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1. INTRODUCTION 

Energy is an essential component for all social activities 

and required for the production of all goods and the provision 

of all services [l]. Currently, the majority of the energy used 

on earth comes from conventional fossil fuel oil, gas and coal. The conventional energy, however, 

will be exhausted in 50-100 years based on the recent 

exploring and consuming rates [2]. And also, the world 

energy consumption will increase up 53% by 2035 [3]. 

Therefore, energy will be the biggest crisis to humanity in 

the near future. In addition, the combustion of depleting 

fossil fuels for power generation has detrimental impact on 

human life and environment especially global warming and climate change. In view of this, 

renewable solar energy sources, like solar, wind, and biomass energy, are being increasingly 

exploited to meet the energy needs regarded as potential routine to cope with serious energy 

dilemma and environmental concerns [4, 5]. As for China, the share 

of renewable energy sources (16% by 2020) for energy supply is 

relatively low compared with European countries, though the trend 

of development is positive [6].  

Nowadays, more than 1.5 billion inhabitants worldwide 

including 5 million people in China still lack access to electricity, 

most living in small remote villages or isolated islands far away 

from the national utility grid [7, 8]. In such remote areas the 

population is dispersed and the terrain rugged, hence utility grid extension to these locations is not 

only impractical for these reasons but also because of the prohibitive capital cost. Constructing 

long transmission and distribution lines to such comparatively inaccessible places is thus both 

impractical and uneconomical [9-12]. As a result, the electrical demand is commonly powered by 

diesel generators or even no power is supplied [13-15]. The significant rise in diesel price and 

subsequent environment pollution since the oil crises of the 1970s [16], however, make further 

employment of these systems expensive and hence less favourable. Additionally, the negative 

environmental effects resulting from the employment of diesel, noise and water, soil and air 

pollution, damages the local ecological system [11]. 

✓ Describes importance  
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Faced with problems originating from diesel, power supply 

for remote areas with limited access has drawn extensive public 

attention, they are beginning to consider the locally available 

renewable energy (RE) to provide power[17]. With technical 

renovation and the rapid development of renewable energy system 

(RES), the initial cost of renewable energy technologies (RETs) have declined rapidly, which is 

no longer the key barrier to their usage and suggest that the 

comparative economics of RE are likely to get better and hence 

motivates the remote communities to transfer from diesel toward a 

greater reliance on more local and sustainable renewable energies. 

However, the common disadvantages of RE sources are their 

power generation discontinuity (intermittent and unpredictable 

characteristics), as well as the fact that its energy generation is not controlled by the system 

operator thus making it more difficult to integrate these plants in the generation pool than in the 

case of conventional plants[18]. A suitable energy storage system (ESS), with great potential and 

capability to solve the problems described above, must be introduced to make the remote area 

power supply become fully reliable and economically viable. At present, this is the most 

challenging and crucial task for remote renewable energy applications.  

Currently, the majority of stand-alone renewable energy 

systems use lead acid batteries for electricity storage, while the high 

initial capital cost, frequent replacements and ultimate disposal 

remain the enormous challenges for the battery storage. In some 

cases, for system simplification, some stand-alone renewable energy 

supply systems might discard energy storage devices and apply the dispatchable generators (eg. 

diesels) instead, which are supplemented by intermittent renewables suppliers, if available. 

However, this approach results in a substantial waste of energy and investments in renewables, the 

environmental benefits are also greatly affected. 

An awareness of the limitations of the batteries, a conventional and novel energy storage 

technology, i.e. pumped storage, is introduced in this research. The pumped storage is widely 

employed for conventional coal-fired and nuclear power stations. However, until now, not much 

research has been conducted on pumped water storage for RESs, especially for the standalone 

systems on remote areas. Without enough theoretical and experimental investigations, the concept 

of pumped storage is therefore not widely adopted in the renewable energy power supply systems. 

