 6:00 p.m. and 11:00 p.m. daily (the period between close to daily activities 

and bedtime). The maximum load begins at 7 a.m. till 11 p.m. Also, for more practical 
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loading data, it is reproduced using a random variability of 10% daily and 20% hourly 

[152]. Then, the average daily power consumption is about 400 kWh, and the community 

require a maximum of 49 kW peak load. 

 
Fig. 5.8 Community daily load profile 

Table 5-1 Electricity demand for the investigated Marsa-Matruh community 

Load category  
Type of 

consumption 

Power 

(W) 
Quantity Hours 

Energy 

demand 

(kWh/day) 

Energy 

demand 

(kWh/month) 

% 

Household 

 Lamps 10 8 5 0.40 12.0 7% 

 Radio 24 2 3 0.14 4.3 2% 

 Vacuum clean 220 1 2 0.44 13.2 8% 

 Television 100 1 4 0.40 12.0 7% 

 Phones charger 10 3 1 0.03 0.9 1% 

 Ceiling fan 65 3 6 1.17 35.1 20% 

 Refrigerator 50 1 24 1.20 36.0 20% 

 Iron 1000 1 1 1.00 30.0 17% 

 heater 90 1 12 1.08 32.4 18% 

Total demand/household 5.864 175.9 100% 

No. of houses  60    

Total demand for households 351.8 10555.2  

Community 

 Public lighting 25 15 9 3.38 101.3 7% 

 School 1500 1 11 16.50 495.0 34% 

 Health center 2000 1 9 18.00 540.0 37% 

 Shops 400 2 12 9.60 288.0 20% 

 Community center 200 1 6 1.20 36.0 2% 

Total demand for community 48.7 1460.3 100% 

Total estimated load demand 401 12015.5  

 

5.4 Results and Discussion 

5.4.1 TEE optimization results 

The complete results of design optimization are given in Table 5-2 based on a project 

lifetime of 20 years and nominal interest rate of 13.256 % and expected an inflation rate of 

4.8 % [76], where the straight-line depreciation method is applied. The table shows the 

optimal capacities of each element associated with each scenario that fulfils the load 

demand with the required design constraints. The most viable solution is ranked based on 

the objectives considered and satisfies all operational and other constraints mentioned 

above. After the accurate simulation, the primary sensitive outcomes are as follows: 
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• After investigating each scenario, the optimal configuration plan for the investigated 

case-study is found to be consist of PV/WTs/DsGn/BSS/BDC. In contrast, the 100% 

renewables and DsGn scenarios are denoted as the least cost-optimal plans. The 

winning system consists of 41-kW PV units, 6x2-kW WTs, 15-kW DsGn, 92 batteries 

and 27.4-kW BDC.  

• The optimal LEPS have superior TEE characteristics compared to other alternatives 

since it has a minimum TNPC of 351223 and LCOE of 0.2262 $/kWh with CsF of 

0.0955% and GhG of 50.43 ton/year, as well as a realistic RnF of 57 %.  

• However, the zero GhG emissions and free O&M cost benefits of the pure renewable 

scenario, the cost performance is inferior with high values for TNPC (569257.3 $) and 

LCOE (0.3667 $/kWh). This is fundamentally attributed to increasing the capital 

expenditure to the top value of $433043.1 capitalized for 108.8 kW PV, 17 x 2 Kw 

WTs, 390 batteries, and 44 kW BDC. Also, this scenario has the lowest reliability level 

with a CsF of 0.0978 % (i.e. 143 kWh/yr), which is a disadvantage. 

• Expectably, the base-case (diesel only) system has the lowest capital expenditure of 

$48000. However, the system O&M cost is considerably large due to the high 

consumption rate of fuel (~ 52012 L/year) and frequent maintenance to meet the load 

during the whole year. Moreover, this scenario has the worst emission performance as 

a result of zero integration of renewables. 
 

Table 5-2 Optimization results of feasible alternatives  

R
a

n
k

 Optimal capacity Performance indices Cost data Fuel 

rate PV WTs DsGn BSS BDC TNPC LCOE CsF RnF GhG O&M Capital 

(kW) (No.) (kW) (No.) (kW) ($) ($//kWh) (%) (%) (ton/yr) ($/yr) ($) (L/yr) 

1 41.19 6 15 92 27.4 351223 0.2262 0.0955 57.0 50.4 17787 162367.7 19263.8 

2 47.07 - 20 68 26.8 352047.6 0.2268 0.0958 37.8 73.0 23213.5 105576.5 27897.0 

3 - 9 20 51 24.9 393902.7 0.2537 0.0956 37.5 73.6 23744.0 141798.0 28120.6 

4 108.81 17 - 390 44.0 569257.3 0.3667 0.0978 100.0 0.0 12829.1 433043.1 0.0 

5 - - 40 - - 594259.8 0.3826 0.0496 0.0 136.2 51448.5 48000.0 52012.4 
 

5.4.2 Dependability analysis results 

The obtained dependability outcomes revealed the impact of changing the maximum 

annual capacity shortage values on the optimal LEPS acts and its components’ sizes. The 

examined performance indices are TNPC, LCOE, RnF, and GhG, as shown in Fig. 5.9-a, 

while the impact on components’ capacities is shown in the radar diagram in Fig. 5.9-b. 

From Fig. 5.9-a, it can be recognized that when the CsF increased from 0 to 10%, both the 

TNPC and LCOE changed, taking the same trend by decreasing from $351,223 and 0.226 

$/kWh to $289,576 and 0.204 $/kWh, respectively achieving a reduction equivalent to 
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17.55% in TNPC and 9.81% in LCOE. These cost reductions are due to the drop of the 

total initial capital and operating costs as a result of using a smaller number of WTs and 

batteries, as shown in Fig. 5.9-b. Moreover, the number of batteries is reduced from 92 to 

15 (83% less) together with disregarding the WTs from the optimal LEPS layout. The 

elimination of WTs, therefore, results in decreasing the RnF from 57% to 36.1%. 

Regardless of the reduction in both TNPC and LCOE, increasing the CsF raised the total 

GhG emissions by 37% (50.43 tonnes/year to 69.1 tonnes/year). Furthermore, it can be 

recognized that at CsF=7%, productive outcomes are achieved regarding both the economic 

and ecological aspects. At CsF=7%, the TNPC, LCOE, RnF, and GhG have verified drop 

ratios of 13.73%, 8.5%, 21.5%, and 22.5% compared to the original value of (CsF=0%) at 

which the optimal LEPS was selected. Simultaneously, the total amount of unmet load per 

year is 8550 kWh (5.8% of the total load demand) which can be comparatively accepted on 

the customer satisfaction level. To conclude, the dependability analysis validates the 

technical, economic, and ecologic effectiveness of the optimal LEPS at a maximum annual 

capacity shortage of 7%. 

  
 

Fig. 5.9 Impact of changing the CsF on (a) system’s performance (b) elements’ size 

5.4.3 Power quality appraisal results 

A. System operation during the summer season 

The overall system performance is studied during July, where the solar radiation is high, 

and the wind speed is lower in comparison with the winter season. During July, the average 

solar radiation is about 695 kWh/m2, while the average wind speed is 5.43 m/s. The initial 

SOC of the battery bank is about 50%, and balanced load demand, in this case, is 18.15 

kW. For the first 5 s, the generated power from the PV array based on the MPPT control 

method is not only sufficient to supply the demand load. Therefore, according to the PMS, 

the battery bank helps in supplying the load requirements. After 5 s, extra power is available 

from the WT. The generated and demand powers are shown in Fig. Fig. 5.10-a. It can be 

0% 3% 5% 7% 10%

280000

300000

320000

340000

360000

T
N

P
C

 (
$
)

Maximum annual capacity shortage

 TNPC  LCOE  RnF  GhG

0.20

0.21

0.22

0.23

L
C

O
E

 (
$
/k

W
h

)

36

40

44

48

52

56

R
n

F
 (

%
)

48

52

56

60

64

68

G
h

G
 (

to
n
n

e
s
/y

)

-20

0

20

40

60

80

100

10%

7% 5%

3%

0%

 PV  WT  BSS  DsGn  BDC

(a) (b) 



Chapter 5: Coordinated Power Management and Design Optimization 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

98 
 

noticed that the load demand power with the losses are greater than the generated PV power, 

so the battery bank is in a discharge mode. Meanwhile, when the WT is connected, the 

demand load power is lower than the generated power. The discharging and charging of 

the batteries are determined based on the PMS, as illustrated in Fig. 5.10-b. The wind power 

coefficient, which is shown in Fig. 5.10-c, is kept constant at the maximum value, which 

confirms the effectiveness of the proposed MPPT control method for the WT. The control 

method of the dc-bus voltage succeeded in maintaining its value constant at 1100 V as 

plotted in Fig. 5.10-d. Moreover, the BDC successfully regulated the rms load voltage at 

220 V, as observed in Fig. 5.10-e. The three-phase instantaneous load voltage is given in 

Fig. 5.10-f, from which it can be observed that the frequency is kept constant at 50 Hz. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 5.10 Results during summer (a) Different powers, (b) SOC response, (c) Cp, (d) DC-

bus voltage, (e) Load rms voltages and (f) Load instantaneous voltage 
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B. System operation during the winter season 

The system performance was the second time investigated during the Winter where the 

solar radiation activity was lower than in summer. Fig. 5.11-a and Fig. 5.11-b show that the 

solar radiation decreases from 695 to 684 W/m2 while there was an increase in the wind 

speed from 5.79 to 6.38 m/s. However, during these meteorological changes, the MPPT 

techniques of both the solar and wind systems were effectively implemented during these 

changes. Fig. 5.11-c confirms the response of the wind power coefficient. The power-

sharing by the system components is shown in Fig. 5.11-d which indicates that the loads 

were supplied using both the PV system and the WT while the extra power was used to 

charge the BSS. At the same time, there was no need for the diesel generator since the 

generated power was enough or more than the load demand, which confirms the proposed 

PMS, as shown in Fig. 5.11-e. The state of charge response of the BSS is also shown in 

Fig. 5.11-f, which confirms the charging operation of the battery. The dc-bus voltage was 

successfully kept constant during the weather changes using the battery control unit, as 

shown in Fig. 5.11-g. Further, the BDC succeeded to keep the loads supplied by constant 

voltage and frequency during the changes, as shown in Fig. 5.11-h. 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

Fig. 5.11 Results during winter (a) solar radiation, (b) wind speed, (c) Cp, (d) Different 

powers, (e) PMS fulfilment, (f) SOC, (g) dc-bus voltage and (h) Load rms voltages 

C. System operation during the autumn season with diesel outage 

In this case, the system performance was inspected during November, considering the 

outage of the DsGn from the service after being supplying the loads. According to the 

activity of renewables in Autumn, both the average solar radiation and wind speed were 

considered steady at 523 W/m2 and 5.2 m/s, respectively. In this case, the DsGn outage was 

considered after 6.2 s after being supplying the loads from the beginning, as demonstrated 

in Fig. 5.12-a. The dc-bus voltage was adequately maintained constant by the BSS, as 

shown in Fig. 5.12-b. The power distribution among system components is shown in Fig. 