✓ Uses present perfect tense to 

describe recent developments 
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and “have declined” 
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In this study, the standalone hybrid RESs with combined pumped 

hydro storage (PHS) and batteries storage are introduced, its 

performance will be investigated in greater detail in the future work. 

The research framework is listed in Fig. I and the major objectives of 

this research are briefly summarized as follows: 

• To investigate the technical feasibility of standalone hybrid 

renewable energy systems with combined pumped hydro storage 

and batteries storage on remote areas; 

• To evaluate the economic performance of the pumped storage and 

battery storage subsystem for standalone RESs; 

• To develop an overall mathematic model for various components 

in the hybrid systems; 

• To design/size, simulate and optimize the hybrid renewable energy systems with combined 

pumped hydro storage and batteries storage using some novel algorithms; 

• To set up an experiment test system and evaluate the operating performance of a standalone 

solar photovoltaic (PV) powered pumped storage system under real conditions; 

 

Fig. 1 The framework of the proposed study 

✓ Develops introduction from 

more general worldwide problem 

✓ Then, narrows focus to China. 

✓ Explains current problems 

with existing solutions 

✓ Introduces research ‘gap’ with 

phrase “However, until now not 

much research has been…” 

✓ Explains how this project will 

fill research gap 
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2. LITERATURE REVIEW 

A few studies on the hybrid renewable energy and 

pumped storage systems have been found in literature. The 

literature review is divided into four parts. The first part is 

about the RESs for the remotes island. The energy storage system (ESSs) for standalone RESs are 

reviewed in the second part, following by a detailed investigation on the 

pumped storage. The fourth part focuses on the design and simulation 

methodologies and optimization algorithm. Finally, previous studies 

about computer tools for performance evaluation of hybrid RESs are reported. 

2.1. Standalone renewable energy systems (RESs) for remote areas 

2.1.1. Economic considerations 

Renewable energy technologies (RETs) have become competitive with conventional resources in 

many areas of the world, most notably in remote areas, over the last five to ten years. This is primarily 

attributable to two key factors: the rising cost of diesel generation 

and the rapidly declining cost of RETs[17]. These increases in fuel 

price have caused the price of diesel electricity to more than 

double in the last decade. On an unsubsidized basis, RE now can 

be broadly competitive with electricity from diesel generators at 

current fuel prices (depending on location and application) [19, 

20]. This trend has dramatically expanded the portfolio of diesel 

energy alternatives for RE transition, particularly when coupled with the fact that RETs have come 

down rapidly in cost. PV represents the most dramatic illustration of RE cost declines and the 

potential for renewables to compete with diesel. PV panel prices, for example, declined by 40% in 

2009/2010, and are projected to continue to decline significantly in 2011/2012 [21]. Recent evidence 

from India, for example, suggests that PV is already significantly cheaper than diesel electricity in 

many areas, prompting major industrial customers to begin increasing their use of PV in off-grid 

applications[22]. The competitive position of renewable energy can provide additional economic 

benefits to local communities and utilities beyond direct savings. In addition, the cost of renewable 

Avoid “a few”. Write “Few studies…” or 

“Little research…” 

 

✓ Explains outline of contents of 

whole paper 

✓ Uses adverbs to highlight the 

importance of this topic, e.g. 

“notably”, “dramatically”, 

“rapidly” , “significantly” 

✓ Places the adverbs next to the 

main verb. 
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energy technologies continues to come down globally, which suggests that the comparative 

economics in the years ahead are likely to get much better than present. 

2.1.2. Advantages of renewable energy systems (RESs) for remote places 

For the islands, remote regions and national 

borders where the national grid is not available or too 

costly to be implemented, the most practical and cost-

effective energy future is the renewable energy power 

supply systems. These systems are installed for a range 

of reasons, including: expensive grid connection or 

diesel fuel cost[23]; desire to use renewable energy[24]; desire for independence and low running 

costs; avoidance of overhead line or undersea cable in environmentally sensitive areas[24]. 

Therefore the remote areas around the world are at the forefront of the transition toward a more 

sustainable energy future[17], particularly after investigation the viability of RESs, such as PV, 

wind, micro hydro, biomass and their hybrids.  

The stand-alone renewable energy systems (RES) have a reputation for being inexhaustible, 

environmentally benign, reliable, efficient, and with cost-effective characteristics, which are hence 

seen to be the most likely viable and practical energy future for such remotes areas [25-27]. In 

addition, renewable energy is a promising key to solve 

the problems of global environmental pollution and 

hence reduce the subsequent negative impact on 

worldwide prosperity due to the depletion of such as 

nonrenewable resources and also the negative impact on 

human health caused by the ensuing atmospheric 

degradation[28, 29]. Furthermore, renewable energies avoid the safety problems derived from 

atomic power [30], which is why, from the social point of view, it has become more desirable to 

adopt renewable energy power plants[31]. An awareness of the above has caused the last decade 

to witness a dramatic expansion in the use of RES as replacements for fossil-based energy. As 

renewable energy costs come down worldwide, the economic, financial and ecological case for 

beginning to transition away from fossil fuels to a 

greater reliance on more local and sustainable forms of 

energy is increasingly compelling[17]. 

Better to place the main idea first 

in topic sentences, i.e. “The most 

practical and cost-effective…supply 

systems, for the islands … 

implemented. 

 

Better to discuss studies in more 

detail and highlight strengths and 

weaknesses of studies, i.e. “discuss” 

the safety question of atomic power 

and compare with renewable energies. 

 

✓ Summarizes main idea of the 
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Due to wide deployment of the renewable energies, remote areas, remote communities can 

unlock a number of both monetary and non-monetary 

benefits from the development of local renewable energy 

resources. These benefits include enhanced energy 

security, decreased environmental impact, improved local 

residents' life quality, climate mitigation, greater self-reliance, as well as lower electricity, 

transportation and heating/cooling costs [28, 29], Finally, the lessons learned from transitioning 

remote areas to higher levels of renewable energy penetration, such as innovative storage and 

demand side technologies, can help mainland areas and real world better understand the technical, 

financial, operational challenges and can help them harness a greater share of their locally available 

energy resources as well. 

 

Of the renewable sources given above, the solar 

PV system is regarded as the most promising 

candidate[32]. Solar energy is expected to be the 

foundation of a sustainable energy economy, because 

sunlight is the most abundant renewable energy 

resource[33]. One major advantage of PV versus wind 

power is that typically solar energy matches the time distribution of load profiles better than wind 

energy [34]. The initial cost of PV systems might be 

higher than other RESs, but solar power is superior to 

other RES as it is produced silently with little O&M 

inputs, no direct pollution or depletion of resources as 

reliance is solely on inexhaustible solar irradiation. In 

addition, PV systems hold good promise for worldwide electrical energy generation, for instance 

the study[l] estimated that a PV station of area 250 x 250 km2 would be enough to meet the 

electricity requirements throughout the world for the year 2020. With this in mind, the specific 

share for renewable energy and PV power for the whole energy structure of the world would be 

80% and 60%, respectively, at the end of 21st century[2]. 

The increased global popularity of the PV system is also 

due to increased investment which has resulted in greater 

reliability and also making it more cost-competitive in 

meeting energy demands. 

Better to divide the information 
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one main advantage in one paragraph. 
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2.1.3. Hybrid renewable energy system (RES) 

It is evident that neither a standalone PV nor a single wind energy system is able to provide a 

continuous power supply because of seasonal and 

periodical fluctuations [35]. The independent use of any 

single technology usually leads to a considerably oversized generation system and energy storage 

subsystem for power supply reliability, which in turn requires a higher operating and life cycle 

costs [16, 26, 36, 37].  