5.12-c which shows that the loads were supplied by the PV, the WT and the DsGn until the 

DsGn gets out of service and the extra power was used to charge the BSS. This can be 

confirmed throughout the SOC response of the BSS, which is shown in Fig. 5.12-d. At the 

load side, the BDC succeeded to keep the loads supplied by constant voltage and frequency, 

as shown in Fig. 5.12-e and Fig. 5.12-f. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 5.12 Results during Autumn (a) PMS fulfilment, (b) DC-bus voltage, (c) Different 

powers, (d) SOC response, (e) Instantaneous load voltages and (f) Load rms voltages 

D. System operation during the spring season 

The evaluation of the system is examined where both the average solar radiation and 

wind speed were approximately 614 kWh/m2 and 5.52 m/s, respectively. The required 

average load demand in April was 14.52 kW. For the first 5 s, the generated power is higher 

than both load demand and losses; thus, the remaining power is delivered to the BSS. 

During the WT connection period, the spare power is absorbed by the battery according to 

the PMS. Based on the PMS, the second extra (deferrable load) is connected when the SOC 

gets beyond the maximum value of 90%. The responses of different powers, PMS 

fulfilment, SOC, and the dc-bus voltage, are illustrated in Fig. 5.13 (a-d), while the load 

voltage and current are given in Fig. 5.13 (e-f). 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 5.13 Results during Spring (a) Different powers, (b) PMS fulfilment, (c) SOC 

response, (d) DC-bus voltage, (e) Load instantaneous current and (f) Load rms voltage 

E. Unbalanced loading assessment  

In order to illustrate the effectiveness of the proposed VMI scheme over the FMI 

method during the unbalanced loading, simulation results were performed for both control 

methods. The system started supplying a balanced load for the first 3 seconds while the 

load came to be unbalanced after 3 seconds. The balanced load was changed from 4 Ω/ph 

to 4 Ω/ph, 3.5 Ω/ph, and 3 Ω/ph for phases a, b, and c respectively. Different modulation 

indices were generated during the unbalanced loading to keep the rms value of load voltage 

fixed at 220 V as in Fig. 5.14-a. Conversely, the FMI leads to different values of load 

voltages, currents, and powers, as shown in Fig. 5.14 (b, d, and f). It can be seen from Fig. 

5.14-b that the voltage of phase-C deviated to 185 V using the FMI method while the VMI 
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method effectively kept the voltage of the three phases at 220 V. Hence, the resulting 

PVUR% for the FMI and VMI methods is 15.91% and zero% respectively. 

  
 (a) (b) 

  
 (c) (d) 

  
 (e) (f) 

Fig. 5.14 Results during unbalanced loading (a), (c) and (e) are load voltage, current and 

power using VMI while (b), (d) and (f) are load voltage, current and power using FMI 

F. Comparison with relative case-studies 

The performance characteristic of the proposed control schemes employed for the BDC 

is compared with similar control methods presented in the literature for regulating the load 

voltage in terms of magnitude and frequency and harmonics content. The waveform of 

phase-A voltage and the corresponding total harmonic distortion (THDv) was inspected and 

analyzed as shown in Fig. 5.15. The THDv% which displayed in Fig. 5.15-c was found 

equal to 1.27%, which is less than the THDv% resulted from the compared studied. Besides, 

the obtained value of THDv% is well less than the allowable limit along the lines of the 

IEEE-519 standard. In this regard, Table 5-3 summarizes a comparison among the results 

obtained in the current study and various results presented in the literature. 
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Fig. 5.15 Load voltage of phase-A and corresponding harmonic spectrum 

Table 5-3 Comparison among the employed control scheme and relative studies 

Ref-year 
MMPT control method Control scheme 

Unbalanced 

loading 

analysis 

THDv% 
PV WT Battery Inverter 

[153]-2019 - - PI PI No 2.37% 

[154]-2019 IC OTC PI PI No 1.83% 

[155]-2018 P&O P&O FLC PI No 4.50% 

Current work IC WSM PI PI Yes 1.27% 
 

5.5 Conclusions 

This chapter introduced the feasibility of designing an off-grid PV/WT/DsGn /BSS 

system to electrify a community area in Marsa-Matruh, Egypt, with the least costs and 

emissions and of high-power quality. An integration, which was found to be limited in the 

literature, between the TEE design optimization using HOMERPro and followed by a 

stability and power-quality appraisal on Matlab/Simulink was achieved. This was 

accomplished through an integrated and systematic framework for optimum layout of 

LEPS among five energy alternatives by changing the penetration level of RESs. Various 

performance criteria have been assessed through a comparative analysis of the different 

structures to find out the best solution with the least TNPC and emissions. The main 

findings of the assessment can be emphasized as follows: 

• Optimal capacities of the winner hybrid system of the best cost-effective were found 

to be 41.2 kW PV units, six units of 2.625 kW WTs, 92 units of 23.92 kWh lead-acid 

batteries, 15 kW DsGn and 27.4 kW BDC.  

• The comparative analysis reveals that the PV/WTs/DsGn/BSS/BDC was found to be 

the most cost-effective design with the least TNPC of 351,223 $ and LCOE of 0.2262 

$/kWh, which was found to be adequate for such investments in Egypt. 

(a) 

(b) 

(c) 
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• Several benefits have been obtained due to the presence of RESs since a practical 

penetration level of 57% of RnF was achieved, such as capacity shortage of 0.0955%  

and emitted GhG of only 50.43 ton/year. 

• The dependability analysis revealed that increasing the permissible value of the 

maximum annual capacity shortage has a direct impact on decreasing the economic 

behaviour of the optimal LEPS as well as decreasing the GhG emissions. 

• Based on the optimal capacities found by HOMERPro, a Matlab/Simulink model was 

built-up for power quality evaluation during the frequently possible disturbances 

throughout the four seasons utilizing the proposed PMS. The PMS efficiently attained 

the maximum power from solar and wind energies throughout the suggested MPPT 

for each generation system expertly moderated the energy exchange among the system 

components employing the battery control unit. 

• Sufficient spare power was productively guaranteed at all times of the day in the 

battery bank to overcome any sudden possible interruption. The dc-bus voltage was 

upheld consistently by the battery controller. The inverter controller efficiently 

regulated the load voltage and frequency for both balanced and unbalanced loading 

conditions; hence, consumers can be supplied from a high-power quality supply. 

Conclusively, the developed model in this study may be helpful for governments, local 

authorities, and policymakers to identify the optimal design and investigate the power 

quality of LEPSs in remote villages, where access to electricity is lacking.  

The results of this chapter have been published in [J9], [C1] and [C2]. 
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Chapter 6: Stability Enrichment of Local Energy 

Production Systems 

Following the different phases of the presented framework in previous chapters, this 

chapter gives a special focus to enriching the stability and power quality of various LEPSs 

structures using different energy storage systems controlled by vigorous and advanced 

control techniques. 

6.1 Problem Depiction and Main Objectives 

In spite of the marvelous features of employing RESs in distribution and LEPSs, energy 

production from such sources is erratic and fluctuating, which causes more instabilities in 

voltage, frequency, and power flow in these energy systems. Consequently, this 

substantially impacts the LEPSs operation. The great penetration level of RESs negatively 

affects such energy systems due to their low inertia and small time constant. Alongside the 

intermittent behaviour of solar irradiance and wind speed, the accidental variations in load 

power demand produce a serious response on the voltage at the coupling bus, system 

frequency, and indeed the active/reactive power exchange. Therefore, utilizing ESSs can 

efficiently alleviate the different fluctuations and level the load demand by robustly 

regulating their charge and discharge operation consistent with other components in the 

system. In this chapter, different types of ESSs are integrated, separately or combined, into 

different structures of LEPSs and controlled for enriching their stability and power quality 

performance. Thus, the key objectives can vary with the system structure and the utilized 

energy storage technologies. In the following parts, four different case-studies that 

represent four isolated LEPSs integrating distinct ESSs are investigated and analyzed. 

6.2 A DC LEPS integrating BSS and SMES 

6.2.1  Main aims 

In this case-study, a proposed control system of a fully renewable LEPS comprised of 

PV and WT is presented. The system performance is investigated by integrating BSS and 

SMES systems individually into the LEPS under distinct fluctuations of solar radiation, 

wind speed including wind gusts, and load demand. The proposed control techniques aim 

at improving the productivity of both PV and wind systems by employing robust MPPT 

techniques to assist the operation of both BSS and SMES systems. Besides, mitigating 

instabilities of DC-bus voltage and load voltage, frequency, and power to their desired 
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values during the examined instabilities. Also, highlighting the superiority of the SMES 

system over BSS during the above-mentioned instabilities to enhance the system stability. 

6.2.2 System structure and specifications 

A hybrid PV-wind generation scheme integrated with ESS is considered in the case-

study as displayed in Fig. 6.1. A PV array of 6-kW capacity is utilized to convert the solar 

energy directly to electricity; the array terminals are connected to a boost converter that 

matches the voltages of the array and the DC-bus. The different parameters of the utilized 

PV array are listed in Table 6-1. Besides, the employed WT is a vertical-axis type coupled 

with a PMSG. The generated three-phase voltage is rectified through a three-phase 

uncontrolled rectifier and then regulated using a boost converter to match the dc-bus 

voltage. This boost converter is also responsible for acquiring the maximum power from 

the wind energy in the permissible wind speed the WT can work through. The parameters 

of the utilized wind system are listed in Table 6-1. A 50 Ahr, 200 V lead-acid battery is 

integrated with the PV-wind system to supply the load demand, while a small-scale SMES 

unit of 120 kJ capacity with an initial current of 350 A and 2 H inductance is also utilized 

in this case-study. The SMES unit is connected directly to the DC-bus through a bi-

directional dc-dc converter. 
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Fig. 6.1 System structure of the DC-bus LEPS with BSS and SMES 
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Table 6-1 Specifications of the utilized PV and wind energy systems 

Element/Parameter Value Element/Parameter Value 

PV module Wind Turbine 

Maximum power 6 kW Nominal power 7.5 kW 

Open circuit voltage  321 V Cut-in speed 4 m/sec 

Short circuit current 18.4 A Cut-off speed 12 m/sec 

Voltage at max. (Vmp)  273.5 V Blade Radius 3.2 m 

Current at max. (Imp) 22.32 A Inertia 7.5 kg.m2 

Parallel strings - Series modules/string 4 - 5 Friction coefficient 0.06 N.m.s/rad 

The PMSG 

Nominal power 6 kW Nominal torque 40 N.m 

Nominal speed 153 rad/sec Stator inductance 8.4 mH 

Nominal current 12 A Armature resistance 0.4 Ω 
 

6.2.3 The proposed control method 

The employed controllers for the PV, WT, inverter, and the BSS utilized in this case-

study are the same as those proposed before in the investigated case-study in chapter 5 

while the proposed SMES controller is shown in Fig. 6.2. The first one handles the DC-bus 

voltage error and defines the SMES reference current for the second PI-controller. To 

generate the gate signals of S1 and S2, the duty cycle is compared with a triangular signal. 

The SMES coil is charged or discharged using the bidirectional converter, which is 

moderated to supply positive or negative voltage to the SMES coil. When S1 and S2 are 

turned ON, a positive voltage is then supplied from the DC-bus to the SMES coil (charging 

mode). When S1 and S2 are turned OFF, a negative voltage is applied to the SMES coil, 

which means that the stored energy is discharged from the coil to the DC-bus through 

diodes D1 and D2. Changing the average voltage across the SMES coil is defined by the 

duty cycle of the bidirectional converter. When the duty cycle is greater than 0.5 and less 

than 1, energy is stored into the coil, while for the duty cycle less than 0.5, the stored energy 

is released to the dc-bus. When the duty cycle exactly equal 0.5, the stored energy circulates 

in either (S1-D2-coil) or (D1-S2-coil) loops and hence, the SMES stays in a stand-by mode. 
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Fig. 6.2 The SMES control unit 
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The control process of the SMES bidirectional converter is furtherly explained in the 

flowchart shown in Fig. 6.3. The dc-bus voltage and SMES current are firstly measured to 

be used in the voltage and current control loops. If the measured voltage deviates the desired 

value, the control action is decided based on the sign of ΔVdc. The negative ΔVdc indicates 

that the generated power by both PV and WT is higher than what the load needs; hence, the 

control loops adjusts the duty cycle within the charging limits. Conversely, the positive 

ΔVdc indicates that the generated power is not sufficient to fulfill the load demand; hence, 

the control loops adjusts the duty cycle within the discharging limits. Otherwise, the SMES 

stays in a floating or a standby mode ready for the next charging/discharging action. 

Start

Vdc =Vdc,ref

Measure Vdc, Ism

Vdc  > Vdc,ref

(-ve  Vdc)
Vdc  <  Vdc,ref

(+ve  Vdc)

0.5 <  duty < 10 <  duty < 0.5

Charging modeDischarging mode

Standby mode

Voltage control

Current control

Voltage control

Current control

 
Fig. 6.3 Control process of the SMES bidirectional converter 

6.2.4 Results and discussion 

Based on the main focus of this study, a comparison between the SMES and the BSS 

has been conducted under the same operating conditions. It is worth mentioning that, in all 

the investigated cases, the WT is connected to the system after 5 seconds. The different 

instabilities are examined and analyzed as follows: 

A. Moderate variations of renewable energy resources 

In this case, the system performance is examined by varying both wind speed and solar 

radiation as in Fig. 6.4-a. Firstly, the MPPT control methods of both PV and wind systems 

were efficiently executed during the variations of wind speed and solar radiation as 

indicated in Fig. 6.4-b and Fig. 6.4-c, respectively. Besides, it can be recognized from Fig. 

6.4-d that the proposed control systems effectively upheld the DC-bus voltage during the 
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variations. It is observed that the proposed control systems using SMES is superior 

compared to the BSS, which is also reflected on the load rms voltage, load instantaneous 

voltage and frequency, and load power as shown from Fig. 6.4-e to Fig. 6.4-h. 

  
(a) Profiles of RERs (b) The generated PV power 

  
(c) The generated wind power (d) The DC-bus voltage 

  

(e) Load rms voltage using BSS (f) Load rms voltage using SMES 

  

(g) Instantaneous load voltage using SMES (h) The delivered load power 
 

Fig. 6.4 Results of the examined DC-bus LEPS under moderate variations of RERs 
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B. Extreme variations of renewable energy resources 

This case is considered as the worst-case where wind gust and shadow are occurring 

simultaneously while the load power remains constant at 8.5-kW. The RERs profile which 

depicts this case is illustrated in Fig. 6.5-a. The proposed control methods magnificently 

maintained the DC-bus and load rms voltages steady with a superior accomplishment of 

the SMES compared to the BSS, which has a large voltage drop during disturbances as seen 

in both Fig. 6.5-b and Fig. 6.5-c. Moreover, the comportment of both the SMES and BSS 

in terms of energy, currents and SOC is displayed in Fig. 6.5-d and Fig. 6.5-e while the 

load instantaneous voltage and frequency is shown in Fig. 6.5-f. 

  
(a) Profiles of RERs (b) The DC-bus voltage 

  
(c) The load rms voltage (d) Battery SOC and current 

  
(e) SMES energy and current (f) Instantaneous load voltage using SMES 

 

Fig. 6.5 Results of the examined DC-bus LEPS under extreme variations of RERs 
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6.2.5 Conclusions 

This case-study examined a comparison between the performance of the BSS and 

SMES technologies integrated with hybrid renewable DC-bus LEPS. Developed control 

approaches for acquiring the maximum power from both solar and wind energies were 

presented. The power transferred between the DC-bus and BSS or SMES coil is controlled 

with the proposed control circuit of the bi-directional DC-DC converters. The controllers 

were designed to facilitate both the BSS and SMES to efficiently charge/discharge power 

to reimburse the instability of DC-bus voltages, load voltage and frequency, and load 

power. The acquired findings demonstrated the usefulness of the SMES overall 

performance over the BSS during the moderate and extreme variations of RERs and random 

load instabilities. This, in turn, facilitated in enhancing the DC-bus and load voltages to the 

tolerable boundaries, which validates the support of the proposed control methods. More 

details related to this case-study have been covered in [J2]. 
 

6.3 A DC LEPS integrating BSS and SMES based-FLC 

6.3.1 Main aims 

Based on the literature survey, most of the case-studies investigated the integration of 

single RES with ESSs within the AC LEPS structure. Moreover, applying SMES systems 

with hybrid PV/wind systems, DC LEPS got less attention from researchers. Besides, the 

adoption of FLC for both battery and SMES systems in DC LEPS has not been 

implemented widely like the implementation of MPPT techniques for either PV or wind 

systems. Furthermore, the formerly-presented control techniques, especially those based on 

FLC for DC LEPS, utilized both voltage deviation and change in voltage deviation as fuzzy 

inputs, which require additional calculations and calibrations. Moreover, these studies have 

not considered the fast charging/discharging in their fuzzy rules, which can significantly 

improve the control performance. Also, the unbalanced loading events have been 

investigated in only a few numbers of previous studies which dealt with the hybrid PV/WT 

LEPSs. In short, the main aims of this case-study can be digested as follows: 

• Developing a comparative assessment between the impact of separately integrating a 

fuzzy-controlled battery and SMES systems into a PV/wind DC LEPS considering 

extreme variations of meteorological conditions such as wind gusts and rapid shadow, 

and sudden load changes including balanced/unbalanced loading events. 
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• The proposed FLC is established based on measuring the DC-bus voltage change and the 

actual current of both battery and SMES systems; these currents are employed directly 

for the control action, reducing calibrations complexity of the control system. 

• Alleviating the different deviations of DC-bus voltage and smoothing out both DC-bus 

power and load demand power produced by the distinct fluctuations using the proposed 

FLC schemes. The proposed FLC schemes offer quick charging/discharging actions of 

both battery and SMES systems to effectively mitigate the occurring variations. 

• Preserving the load voltage and frequency constant by means of the proposed prime 

inverter control approach during both balanced and unbalanced loading and extreme 

climatic disturbances utilizing the variable modulation index control strategy. 

6.3.2 System structure and specifications 

Fig. 6.6 illustrates the schematic diagram of the studied system, which consists of a 

generation side represented in the PV panels and the WTs, an energy storage system (BSS 

or SMES), and a variable three-phase load fed from the prime 3-phase inverter. The 

generated energy through the hybrid system can be supplied immediately to the load, and 

when the generated energy surpasses the load demand, the extra energy is distributed to the 

ESS. The supply precedence is that the generated energy fulfils the load demand while the 

ESS contributes once the generated energy is insufficient. If the energy demand becomes 

greater than the generated energy, then, in this case, the insufficient generated energy is 

considered a loss of power supply. Conversely, when both the PV panels and the WTs 

productively satisfy the load demand and the ESS is too full to accept more power, the 

surplus power can then be distributed to supply a dump load that can be utilized for heating 

rationale. The practical specifications of the utilized PV array and WT are the same as those 

used in the previous case-study. Besides, the utilized SMES unit has a 67.5 kJ capacity, a 

SMES coil of 1.5 H of 300 A initial current and connected to the DC-bus via an 8.6 mF 

capacitor, while the utilized BSS has a 50 Ahr capacity and a terminal voltage of 300 V. 
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Fig. 6.6 System structure of the DC-bus LEPS with BSS and SMES 

6.3.3 The proposed control method 

The employed controllers for the PV, WT, and inverter are the same as those used in 

the investigated case-study in chapter 5. The proposed control approach for both BSS and 

SMES systems along with the overall system block diagram is displayed in Fig. 6.7. 
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Fig. 6.7 Overall block diagram of the applied controllers in the examined DC-bus LEPS 

A. Control of the battery storage system 

In this case-study, a bidirectional buck-boost converter is employed with the proposed 

FLC for managing the power transferred between the DC-bus and battery and to preserve 

the DC-bus voltage constant during the different instabilities by regulating its duty cycle. 
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The buck-boost converter's operating modes are primarily dependent on the difference 

between the generated power and the load demand power, which are translated into 

deviations of the actual DC-bus voltage level away from its desired (reference) value. The 

buck-boost converter allows regulating the DC-bus voltage during charging and 

discharging processes by operating in either bucking or boosting mode, respectively. The 

bucking (charging) mode is activated when the actual DC-bus voltage exceeds the reference 

DC-bus voltage. This mode usually takes place at higher wind speeds or higher solar 

radiation values, at which the total generated power becomes more significant than the load 

demand power. Hence, the battery controller starts decreasing the duty cycle until the actual 

DC-bus voltage matches the reference value; hence, the extra power is transferred from the 

DC-bus to the battery. Conversely, the boosting (discharging mode) occurs when the actual 

DC-bus voltage becomes lower than the reference value. This mode typically occurs at 

lower wind speeds and low solar radiation values, at which the total generated power 

becomes insufficient to supply the load demand. So, the battery controller begins increasing 

the duty cycle of the buck-boost converter until the actual DC-bus voltage matches the 

reference value; hence, the stored power is transferred from the battery to DC-bus to 

overcome the occurring power deficiency.  