To meet the challenges stated above, the renewable 

energy resources either integrated or used in 

combination with the backup storage subsystem, called hybrid systems, are propounded. The 

integrated multi-source RESs can leverage the strengths of each technology to provide a more 

reliable and less costly power generation than the systems 

rely on a single source of energy[13, 17, 29, 38, 39], since 

the renewables can complement each other component capacities are better utilized, improve load 

factors of generators and better exploitation of renewable. The economic benefits of these 

combined RETs are sufficiently promising and becoming popular now for developing the power 

supply systems for remote areas [40]. 

Hybrid power systems, various combinations of solar, wind, hydro, and biomass with/without 

rechargeable batteries, are currently being researched and 

widely considered as a cost-effective and ecologically 

sound solution in a long run [28, 41, 42].  

Amongst various configurations proposed, the hybrid 

solar and wind systems with battery storage is becoming 

increasingly attractive and being widely used as an 

alternative to fossil-fuel energy[43]. The main reason behind that is the complementary nature 

exhibited from wind and solar energy in daily and seasonal patterns [44, 45]. Hybrid solar and 

wind energy can attenuate variations in power produced, thereby significantly reducing energy 

storage requirements[16, 46]. A great deal of research has reported the hybrid solar and wind 

system [40, 47-50]. The hybrid solar-wind system optimization Sizing (HSWSO) model [51, 52] 

was developed for the hybrid solar-wind power generation systems with batteries. 

✓ Explains problem 

 

✓ Discusses possible solution 

✓ Evaluates possible solution. 

✓ Describes current situation in 

general. 

✓ Describes current situation more 

specifically. 
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In addition, the renewable sources can also be used in combination with the conventional 

energy system to provide a more reliable electricity 24-hour-a-day and 7 days a week, such as 

hybrid PV-wind-diesel-battery systems[53, 54], or wind-diesel system[39, 55, 56], or PV-diesel 

system[15, 28, 57] or PV-wind-hydro-diesel system[58]. 

2.2. Energy storage system (ESS) for renewable energy supply system 

2.2.1. Motivation of energy storage system 

Energy storage is recently in vogue because of concerns 

about climate change and peak oil. Many studies discussed 

the future 100% RE scenarios at the national level, such as 

55% wind and 45% solar power generation for Germany 

and Denmark[59], 100% RE systems for Denmark in years 

2030 and 2050[60], and 100% renewable electricity for 

Australia[61]. One study[62] showed that a PV-wind-hydro-biomass system could supply 100% 

electricity for Japan by 2100. At the project level, the book[63] described the efforts of the Los 

Angeles Community College District to implement a 100% RES for its nine college campuses. 

Almost all studies above identified that the energy storage was a key barrier to a fully renewable 

powered world due to the intermittency of renewable energies. 

Recently the large-scale development of wind and solar power generation inevitably brings 

remarkable influence upon the power grid peaking and system safe operation because of their 

unpredictable and intermittent characteristics [64, 65], To 

a large extent, ESS is considered as a prominent solution 

for the problem as it provides an inventory for the 

unexpected surplus or deficit from random renewable 

generation. On the one hand, it can flat the fluctuating 

output power of the new energy generation, improve 

power quality, maintain stable system, and on the other 

hand, it can adjust the changes of grid voltage, 

frequency and phrase caused by new energy generation, 

and enable the large-scale wind turbine (WT) and solar 

power penetration.  

Better to avoid “many”. “Numerous” 

or a “large number of” are better options. 

 

✓ Gives examples to highlight 

feasibility of the system. 

Better to use recently with the 
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background, i.e. “has recently brought 

a remarkable…”.  
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For the stand alone systems in remote areas, RESs have the inherent characteristics of 

intermittency and non-controllability, threatening the reliable operation of electricity supplies of 

public utilities. Such disadvantages have become major hurdles to the extensive utility of the 

RE[66]. A suitable EES could obviously provide an important (even crucial) approach to dealing 

with the intermittency of renewable sources and the unpredictability of their output as the surplus 

could be stored during the periods when intermittent generation exceeds the demand and then be 

used to cover periods when the load is greater than the generation[6]. Therefore, storage technology 

is a critical component to ensure sustainable growth of clean energy [67]. 