The proposed FLC is designed with two inputs and one output. The first is the change 

in the dc-bus voltage (ΔVdc,bat) which is the difference between the desired dc-bus voltage 

(Vref) and the actual value (Vdc,bat). The second input is the actual battery current (Ibat) which 

reduces the necessity of calculations in case of using the change in voltage/current 

deviations as a second input. Besides, it facilitates monitoring the charging/discharging 

operation precisely and allows fast charging and discharging when required. The FLC 

output is the duty cycle (Dbat) required for generating the switching pulses for the buck-

boost converter switches. Depending on ΔVdc and Ibat, power is transferred to/from the 

battery according to the above-discussed explanations, which were translated into fuzzy 

rules. The fuzzification process uses triangular and special trapezoidal membership 

functions (the R and L functions). The membership functions of the first input are negative 

voltage margin (NVM), zero voltage margin (ZVM), and positive voltage margin (PVM), 

while for the second input, negative current margin (NCM) and positive current margin 

(PCM). For the output, the membership functions are small action (SA), no action (NA), 

and large action (LA). The inputs values are all normalized in [-1,1] while the output values 

are normalized in [0, 1] as shown in Fig. 6.8. 
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(a) (b) 

 

  
(c)  (d) 

Fig. 6.8 Membership functions used for BSS control (a) Input-1, ΔVdc,bat (p.u), (b) Input-

2, Ibat (p.u), (c) The output Dbat, and (d) 3-D graph of inputs-output membership functions 

B. Control of the SMES system 

The operation procedure of the SMES follows the same process as the battery 

regarding the DC-bus voltage deviation and the comparison between the generated and load 

powers. A bidirectional dc-dc converter (two-quadrant chopper) is utilized to control the 

operation of the SMES. The direction of power transferred from/to the SMES to/from the 

DC-bus depends on the duty cycle value as illustrated previously in subsection (6.2.3) and 

demonstrated in detail in Fig. 2.11 in chapter 2. Similar to the FLC applied for the battery, 

the first input is the change in the dc-bus voltage (ΔVdc,sm), and the second input is the 

actual SMES current (Ism), while the fuzzy output is the duty cycle (Dsm) needed for the bi-

directional dc-dc converter. The defined rules permit the quick charging and discharging 

process and enable supervising the different operation modes accurately; the features 

greatly enhance the controller robustness during the different instabilities. The fuzzification 

and defuzzification procedures use Gaussian functions. The membership functions of the 

first input are negative voltage margin large (NVML), negative voltage margin small 

(NVMS), zero voltage margin (ZVM), positive voltage margin small (PVMS), and positive 

voltage margin large (PVML). The second input membership functions are similar to the 

first input ones; the letter V for voltage is replaced by C for current. For the output, the 

membership functions are very small action (VSA), small action (SA), no action (NoA), 



Chapter 6: Stability Enrichment of Local Energy Production Systems 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

117 
 

large action (LA), and very large action (VLA). The first input, second input, and output 

values are normalized in [-0.1, 0.1], [-2, 2], and [-1,1], respectively as shown in Fig. 6.9. 

  

 

 
 

Fig. 6.9 Membership functions for SMES control (a) Inpu-1, ΔVdc,sm (p.u), (b) Input-2, Ism 

(p.u), (c) The output Dsm, and (d) 3-D graph of inputs-output membership functions 

The control of the dc-dc converter of either BSS or the SMES is accomplished 

throughout the control process displayed in Fig. 6.10. After measuring the DC-bus voltage 

and currents of both BSS and SMES, the FLC inputs are set. Each FLC input has a sets of 

membership functions which used to convert the crisp inputs provided to the fuzzy 

inference system. Then, by applying the adjusted fuzzy rules which are a set of conditional 

statements in the form of IF-AND-THEN statements, the value of the output is decided. 

The FLC’ surface graph in the control process shows the relationship between the inputs 

and output. The output of each FLC decides the operation mode of the storage device to 

charge or discharge, otherwise to stay in standby mode. The control system then checks the 

steadiness of the dc-bus voltage in which its deviation depends on the unbalance between 

the generation and load powers. 

(a) (b) 

(c) 

(d) 



Chapter 6: Stability Enrichment of Local Energy Production Systems 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

118 
 

Start

Set   Vdc-bus and Ism as inputs to 
the FLC

Is Vdc-bus 
constant

Measure Vdc-bus, Ibat, Ism

Calculate   Vdc-bus

Set   Vdc-bus and Ibat as inputs to 
the FLC

Set the operation mode of the ESS

End

Fuzzification

Apply Rules

Defuzzification

Input-1 (  Vdc,bat) Input-2 (Iba t)

Output (Dba t)

Fuzzification

Apply Rules

Defuzzification
Output (Dsm)

Input-1 (  Vdc,sm) Input-2 (Ism)

Yes

NoNo

BSS Control Path SMES Control Path

 

Fig. 6.10 Control process of batteries and SMES systems 

6.3.4 Results and Discussion 

A. Variable load, constant radiation, and constant wind speed 

The load power is increased in an ascending behaviour. For the first nine seconds, the 

load demand is 4.84-kW, then risen to 8.47-kW (9 s to 15 s), and finally increased to 10.54-

kW (15 s to 20 s). Simultaneously, solar radiation and wind speed are presumed unchanged 

at 1 kw/m2 and 6.5 m/s, respectively. Fig. 6.11-a highlights the beneficial impact of the 

SMES over the BSS in smoothing the PV power during the load variation instants. Besides, 

the behaviour of the wind power persisted the same using both BSS and SMES. Fig. 6.11-

b and Fig. 6.11-c exemplify the power-sharing in the LEPS from which the efficacy of the 

proposed control approaches using both BSS and SMES, respectively, is verified. From the 

figure, the BSS and SMES kept the extra power (0-9 sec) when the generation side fulfilled 
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the load. However, when the load increased by 75% and 117%, respectively, both energy 

storage devices started discharging the power to fulfil the load requirements and uphold the 

system steady. The performance of both BSS and SMES in terms of currents, energy, and 

SOC is presented in Fig. 6.11-d and Fig. 6.11-e, respectively. Moreover, the proposed FLC 

approaches, applied for BSS and SMES controllers, efficiently maintained the DC-bus 

voltage and load rms voltage, as shown in Fig. 6.11-f and Fig. 6.11-g, respectively. From 

this figure, it can be realized that both dc-bus and load rms voltages are practically 

preserved constantly during the investigation time using the SMES, while for the battery, 

both voltages have overshoot and undershoot. Moreover, the enhancement of the dc-bus 

voltage and the load rms voltage is reflected in smoothing the load power as displayed in 

Fig. 6.11-h, in which the SMES efficiently smoothed out the load power over the battery. 

In conclusion, it can be realized that the response time and the potential to mitigate the load 

instabilities using the SMES is exceptional compared to the battery. The disparities between 

battery and SMES can also be detectable through the instantaneous load voltage shown in 

Fig. 6.11 (i, j). 

  
(a) PV and wind powers using BSS and SMES (b) Power-sharing using BSS 

  

(c) Power-sharing using SMES (d) BSS contribution 

  
(e) SMES contribution (f) The DC-bus voltage 
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(g) The load rms voltage (h) The load power 

  
(i) Instantaneous load voltage using BSS (j) Instantaneous load voltage using SMES 

Fig. 6.11 Results of the examined DC LEPS under sudden load variations 

B. Wind gust with rapid shadow and constant load 

In this case, a wind gust and rapid shadow were considered concurrently while the load 

power remained unchanged at 4.84-kW, as depicted in Fig. 6.12-a. The SMES performance 

showed a magnificent behaviour to sustain the DC-bus and the load rms voltages constant 

over the battery, as shown in Fig. 6.12 (b, c). This can be verified from the impressive 

response time of the SMES at starting and instants of disturbances and the flatness of both 

DC-bus and load voltages. The improvement of voltages directly impacts the load power, 

as portrayed in Fig. 6.12-d, in which the SMES superbly flattened the load power during 

all disturbances over the battery. Furthermore, the power-sharing during the wind speed 

and solar radiation disturbances using the battery and SMES are displayed in Fig. 6.12 (e, 

f), in which the proposed control methods profitably moderated the power exchange in the 

system. The behaviour of both the battery and SMES is shown in Fig. 6.12 (g, h), in which 

the energy storage elements discharged power to supply the load during the first 10 seconds 

where the load power is greater than the total generated power. During the wind gust and 

the rapid decrease in solar radiation, both battery and SMES controllers competently 

handled the disturbance by adjusting the duty cycle to preserve the load nourishment. 
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(a) Profile of RERs (b) The DC-bus voltage 

  
(c) The load rms voltage (d) The load power 

  
(e) Power-sharing using BSS (f) Power-sharing using SMES 

  
(g) BSS contribution (h) SMES contribution 

Fig. 6.12 Results of the examined DC LEPS under wind gust and rapid shadow 

C. Comparison among the examined tests 

The performance of this LESP was further examined for another two tests (variable 

wind speed, constant radiation & load ‘Case C’, and variable radiation, constant wind speed 

& load ‘Case D’). Table 6-2 summarizes a comprehensive comparison among the four tests 

in terms of the peak overshoot/undershoot of voltages and load power and the relative rise 

and settling times. From the table, it can be recognized that the SMES magnificently 

mitigated the DC-bus and load voltages to the desired references values besides smoothing 

out the load power during all assessment tests. Fig. 6.13 shows a comparison between the 

peak overshoot/undershoot values in the DC-bus voltage using the two ESSs in which the 
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superior performance of the SMES can be recognized. Moreover, the SMES response time 

represented in both rise and settling times is extremely rapid compared to the battery 

system. Conversely, the BSS also successfully maintained the DC-bus voltage, load 

voltages, and load power constant but with a sluggish response with high peak 

overshoot/undershoot values during the different disturbances. 

 Table 6-2 Comparison among the four tests using SMES and battery systems 

Case  Item/Reference Parameter Battery SMES 

A 

DC-bus voltage 

(Ref. = 700 V) 

Peak (overshoot-undershoot) (105.5 – 75.8) V (0.08 – 0.2) V 

(Rise time-settling time) (0.403 –2.337) s (0.159 – 0.22) s 

Load voltage 

(Ref. = 220 V) 

Peak (overshoot-undershoot) (6.2 – 4.4 V (0.1 – 0.1) V 

(Rise time-settling time) (0.188 – 1.166) s (0.16 – 0.24) s 

Load power 

Ref. = 4.84 kW, 

8.47 kW, and 

10.54 kW 

Peak (overshoot-undershoot) 

(0.281 – 0.075) kW, 

(0.196 – 0.006) kW, 

(0.13 – 0.001) kW 

(0.004– 0.001) kW, 

(0.011 – 0.006) kW, 

(0.001– 0.0) kW 

(Rise time-settling time) 

(0.203 – 0.961) s,  

(0.749- 1.08 ) s,  

(0.08 – 0.54) s 

(0.02 – 0.04) s,  

(0.005 – 0.02) s, 

(0.01 – 0.02) s 

B 

DC-bus voltage 

(Ref. = 700 V) 

Peak (overshoot-undershoot) (58.7 – 17.4) V (0.0 – 0.2) V 

(Rise time-settling time) (1.515 – 2.828) s (0.16 – 0.218) s 

Load voltage 

(Ref. = 220 V) 

Peak (overshoot-undershoot) (4 – 2.7) V (0.05 – 0.2) V 

(Rise time-settling time) (0.863 – 1.458) s (0.027 – 0.04) s 

Load power 

(Ref. = 4.84 kW) 

Peak (overshoot-undershoot) (0.117 – 0.12) kW (0.001 – 0.01) kW 

(Rise time-settling time) (1.04 – 2.106) s (0.021 – 0.04) s 

C 

DC-bus voltage 

(Ref. = 700 V) 

Peak (overshoot-undershoot) (50.4 – 11) V (0.1 – 0.2) V 

(Rise time-settling time) (0.875 – 2.31) s (0.159 – 0.218) s 

Load voltage 

(Ref. = 220 V) 

Peak (overshoot-undershoot) (4 – 1.7) V (0.05 – 0.1) V 

(Rise time-settling time) (0.372 – 0.896) s (0.027 – 0.039) s 

Load power 

(Ref. = 7.26 kW) 

Peak (overshoot-undershoot) (0.267 – 0.128) kW (0.002 – 0.008) kW 

(Rise time-settling time) (0.563 –1.89) s (0.02 – 0.039) s 

D 

DC-bus voltage 

(Ref. = 700 V) 

Peak (overshoot-undershoot) (68.4 – 15.1) V (0.05 – 0.2) V 

(Rise time-settling time) (1.154– 3.127) s (0.1598 – 0.2332) s 

Load voltage 

(Ref. = 220 V) 

Peak (overshoot-undershoot) (4.6 – 2.4) V (0.02 – 0.1) V 

(Rise time-settling time) (0.6731– 1.133) s (0.1598 – 0.2332) s 

Load power 

(Ref. = 4.84 kW) 

Peak (overshoot-undershoot) (0.205 – 0.107) kW (0.003 – 0.009) kW 

(Rise time-settling time) (0.8142 – 2.243) s (0.02 – 0.039) s 
 

 
Fig. 6.13 Comparison between the DC-Bus voltage during all cases using BSS and SMES 
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D. Unbalanced loading event 

To demonstrate the efficacy of the proposed inverter control technique during the 

unbalanced loading events, simulations were accomplished for both battery and SMES 

systems. The system began delivering electricity to a balanced three-phase load for the first 

3 seconds even as the load came to be unbalanced past 3 seconds. The balanced three-phase 

load has changed from 30 Ω/ph to 32 Ω/ph, 35 Ω/ph, and 30 Ω/ph for phases a, b, and c 

respectively, which means an unbalance in both phases a, and b. The proposed inverter 

control technique generated different modulation indices during the unbalanced loading 

event to keep the load voltage rms value fixed at 220 V (the desired value) using both the 

battery and the SMES system as shown in Fig. 6.14 (a, b), respectively. Besides, the 

instantaneous load voltage using battery and SMES is also shown in Fig. 6.14 (c, d). The 

current and power distribution among the phases using battery and SMES are shown in Fig. 

6.14 (e, f) and Fig. 6.14  (g, h), respectively. From Fig. 6.14  (a, b) and (c, d), it can be 

recognized that the inverter controller efficiently managed to preserve the load voltage and 

frequency constant during the sudden load unbalance in phases a and b using both ESSs. 

Also, the phase-voltage deviation that occurred at the unbalance instant (t=3 seconds) can 

be neglected due to its tiny value and thanks to the control technique potency, which sent 

the voltage back to the desired value in a very quick time. 

  
(a) Load rms using BSS (b) Load rms using SMES 

  
(c) Load voltage using BSS (d) Load voltage using SMES 
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(e)  Load rms currents using BSS (f) Load rms currents using SMES 

  
(g) Power distribution using BSS (h) Power distribution using SMES 

 

Fig. 6.14 Results of the unbalanced loading event using the proposed VMI technique 

E. Comparison with relative research works 

In order to evaluate the performance characteristic and clarify the effectiveness of the 

proposed work, Table 6-3 summarizes a comparison among the proposed study and relative 

research works. The majority of studies gave more attention to utilizing the PI controller to 

regulate the operation of either BSS or SMES while few works implemented advanced 

controllers such as FLC or model predictive control (MPC) for the control action. Besides, 

the extreme variation of either wind speed or solar radiation was not examined in most 

studies. Furthermore, the unbalanced loading event was not investigated or mitigated in all 

of the addressed research studies. 
 

Table 6-3 Comparison among the most featured studies and the current study 

Ref. 
MG 

type 

MPPT Control schemes Climatic 

fluctuations 

Unbalanced 

Loading  

Voltage 

stability 
PV WT Battery SMES Inverter 

[155] DC P&O P&O FLC x PI Slow & Small No No 

[157] DC x x PI x PI Slow & Small No Yes 

[158] DC IC OTC PI x PI Slow & Small No No 

[159] AC IC x x FLC PI Normal & Extreme No Yes 

[160] AC IC x x FLC PI Slow & Small No Yes 

[161] AC IC x x MPC MPC Slow & Small No Yes 

[162] DC SMC SMC x x x Fast No Yes 

[163] AC IC x x FLC PI Slow & Small No No 

[164] DC IC x PI x x x No Yes 

Proposed DC IC TSR FLC FLC 
SPWM 

based-PI 
Normal & Extreme Yes Yes 

IC: Incremental Conductance; OTC: Oriented Torque Control; P&O: Perturbation and Observation; SMC: 

Sliding Mode Control; TSR: Tip-Speed Ratio; MPC: Model Predictive Control 
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6.3.5 Conclusions 

This case-study discussed a comparative analysis between the integration of fuzzy-

controlled battery and SMES systems into a hybrid PV/wind DC LEPS considering normal 

and extreme climatical and load variations. The proposed FLC approach was constructed 

based on quantifying change in the DC-bus voltage and measuring the actual current of 

both battery and SMES systems. These currents were utilized directly in the FLC, 

decreasing the necessary estimations, computations, and control system complications. 

Extensive simulations were obtained by addressing five different test cases, considering the 

different load demand variations, including balanced and unbalanced loading events and 

normal and extreme climatic variations. In line with the obtained results, the key findings 

can be emphasized as follows: 

• The proposed FLC approaches for battery and SMES systems constructively mitigated 

the DC-bus voltage and enhanced the power exchange between the generation and 

load sides during the different climatical and load fluctuations. 

• The variable modulation index technique, which was proposed to control the inverter, 

profitably preserved the load voltage/frequency and consequently the load power 

constant and smooth during balanced and unbalanced loading events. 

• With the proposed FLC approach, the SMES system proved a superior performance 

over the battery system in response time, voltages overshoot and undershoot limits, 

instantaneous load voltage profile, and load power smoothness. The SMES system 

succeeded in swiftly charging/discharging the stored energy during normal and high 

wind fluctuation, solar radiation, and random load instabilities, which assisted in 

adjusting the DC-bus voltage to the appropriate standard boundaries. The SMES 

system also managed to mitigate the active power exchange between the generation 

and consumers sides.  Moreover, the SMES system directly impacted the flattening of 

the PV power during the examined disturbances over the battery. Ultimately, the 

SMES system offered a decent reaction throughout charging/discharging/standby 

operation modes which validates the usefulness of the proposed control approach. 

It is worth mentioning that in spite of the superior performance of the SMES over the 

battery, its physical implementation still has several constraints due to the cost limitations, 

especially in its cryogenic system. Temporarily, investigations are still being developed to 

reduce the SMES cost and expand its power system applications. More details regarding 

this case-study have been covered in [J1]. 
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6.4 A DC LEPS integrating hybrid BSS-SMES 

In this case-study, both batteries and SMES systems employed in the first case-study 

presented in subsection 6.2 have been integrated to form a hybrid ESS as shown in Fig. 

6.15. Since the power capacity of the SMES is higher than batteries and since batteries have 

higher energy density than the SMES, both can be combined in a hybrid ESS to achieve 

better performance during the various instabilities. Besides, this combination can increase 

the lifetime of each of them due to reducing the number of charging/discharging cycles as 

well as minimizing the different types of stress that can impact their operation. In line with 

the objective of this chapter, this case-study targets at improving the stability of a fully 

renewable DC LEPS throughout mitigating the distinct instabilities of DC-bus voltage and 

levelling the load power demand using the proposed control approaches. The proposed 

control schemes for both battery and SMES offer simple implementation and high 

efficiency against solar irradiance and wind velocity variations along with the RESs 

insertion and outage events. 
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Fig. 6.15 Schematic diagram of the studied DC LEPS integrating hybrid BSS-SMES 

 

The performance of the DC LEPS was examined once without ESS, with BSS only, 

and also using hybrid BSS-SMES under the previously-mentioned instabilities within the 

same simulation period. The wind energy system is considered disconnected from the 

system during the first five seconds to investigate the effectiveness of the hybrid 

BSS+SMES in alleviating the expected fluctuations from both the absence and connection 

of the wind energy system. Besides, wind velocity and solar irradiance variations are also 

addressed by simultaneously varying their profiles. Finally, the DC LEPS is also 

investigated under a PV outage which could happen in a natural system through faults or 
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caused by heavy clouds. The main results that describe the LEPS performance, including 

its distinct components, are presented in the following part. 

The system's performance was analyzed under the wind velocity and solar irradiance 

displayed in Fig. 6.16-a. The MPPT control approach of the wind system was effectively 

implemented throughout the wind speed deviations as indicated in Fig. 6.16-b in which the 

wind power coefficient successfully tracked the optimal value although the wind velocity 

variation. Besides, the MPPT approach of the PV system efficiently extracted the maximum 

possible power from the solar energy as shown in Fig. 6.16-c ; however, in case of using 

only BSS, the PV power was found contained undershooting at the instant of the WT 

connection. Meanwhile, when using the hybrid BSS+SMES, the PV power was superiorly 

smoothed out due to the swift response from the SMES system.  

It can be distinguished from Fig. 6.16-d that the proposed BSS+SMES aided with the 

proposed control strategies successfully maintained the DC-bus voltage throughout the 

examined variabilities. The figure shows that the suggested control techniques utilizing 

BSS+SMES are exceptional when contrasted with only BSS and without ESS. The 

enhancement of DC-bus voltage is also displayed on the load rms voltage and load as 

demonstrated in Fig. 6.16-e and Fig. 6.16-f, respectively. The integration of the SMES 

efficiently smoothed out the load power compared to using the only battery. This is due to 

the efficient reply of the SMES in mitigating the instabilities in significantly a fast charge 

and discharge action. The behaviour of the battery in terms of power, current, and SOC 

using only battery and using the hybrid BSS+SMES can be revealed in Fig. 6.16 (g, h, i). 

It can be recognized that the battery performance has changed with the inclusion of the 

SMES. The BSS stayed much more time in the discharging mode in the presence of SMES 

since the SMES started discharging at the instants of disturbances. The SMES behavior in 

terms of SMES current and energy is displayed in Fig. 6.16-j, in which it can be recognized 

that the SMES remained in charging mode after the insertion of the WT while it started 

discharging after the outage of the PV system to aid the battery is supplying the load 

demand. The load voltage and frequency are also maintained constant using both BSS only 

and BSS+SMES but with superior performance during the integration on the hybrid ESS. 