 

2.2.2. The role of energy storage 

 

Fig. 2 Load profile of a large-scale electricity storage system. (a) EES in Peak Shaving; (b) EES in load levelling 

Energy Energy Storage (EES) refers to a process of converting electrical energy from a power 

network into a form that can be stored for converting back to electrical energy when needed[68]. 

EES systems are critically important to intermittent 

renewable energy supply systems [69-71]. They can 

provide substantial benefits including load following, 

peaking power shift, providing dispatch power and 

spinning reserve, improving power supply stability and quality [6, 69]. As shown in Fig. 2, the 

following two functions of EES for standalone RES are the most common: 

• Ramping (Peak Shaving). As indicated, solar energy to a large extent fluctuates intermittently 

due to its stochastic nature. Because of this unpredictability, it does not produce usable energy 

for a considerable portion of the year, and even when it does produce power there may be no 

demand for that power at the time. Therefore storage devices are necessary to compensate for 

✓ Defines and describes key concepts. 

✓ Refers to figures in text, e.g. “As 

shown in Fig 2, 
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the inherent defects of solar energy and ensure power produced from PV can be released and 

dispatched reliably to better fit demand. 

• Load leveling and time shifting (balancing the production and load). An energy storage system 

enables the produced energy to be held in reverse when demand is low, ready for discharge 

during peak demand, hence alleviating the mismatch between peak load occurrence time and 

the periods when maximum power is generated. It is obviously prudent for electricity to be 

stored when the excess is produced and to be released only when needed. 

2.2.3. ESS classification 

Research to build more reliable and cost-effective energy storage technologies is now on the 

rise. As a result, many new technologies and applications 

are evolving and competing[67]. The principal EESs are 

summarized in Fig. 3, which are classified into the 

following four main categories by the form of storage: (l) 

Mechanical process, (2) Electrochemical process, (3) 

Electromagnetic process and (4) Thermal processes. 

Electrical energy storage usually includes only the first three types. The EESs also have been 

divided into two kinds based on the function of storage: energy management, power quality and 

reliability[6]. The characteristics and performance of these storage technologies have been widely 

studied [72-75]. 
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Fig. 3 Classification of energy storage systems 
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Energy storage is rapidly gaining more interest from industry leaders, policymakers and 

academic researchers. Currently, the majority of stand-alone renewable energy systems use lead 

acid batteries for electricity storage. Possible 

storage technologies for renewable energy have 

been extensively investigated by many researchers 

in recent years. An overview of six popular energy 

storage alternatives for a medium scale renewable 

energy system, 100 kW PV plant, was contrasted in 

[18]. One study[76] suggested that batteries, 

compressed air and pumped storage were three promising technologies worthy of exploration for 

grid-independent medium sized electricity storage. Andreas[77] stated that pumped hydro storage 

was the only proven system of energy storage for medium and larger size renewable systems, 

whereas energy storage for small power systems is usually performed by batteries. Some 

researches on the power generation and load balance, system 

regulation of the isolated grid dominated by wind and solar 

power were carried out in recent years[78]. Besides, the 

optimal energy storage capacity for PV and wind hybrid 

system was studied in [79] based on stochastic simulation in 

order to minimize the investment cost of storage cell. 

2.2.4. Lead-acid battery 

Currently, the majority of standalone RESs usually 

employ rechargeable lead-acid batteries to store the excess 

electricity from the renewable energy. The study[80] shows that for very low energy storage 

system contribution and very short period of autonomy, the lead-acid batteries show a lower cost 

than the pumped storage. As the autonomy values and energy storage contributions increase, 

however, the pumped storage gradually become more attractive. On the other hand, batteries have 

well known limitations: 

• The initial investment is too high, especially for large-scale and high capacity systems; 

• They have a relatively low lifetime (Usually 2 - 8 years). Frequent replacement imposes an 

additional financial burden.  