This can be revealed in Fig. 6.16 (k, m, n), in which the instantaneous load voltage is 

displayed for the three examined cases. The hybrid BSS+SMES aided with the inverter 

controller successfully upholds the load voltage and frequency compared to battery only. 
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(a) wind velocity and solar irradiance profiles (b) wind power and its coefficient 

  
(c) PV power (d) DC-bus voltage 

  
(e) load rms voltage (f) load power 

  
(g) battery power (h) battery current and SOC using only BSS 

  
(i) battery current and SOC using BSS-SMES  (j) SMES current and energy  
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(k) load instantaneous voltage without ESS (m) load instantaneous voltage using BSS 

 
(n) load instantaneous voltage using BSS-SMES 

 

Fig. 6.16 Results of the studied DC LEPS integrating hybrid BSS-SMES 
 

The obtained results revealed the effectiveness of using the hybrid BSS+SMES over 

the BSS only during the examined instabilities. The hybrid BSS+SMES aided with the 

presented control approaches in lessening the DC-bus and load voltages and augmenting 

the power conversation among the LEPS elements during the WT connection, the random 

variations of solar irradiance and wind velocities, and during the PV outage. The superior 

BSS+SMES acting transformed the control aims to immediately charge or discharge energy 

across the examined variations. This, in succession, assisted in enriching the DC-bus and 

load voltages to acceptable limits, which justifies the significance of the proposed control 

approaches for the hybrid ESS. More details regarding this case-study are covered in [J10]. 

6.5 A DC LEPS integrating hybrid BSS-Supercapacitors 

Another case-study has been investigated to examine the integration of BSS and 

supercapacitors (SC) as a hybrid ESS into a DC LEPS involving PV units, and WTs as 

demonstrated in Fig. 6.17. A TEE design optimization procedure has been carried out by 

means of HOMERPro to produce a set of feasible energy alternatives. The obtained 

optimization results demonstrated that the isolated integration of supercapacitors into the 

PV/WT systems could not be considered viable solutions to supply the load demand 

effectively. This is due to the inadequate energy density of supercapacitors. The results also 

indicated the need for a high number of supercapacitor units which resulted in increasing 

the system’s TNPC and LCOE. Thus, the supercapacitors were replaced by batteries, and 

the design optimization was repeated. In the second run, the optimization results revealed 
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that the PV/WTs/BSS was the optimal solution, and then, a complementary technical 

analysis regarding the optimal system’s dynamics with and without supercapacitors has 

been investigated using MATLAB/Simulink.  
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Fig. 6.17 (a) The studied LEPS with BSS and Supercapacitor (b) Control structure 
 

The proposed system was firstly examined under variable solar radiation and constant 

wind speed. At t= 9 seconds, the solar radiation was increased from 450 w/m2 to 550 w/m2 

while the wind speed was kept constant at 8 m/s. Besides, the load power increased from 

29 kW to 43.6 kW (50% growth) after 12 seconds. The system’s different behaviours are 

demonstrated in Fig. 6.18 in which it can be recognized that the integration of 

supercapacitor with BSS enhance the transient behaviour of the system compared to 

integrating only the BSS. This can be verified from the DC-bus voltage and load power. 

Also, the load voltage and frequency were preserved constant by the inverter control unit 

where negligible transients occurred at the instants of disturbance. Besides, the integration 

of supercapacitor with BSS decrease  the charging/discharging level of the BSS which shall 

reduce the different stresses on the BSS and prolong its lifetime. The system was second 

time examined by varying the wind speed from 7 m/s to 8.5 m/s at t=9 seconds while the 

solar radiation and load demand were kept constant at 500 W/m2 and 36.3 kW, respectively. 
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(a) DC-bus voltage (b) SOC% 

  
(c) BSS current (d) Load power 

  
(e) Load rms voltage using BSS (f) Load rms voltage using BSS+SC 

  
(g) Power sharing using BSS (h) Power sharing using BSS+SC 

 

Fig. 6.18 Performance of the LEPS using BSS and using BSS and supercapacitors 

The obtained outcomes revealed that the integration of supercapacitors into the optimal 

system efficiently improved the system’s dynamic performance, profitably maintained the 

active power balance among system components and effectively regulated the DC-bus 

voltage during different climatic instabilities. The maximum overshoot of the DC-bus 

voltage efficiently decreased by 58.3% and 55.5%, and about 1.7-kW and 4.2-kW of BSS 

power were effectively saved during the first and second test, respectively. The detailed 

results of this case-study are covered in [J3]. 
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Chapter 7: Summary and Future works 

7.1 Summary of the PhD Work and Theses  

Owing to the inescapable need for sustainable energy solutions to overcome the lack of 

both electricity and freshwater access in numerous locations around the world, achieving 

the optimal mixture among energy technologies is considered a big mission. The feasibility, 

planning, and implementation of energy projects involving RESs are considered matters of 

unambiguous towards achieving sustainable development. Yet, the design optimization of 

such energy systems is challenging task and needs solutions that involve different 

considerations during the design procedure. Choosing a proper design based on its 

economic performance only without investigating its ecological and technical dimensions 

creates an inadequate solution. Similarly, if the optimal design was chosen based on its 

superior ecological behaviour without addressing its economic and technical prospects will 

lead to huge financial losses as well as operational failures. Therefore, the design of an 

energy system should be no more realized as uni-objective; instead, it should be 

accomplished based on different aspects, criteria, and constraints. The concern which could 

lead to producing a comprehensive and robust design optimization model.  

Herein, a systematic design optimization structure was developed to pick up the optimal 

energy systems in different locations by investigating real case-studies or by proposing new 

ones. The model consists of four different phases, the pre-optimization assessment phase, 

the TEE design optimization phase, the findings’ evaluation phase, and the post-

optimization analysis phase. The second phase was accomplished using HOMERPro, while 

the fourth phase involves four different kinds of analysis, MCDM analysis, dependability 

analysis, sensitivity analysis, and stability and power-quality appraisal, which aims at 

extending the TEE design procedure functionalities to become more comprehensive and 

robust framework. The effectiveness of the developed framework was verified throughout 

investigating the feasibility of different case-studies in distinct locations to offer proper and 

accurate blueprints for decision-makers, energy developers, investors, or even authorities 

to overcome the lack of electricity and water shortage crises. The case-studies involved 

supplying different kinds of load demand (electricity, heat, and water) in distinct locations 

considering a variety of aspects during the design procedure. The first case-study examined 

selecting the optimal energy system for supplying a part of an international airport with the 

necessary electricity, heat, and freshwater using the proposed TEE design optimization 

model. The second case-study investigated selecting the optimal energy system for 
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supplying a beach resort with the necessary potable water throughout energizing a large-

scale water desalination plant using the developed fuzzy MCDM model for design 

optimization. Furthermore, the third case-study examined selecting the optimal energy 

system for providing electricity to a remote community area. The TEE model was extended 

by the proposed power-quality assessment in which the reliability, stability, and power 

quality of the optimal system were investigated. In the end, a special focus was given to 

enrich the stability performance of different structures of LEPSs integrated with distinct 

types of ESSs using advanced and robust control techniques. Four different structures of 

LEPSs were examined under a variety of instabilities such as moderate and extreme 

fluctuations of RERs, different load instabilities, and the sudden connection or outage of 

RESs. The proposed control techniques demonstrated superior performance to stabilize the 

system stability and enhance the voltage quality under the entire examined variabilities. 

The major findings of the PhD work have been summarized in the following theses: 

7.1.1 Thesis I 

“I have proposed a LEPS to provide electricity, heat, and freshwater for airport facilities. 

The system planning was performed by developing a systematic techno-enviro-economic 

optimization framework considering various sustainability aspects for 14 energy 

alternatives. The proposed LEPS comprises M-CHP and TLC along with PV, WTs, diesel 

generator, batteries, and a boiler which efficiently fulfilled both electrical and thermal 

demands with zero capacity shortage with the least amount of GhG. Also, the impact of the 

different system components on the systems’ performances were examined which revealed 

that integrating the TLC significantly reduced the needed batteries, TNPC, LCOE, and 

GhG by 90%, 52%, 56.4%, and 36.5%, respectively. Besides, it was found that the optimal 

system would take only 1.2 years to recover the invested money.”  

This thesis has been published in [J5] and [J8]. 

7.1.2 Thesis II 

“I have extended the design optimization framework in thesis-I to involve MCDM analysis 

since the optimal system selection is significantly influenced by lots of conflicting aspects. 

To do so, a novel hybrid integration between F-AHP and F-VIKOR decision-making 

methods has been introduced. The F-AHP was applied to determine the optimal weights of 

ten different performance criteria then the F-VIKOR was executed to select the winning 

solution among 10 distinct alternatives optimized by HOMER. The proposed model was 

validated on a real case-study to electrify a water desalination plant while examining the 
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impact of integrating flow batteries and turbine-pumped hydro storage into the LEPS 

behaviours. The MCDM analysis revealed the superior results of the WT/PV/DsGn/FBAT. 

Also, the sensitivity analysis revealed that integrating flow batteries is more economic 

against demand growth, reduction of storage cost and variation of the interest rate.” 

This thesis has been published in [J4] and [J6]. 

7.1.3 Thesis III 

“An integration between HOMER and Matlab/Simulink was accomplished through a 

series processing solution. The optimal LEPS design, which proposed to supply a remote 

residential area, was firstly accomplished using HOMER with optimal components’ 

capacities. Then, each element was modelled with its optimal capacity in Matlab/Simulink. 

Besides, both RERs and loading data employed in HOMER were used in the power quality 

appraisal by Matlab/Simulink. A coordinated PMS was proposed to supervise the energy 

interaction and enhance the optimal system stability which revealed its effectiveness in 

sustaining the system’s voltages and powers within standard limits during the instabilities. 

Besides, the economic results were found consistent and in strong orientation with those in 

relative studies. Besides, the dependability analysis revealed that at a capacity shortage of 

7%, TNPC, LCOE, and GhG were reduced by 13.73%, 8.5%, and 22.5%, respectively.” 

This thesis has been published in [J9], [C1] and [C2]. 

7.1.4 Thesis IV 

“I have examined distinct structures of LEPSs integrating different ESSs, such as 

batteries, SMES, and supercapacitors, and developed different novel and advanced control 

techniques to boost up the stability and power quality of these LEPSs. The different case-

studies were examined under moderate/extreme climatic variations, balanced/unbalanced 

loading events, and connection/outage of systems’ elements. I have developed a FLC which 

employ the actual currents of both battery and SMES directly into the control action to 

reduce calculations and control complexity. Besides, the hybrid BSS-supercapacitors 

efficiently decreased the maximum voltage overshoot by 55.5% compared to BSS. Also, the 

hybrid BSS-SMES superiorly alleviated the voltages and powers over- /undershoots by 

98%. Finally, this thesis prioritized the utilization of the SMES and the hybrid BSS-SMES 

as the most superior ESSs in LEPSs.” 