• They incur particular environmental problems in containing toxic substances such as lead, 

which can cause problems during shipment, installation, and particularly in ultimate disposal. 

Avoid repeating background with 

the first sentence of this paragraph. Use 

a topic sentence that outlines the main 

point of the paragraph, i.e. ’Six popular 

energy storage alternatives…have been 

proposed’. 

 

Use “research” as an uncountable 
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• They tend to be dangerous with sulfuric acid and in the possibility of explosion; 

2.3. Pumped hydro storage (PHS) system for 

renewable energy 

2.3.1. Introduction of pumped hydro storage 

Pumped hydro storage (PHS) was first used in Italy and 

Switzerland in the 1890s[81] and the first large-scale 

commercial application was in the USA in 1929 (Rocky River, Hartford). It remains the most 

commonly used and commercially viable electricity storage technology[82] due to its low cost and 

maturity with over 127 GW installed worldwide, accounting for 99% of the total storage 

capacity[73].  

In the past, pumped storage, the only market-proofed 

technology for large scale energy storage, was used as a tool 

to contain surplus energy during non-peak or low market 

price periods so that it could be used later in peak periods or 

as a resource during periods when high market prices 

prevailed. In Europe, for instance, Switzerland with its 

extensive network of river and reservoirs has allowed to import cheap excess nuclear power from 

France and Germany to pump water uphill and store it in vast reservoirs. The energy could then be 

sold back to these countries during peak-priced periods, or sold to Italy, Europe's largest electricity-

importing nation. 

Currently, the pumped storage is more relevant to renewables integration (solar and wind), is 

deployment in those countries with the most renewables: Japan, Western Europe and US [83]. 

 

 

Introduce the new section, outline 
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Fig. 4 Pumped hydroelectric storage plant 

As shown schematically in Fig. 4, such a system 

normally consists of (l) two vertically-separated water 

reservoirs, (2) a pump to elevate water to the high elevation (to store electricity in the form of 

hydraulic potential energy during off-peak hours), and (3) a turbine to generate electricity with the 

water returning to the low elevation (converting the potential energy to electricity during peak 

hours). Clearly, the amount of stored energy is proportional 

to the height difference between the two reservoirs and the 

volume of water stored.  

PHS is a mature technology with large volume, long storage period, high efficiency and 

relatively low capital cost per unit of energy. Taking into account the evaporation and conversion 

losses, at present its efficiency in the world is about 70-85% 

[6, 73, 84], The lifetime will be 40-60 years and the total 

installed capital cost is about $1500-4300/kW or $250-

430/kWh[73, 85].  

2.3.2. Increase renewables penetration in grid connected system 

As stated earlier, at present the pumped storage is more relevant to renewables integration. 

The Eagle Mountain pumped storage project in US [86], as an engineering example, represents a 

sustainable renewable energy dependable solution, which can provide integrated, reliable and clean 

✓ Describes key features of figure 
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electricity generation. In Japan and Germany, which are putting full blast on renewable energy 

particularly after the nuclear accident, the number of 

pumped hydro cycles could be doubled from one to two 

times per day due to the excess and cheap solar energy 

during the afternoon peaks[87]. George's study[88] 

showed that wind energy with hydro pumped storage is 

considered as the most suitable storage technology for allowing high wind penetration levels in 

medium and large autonomous power systems. Substantial research also demonstrated that 

pumped-storage hydro is an ideal option and is being applied to confirm the variability of 

renewable power sources, such as wind and solar[89]. 

2.3.3. Standalone renewables based/powered PHS 

Wind energy based/powered pumped storage power stations have been the subject of many 

publications in recent years and being considered for 

implementation in isolated power systems such as remote 

islands [90-105], most of which focus on stabilizing the 

output from the wind power, peak clipping and valley 

filling of the power demand, increasing the penetration level of wind power. In addition, the 

combination system of wind and hydro energy assisted by the pumped water storage was studied 

by [106-110].  