This thesis has been published in [J1], [J2], [J3] and [J10]. 
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7.2 Significance and Practical Applicability of the Results 

At this point, the significance and practical applicability of this research work are 

explained. With the continual necessity for cost-effective, eco-friendly, reliable, and robust 

energy production solutions to face the rapid growth of load demands, the depletion of 

remaining fossil fuels, and the existing lack of access for both electricity and freshwater in 

different regions globally, a global and national attention is given towards the dependance 

on lunching RESs-based energy production projects. These projects have to fulfill the 

international blueprints and agreements such as the sustainable energy for all (SEforALL) 

[14], the UN sustainable development goals [15], and the Paris Agreement for reducing the 

GhG emissions [16]. In light with the presented thesis, it is believed that the proposed 

design optimization framework can efficiently contribute to the international agreements 

towards spreading the sustainable development and lessening the GhG emissions. Besides, 

the proposed MCDM design optimization framework could let producing a broad trade-off 

among a range of competitive energy access choices contemplating distinct sustainability 

attributes based on realistic perspectives. Furthermore, it can be used as decision-support 

or managerial tools to generate precise and vigorous strategies to governments, policy-

makers, stakeholders, and energy developers for sustainable electrification in different 

zones around the globe. Based on the investigated case-studies in Egypt, the proposed 

design optimization frameworks and obtained results offer reliable, cost-effective, and eco-

friendly solutions for the current and upcoming water shortage crisis throughout the 

proposed water desalination projects based-RESs in different location within the country. 

Besides, proposing economic and reliable solutions to overcome the lack of electricity 

access problem in remote areas far from the national electricity grid lines. In spite of the 

marvelous advantages of depending on RESs, their high penetration levels destructively 

impact the stability of energy production projects due to their intermittent nature which can 

impose various instability and power quality difficulties. The different possible instabilities 

should be investigated to address how the energy system will respond in the presence of 

different types of ESSs and controllers, the matter which help enhancing the control 

performance and consequently the energy system functioning. Thus, in this work, a special 

focus was given to the stability and power quality enhancement of different structures of 

LEPSs by integrating different types of ESSs and control methods. From the obtained 

results, the different proposed control approaches efficiently preserved the stability and 

power quality of a number of LEPSs structures throughout a wide range of climatic, load, 
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and RESs instabilities. Among the different ESSs, the integration of SMES and the hybrid 

BSS-SMES systems marvelously maintained the LEPSs stability and facilitated enhancing 

their power quality which, in turn, can assist in adopting the suggested proposals in real 

energy systems applications. 

7.3 Future Work Suggestions 

There are several research points around the thesis topic that need more investigation. 

Emerging research limitations that come from this research include: 

• Selecting the most appropriate locations for establishing LEPSs projects throughout 

developing a geospatial analysis which can also be integrated with MCDM approaches 

to include a variety of criteria related to sites’ selection. 

• The design optimization can be enhanced more to include multi-year analyses, which 

allows the modelling of different changes that can arise over the project course. 

• Developing the design optimization by means of metaheuristic algorithms. 

• Inspecting the Co-simulation dispatching between HOMERPro and Matlab software. 

• Enhancing the control approach used in enriching the stability of different LEPSs 

using other advanced control techniques such as the model predictive control. 

• Investigating the main influences and disparities between the aggregated and 

distributed energy storage system on the performance of LEPSs.  
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Appendix-A  

This appendix combines the different technical and cost data of the investigated case-

studies. 

Table A1 Technical specifications of the developed LEPS addressed in chapter 3 

Item Specifications Item Specifications 

P
h

o
to

v
o

lt
a

ic
 

Model name CS6X/325P 

D
ie

se
l 

g
en

er
a

to
r
 

Derating factor 70% 

Rated capacity 0.325 kW CHP heat recovery ratio 0.0% 

Temperature coefficient /0.41 Fuel curve slope 0.2730 L/hr/kW 

NOCT 45 oC Intercept coefficient 0.0330 L/hr/kW 

Efficiency at STC 16.94% Minimum load ratio 25% 

Derating factor 88% Minimum runtime 0 min 

Ground reflection 20% Carbon Monoxide factor 16.34 g/L 

Lifetime 25 years Nitrogen Oxides factor 15.359 g/L 

W
in

d
 t

u
rb

in
e
 

Model name Eocycle EO10 Lifetime 15000 hrs 

Rated capacity 10 kW 

B
a

tt
er

y
 s

to
ra

g
e 

sy
st

em
 

Model name Surrette 6 CS 25P 

Cut/in WT speed 2.75 m/s Nominal voltage 6 V 

Cut/out WT speed 20 m/s Nominal capacity 6.91 kWh 

Rated WT speed 6.5 m/s Maximum capacity 1150 Ah 

Hub height 16 m Capacity ratio 0.237 

Rotor diameter 15.81 m SOC limits 40~100% 

Lifetime 20 years Rate constant 0.478 (1/hr) 

M
-C

H
P

 s
y

st
em

 

Model Generic Roundtrip efficiency 80% 

Minimum load ratio 60% Max. charge current 279 A 

Minimum runtime 0 min Max. discharge current 279 A 

CHP heat recovery ratio 53.4% Lifetime 20 years 

Carbon Monoxide 6.5 g/m3 

B
D

C
 Model Generic 

Nitrogen Oxides 58 g/m3 Efficiency 95% 

Fuel curve slope 0.2730 m3/hr/kW Lifetime 15 years 

Intercept coefficient 0.0330 m3/hr/kW 

B
o

il
er

 

Efficiency 85% 

Lifetime 80000 hrs Natural gas density 0.79 kg/m3 

T
L

C
 Model Generic Carbon content 67% 

Lifetime 20 years 
Gas lower heating 

value 
45 MJ/kg 

 

Table A2 Economic data of the developed LEPS addressed in chapter 3 

Component Capital O&M Replacement Fuel 

PV units 700 $/kW 14 $/kW/yr 700 $/kW 0 

WTs  20000 $/turbine 150/turbine/yr 18000 $/turbine 0 

M-CHP  778.26 $/kW 0.01 $/op.hr/yr 778.26 $/kW 0.2 $/m3 

DsGn  660 $/kW 0.054 $/op.hr/yr 660 $/kW 0.42 $/L 

BDC  527 $/kW 13 $/kW/yr 527 $/kW 0 

BSS 900 $/battery 9 $/battery/yr 700 $/battery 0 

TLC 54 $/kW 0 54 0 
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Table A3 Technical specifications of the RODP investigated in chapter 3 

Parameter Value Element Value 

Raw water feed flow 
47.33 

m3/hr 
Filter Feed Pumps 7.8 kW 

Per hour plant permeate flow 35.5 m3/hr Filter backwash pump 5.85 kW 

RO feed pressure 28.5 bar High-pressure pump 15.5 kW 

Permeate recovery 75% Reject water pumps 7.75 kW 

Feedwater design temperature 25 C CIP Pumps 7.2 kW 

Feedwater TDS 4260 mg/l Product water pump 10 kW 

Feedwater pH 7.6 Air blowers 4.1 kW 

Operation period 16 hr/d Auxiliary service  loads 15 

Plant water output quality < 500 mg/l Membrane manufacture Filmtech 

Product water pH after pH correction 7.5 – 8 Number of pressure vessels 10 

Peak power demand  67.31 kW Energy consumption 
903.16 

kWh/d 

Average power demand 37.65 kW Load factor 0.56 
 

Table A4 Technical and cost data of the developed LEPS addressed in chapter 4 

Component parameter Value Component parameter Value 

Wind turbine Diesel Generator 

Rated power 20 kW Fuel type Diesel 

Cut-in wind speed 2.75 m/s Fuel price $ 0.418 /L 

Cut-out wind speed 20 m/s Fuel curve slope 0.2530 L/hr/kW output 

Rated wind speed 8 m/s Intercept coefficient 0.0280 L/hr/kW rated 

Hub height 36m Minimum load ratio 25% 

Rotor diameter 15.81m Minimum runtime 0 min 

Capital cost $ 40,000 /kW Capital cost $ 500 /kW 

Replacement cost $ 36,000 /kW Replacement cost $ 500 /kW 

O&M cost $ 500 /yr O&M cost $ 0.1 /yr 

Lifetime 20 years Lifetime 15000 hr 

Photovoltaic module FBAT 

Nominal power 0.305 kW Nominal voltage 100 V 

Temperature coefficient -0.386/oC Nominal capacity 50 kWh 

Operating temperature 46 oC Maximum capacity 500 Ah 

Efficiency at STC 13% SOC limits 10~100% 

Derating factor 85% Roundtrip efficiency 72% 

Nameplate voltage 64.2 V Maximum charge current 150 A 

Nameplate current 5.96 A Maximum discharge current 300 A 

Capital cost $ 1000 /kW Capital cost $ 780 /kW 

Replacement cost $ 950 /kW Replacement cost $ 720 /kW 

O&M cost $ 10 /yr O&M cost $ 0 /yr 

Lifetime 25 years Lifetime 30 years 

Converter Turbine-pumped hydro (TPH) 
Model Generic Water reservoir capacity 1000 m3 

Inversion efficiency 95% Turbine-Generator 22 kW 

Rectification efficiency 95% Generator efficiency 90% 

Rectifier capacity 100% Round-trip efficiency 81% 

Capital cost $ 400 /kW Capital cost $ 15,000 /kW 

Replacement cost $ 400 /kW Replacement cost $ 10,000 /kW 

O&M cost $ 20 /yr O&M cost $ 300 /yr 

Lifetime 15 years Lifetime 7 years 

 



Appendix-A 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

151 
 

Table A5 Technical specifications of the RODP investigated in chapter 4 

Item x no. of units 
Total power 

(kW) 
Item x no. of units 

Total power 

(kW) 

Feed pump x 3 33 Irrigation pump x 2 15 

Flushing pump x 1 2.2 Water Booster pump x 4  60 

High pressure pump x 1 150 Electrical fire pump x 1 110 

Dosing pump x 6 114 JOCKEY pump x 1 5.5 

Air conditioner x1 10.25 Submersible pump x 4 4.4 

Lightening x 1 4 Air blower aeration system x 2 15 

Submersible pump on wells x 3 33 Miro multi-function unit x 6 45 

Submersible pump (sewage tank) x 3 55.5 Upvc actuating electrical valve x 18 4 
 

Table A6 Technical and cost data of the developed LEPS addressed in chapter 5 

Parameter Value Parameter Value 

Photovoltaic 

Rated capacity/module 305 W Efficiency at STC 13% 

Nominal operating temperature 46°C Open circuit voltage/module 64.2 V 

Derating factor 85% Short circuit current/module 5.96 A 

Temperature coefficient -0.386 %/°C MPP voltage /module 54.7 V 

Ground reflection 20% MPP current/module 5.58 A 

Highest system voltage/module 1000 V Working temperature scale (-40 ~ +85)◦C 

Capital cost 1000 $/kW Lifetime 25 years 

O&M cost 10 $/yr Replacement cost 1000 $/kW 

Wind turbine 

Rated capacity 2.625 kW Inertia 7.5 kg.m2 

Cut-in WS 3 m/s Friction coeff. 0.06 N.m. s/rad 

Cut-out WS 20 m/s Lifetime 20 years 

Rated WS 12 m/s Capital cost 10,000 $/turbine 

Hub height 30 m O&M cost 50 $/turbine/yr 

Rotor diameter 5 m Replacement cost 9,000 $/turbine 

Diesel generator 

Derating factor 70% Lifetime (hours) 15,000 

Heat recovery ratio 0.0% Capital cost 1200 $/kW 

Fuel curve slope 0.2730 (L/hr/kW) O&M cost 0.039 $/op.hr/kW 

Intercept coefficient 0.0330 (L/hr/kW) Replacement cost 1000 $/kW 

Minimum load ratio 25% Diesel fuel price 0.3 $/L 

Carbon Monoxide emission factor 16.34 (g/L) Nitrogen Oxides emission factor 15.359 (g/L) 

Converter 

Lifetime  Lifetime 15 years 

Capital cost 400$/kW Efficiency 95% 

O&M cost 10 $/yr/kW Replacement cost 400$/kW 

Battery storage system 

Rated voltage 12 V Depth of discharge (DOD) 60% 

Rated capacity 3.12 kWh Rate constant 0.379 (1/hr) 

Full capacity 260 Ah Roundtrip efficiency 80 % 

Capacity ratio 0.361 Max. charge current 80 A 

SOC margins 40 % ~ 100% Max. discharge current 80 A 

Capital cost 350 $ Lifetime 12 years 

O&M cost 10 $/yr Replacement cost 300 $ 
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Appendix-B  

The reverse osmosis (RO) system's feed-water is pumped from the ground wells with a 

flow rate of 1135 m3/d. The brackish water was stored in a holding tank, and then pumped 

to the pretreatment units via pumps and then passed to the membrane modules through 

high/pressure pumps where the flow is divided into two streams called permeate and brine 

stream. The RO recovery is 75%, and the permeate water flow is 850 m3/d. The permeate 

water was collected in the product water tank, and a post/treatment dosing system was 

conducted for disinfection and pH correction. Fig. B1.1 shows the schematic diagram of 

the RODP which consists of headworks (well pumps, holding water tank, feedwater 

pumps), pretreatment units (multi/media filters and cartridge filters), followed with RODP 

modules and high/pressure pumps, and post/treatment of permeate water flow (pH and 

chlorination adjustment). Lastly, the rejected brine was introduced to the injection wells far 

from the existing well pumps and RODP. 

 
Fig. B1.1 Schematic diagram of the reverse osmosis desalination process 
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Appendix-C  

This Appendix contains the extra results generated from the different parts of the thesis. 

Table C1 The fuzzy pair-wise comparison matrix of DM-1 

 KPC TNPC LCOE OPEX PbP GhG RnF LR CsF SeF IE 

TNPC (1,1,1) (2,3,4) (4,5,6) (5,6,7) (1,1,1) (4,5,6) (6,7,8) (3,4,5) (4,5,6) (9,9,9) 

LCOE (1/4,1/3,1/2) (1,1,1) (2,3,4) (2,3,4) (2,3,4) (5,6,7) (6,7,8) (2,3,4) (4,5,6) (6,7,8) 

OPEX (1/6,1/5,1/4) (1/4,1/3,1/2) (1,1,1) (1,2,3) (1,1,1) (1,2,3) (4,5,6) (1,2,3) (2,3,4) (6,7,8) 

PbP (1/7,1/6,1/5) (1/4,1/3,1/2) (1/3,1/2,1) (1,1,1) (1,1,1) (3,4,5) (4,5,6) (1,1,1) (4,5,6) (4,5,6) 

GhG (1,1,1) (1/4,1/3,1/2) (1,1,1) (1,1,1) (1,1,1) (2,3,4) (1,1,1) (1,2,3) (4,5,6) (6,7,8) 

RnF (1/6,1/5,1/4) (1/7,1/6,1/5) (1/3,1/2,1) (1/5,1/4,1/3) (1/4,1/3,1/2) (1,1,1) (1,2,3) (1,1,1) (2,3,4) (1,2,3) 

LR (1/8,1/7,1/6) (1/8,1/7,1/6) (1/6,1/5,1/4) (1/6,1/5,1/4) (1,1,1) (1/3,1/2,1) (1,1,1) (1/3,1/2,1) (1,1,1) (2,3,4) 

CsF (1/5,1/4,1/3) (1/4,1/3,1/2) (1/3,1/2,1) (1,1,1) (1/3,1/2,1) (1,1,1) (1,2,3) (1,1,1) (4,5,6) (4,5,6) 

SeF (1/6,1/5,1/4) (1/6,1/5,1/4) (1/4,1/3,1/2) (1/6,1/5,1/4) (1/6,1/5,1/4) (1/4,1/3,1/2) (1,1,1) (1/6,1/5,1/4) (1,1,1) (3,4,5) 

IE (1/9,1/9,1/9) (1/8,1/7,1/6) (1/8,1/7,1/6) (1/6,1/5,1/4) (1/8,1/7,1/6) (1/3,1/2,1) (1/4,1/3,1/2) (1/6,1/5,1/4) (1/5,1/4,1/3) (1,1,1) 

λm=11.05, RI, 1.49, CR=0.079 
 

 

Table C2 The fuzzy pair-wise comparison matrix of DM-2 

 KPC TNPC LCOE OPEX PbP GhG RnF LR CsF SeF IE 

TNPC (1,1,1) (2,3,4) (4,5,6) (1,2,3) (1,1,1) (2,3,4) (9,9,9) (4,5,6) (4,5,6) (9,9,9) 

LCOE (1/4,1/3,1/2) (1,1,1) (3,4,5) (1/4,1/3,1/2) (1/6,1/5,1/4) (1,2,3) (6,7,8) (2,3,4) (2,3,4) (9,9,9) 

OPEX (1/6,1/5,1/4) (1/5,1/4,1/3) (1,1,1) (1/6,1/5,1/4) (1/8,1/7,1/6) (1/4,1/3,1/2) (4,5,6) (1/3,1/2,1) (1,2,3) (6,7,8) 

PbP (1/3,1/2,1) (2,3,4) (4,5,6) (1,1,1) (1/3,1/2,1) (2,3,4) (6,7,8) (4,5,6) (4,5,6) (9,9,9) 

GhG (1,1,1) (4,5,6) (6,7,8) (1,2,3) (1,1,1) (4,5,6) (9,9,9) (6,7,8) (5,6,7) (7,8,9) 

RnF (1/4,1/3,1/2) (1/3,1/2,1) (2,3,4) (1/4,1/3,1/2) (1/6,1/5,1/4) (1,1,1) (5,6,7) (2,3,4) (2,3,4) (6,7,8) 

LR (1/9,1/9,1/9) (1/8,1/7,1/6) (1/6,1/5,1/4) (1/8,1/7,1/6) (1/9,1/9,1/9) (1/7,1/6,1/5) (1,1,1) (1/8,1/7,1/6) (1/8,1/7,1/6) (1/3,1/2,1) 

CsF (1/6,1/5,1/4) (1/4,1/3,1/2) (1,2,3) (1/6,1/5,1/4) (1/8,1/7,1/6) (1/4,1/3,1/2) (6,7,8) (1,1,1) (2,3,4) (6,7,8) 

SeF (1/6,1/5,1/4) (1/4,1/3,1/2) (1/3,1/2,1) (1/6,1/5,1/4) (1/7,1/6,1/5) (1/4,1/3,1/2) (6,7,8) (1/4,1/3,1/2) (1,1,1) (5,6,7) 

IE (1/9,1/9,1/9) (1/9,1/9,1/9) (1/8,1/7,1/6) (1/9,1/9,1/9) (1/9,1/8,1/7) (1/8,1/7,1/6) (1,2,3) (1/8,1/7,1/6) (1/7,1/6,1/5) (1,1,1) 

λm=11.1, RI, 1.49, CR=0.082 
 

 

Table C3 The fuzzy pair-wise comparison matrix of DM-3 

 KPC TNPC LCOE OPEX PbP GhG RnF LR CsF SeF IE 

TNPC (1,1,1) (1,1,1) (6,7,8) (2,3,4) (2,3,4) (3,4,5) (9,9,9) (3,4,5) (2,3,4) (9,9,9) 

LCOE (1,1,1) (1,1,1) (2,3,4) (1,1,1) (1/4,1/3,1/2) (2,3,4) (9,9,9) (1,2,3) (3,4,5) (6,7,8) 

OPEX (1/8,1/7,1/6) (1/4,1/3,1/2) (1,1,1) (1/4,1/3,1/2) (1/4,1/3,1/2) (1,1,1) (6,7,8) (2,3,4) (2,3,4) (4,5,6) 

PbP (1/4,1/3,1/2) (1,1,1) (2,3,4) (1,1,1) (1,2,3) (3,4,5) (7,8,9) (1,2,3) (2,3,4) (9,9,9) 

GhG (1/4,1/3,1/2) (2,3,4) (2,3,4) (1/3,1/2,1) (1,1,1) (4,5,6) (9,9,9) (2,3,4) (2,3,4) (6,7,8) 

RnF (1/5,1/4,1/3) (1/4,1/3,1/2) (1,1,1) (1/5,1/4,1/3) (1/6,1/5,1/4) (1,1,1) (6,7,8) (1,2,3) (2,3,4) (9,9,9) 

LR (1/9,1/9,1/9) (1/9,1/9,1/9) (1/8,1/7,1/6) (1/9,1/8,1/7) (1/9,1/9,1/9) (1/8,1/7,1/6) (1,1,1) (1/6,1/5,1/4) (1/4,1/3,1/2) (1/4,1/3,1/2) 

CsF (1/5,1/4,1/3) (1/3,1/2,1) (1/4,1/3,1/2) (1/3,1/2,1) (1/4,1/3,1/2) (1/3,1/2,1) (4,5,6) (1,1,1) (1,1,1) (3,4,5) 

SeF (1/4,1/3,1/2) (1/5,1/4,1/3) (1/4,1/3,1/2) (1/4,1/3,1/2) (1/4,1/3,1/2) (1/4,1/3,1/2) (2,3,4) (1,1,1) (1,1,1) (4,5,6) 

IE (1/9,1/9,1/9) (1/8,1/7,1/6) (1/6,1/5,1/4) (1/9,1/9,1/9) (1/8,1/7,1/6) (1/9,1/9,1/9) (2,3,4) (1/5,1/4,1/3) (1/6,1/5,1/4) (1,1,1) 

λm=11.066, RI, 1.49, CR=0.080 

 