PHS complements with solar and wind energy. Their respective characteristic determines the 

complementary operation can get more benefit[111]. However, there are just a few reports on 

standalone solar or hybrid solar and wind system powered pumped storage system. 

In order to decrease significantly diesel consumption for an isolated island grid, additional 

energy storage and sufficient power regulating capability are needed when fluctuating renewable 

energy is to be integrated into it. Among several kinds of energy storage technologies, PHS can be 

the technically more mature and economically viable alternative [112]. 

Reference[113] developed a calculation model of 

the capacity of PHS in hybrid wind-solar system to 

explore the economic rationality according to the 

principle of that price of electricity cost and investment 

cost per kilowatt is the lowest. In [114], the 
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determination of PHS capacity for hybrid wind and pumped storage system was demonstrated with 

genetic algorithm method to get the maximum benefit of the wind farm.  

Some literatures introduce a wind-solar-hydro combined generation system that utilizes both 

wind and solar complementary resources to generate, 

and then uses a PHS station and battery storage to store 

energy [113, 115]. The PHS plant was proposed for a 

PV system to mitigate the imbalance between 

renewable energy production and load demand [116, 117], which can effectively solve the power 

supply reliability problems associated with excess power. With the same objective, a wind-solar 

and pumped-storage hybrid power supply system has 

also been studied [111, 118]. In addition, the papers 

[91, 119] have preliminarily established simple models 

of the main components of a hybrid wind-solar-

pumped-storage power system. 

To date there is little literature reporting real applications of pumped storage in small to 

medium sized RESs, even though the subject has 

attracted the attention of many scholars. A small scale 

PHS system was established in the energy park of 

Budapest Tech campus for demonstration and education purpose [120]. Manolakos et al. [121] 

implemented a PHS system to partially replace the battery system for a stand-alone 18 kWp PV 

plant in Greece. The results demonstrated that the 

efficiency of the micro PHS system was only 28%, 

while the social impacts, such as both electricity and 

water supply, would be increasingly significant.  

2.3.4. Future outlook of PHS 

Currently reversible pump-turbines and adjustable 

speed machines are widely used to improve 

efficiency[122]. While development of PHS is limited 

due to the lack of suitable sites, there is continued 

interest in developing new PHS systems using less land 

disrupting schemes, such as underground or sea based 

reservoirs[69]. The open sea can be used as the lower 
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reservoir for some remote islands which characterize with special topographical condition and not 

enough fresh water[123]. The pumped-storage system using seawater presents good potential for 

renewable energy storage, which was first examined by Japan in 1981[111]. A pilot seawater 

pumped storage plant was then constructed on Okinawa with 400 MWh storage capacity, and the 

resultant roundtrip efficiency is 77%[124]. In addition, the economic performance of seawater 

pumped storage system was investigated in [125]. In addition, underground PHS which uses 

flooded mine shafts or other cavities, currently being researched, is also proofed technically 

possible[6, 126].  

The PHS is the only way of the large-scale energy storage and also presents its great potential 

in the medium and micro sized system. The only market-proofed technology for large scale energy 

storage, PHS will remain a dominant EES system at least in the very near future[6]. However, 

some key challenges should be overcome, creating opportunities for further improvement of the 

technology and its promotion for renewables: 

• Site availability: the presence of appropriate 

geography for two large reservoirs is a critical 

factor for decision. 

• Water availability: an adequate water supply 

should be guaranteed. for the seawater pumped storage, some technical problems should be 

assessed such as the corrosive effects of salt water and possible leakage into the ground water. 

• Water availability: an adequate water supply should be guaranteed. for the seawater pumped 

storage, some technical problems should be assessed such as the corrosive effects of salt 

water and possible leakage into the ground water. 

• Technical viability: the operation of renewables has not been widely realized in real 

applications. As some unknowns and technical issues remain to be solved, providing a 

challenge for many future researchers in this field.  

• Environmental issues: ecological problems, removing trees and vegetation from the large 

amounts of land prior to the reservoir being flooded [69, 127]. 

2.4. Design and simulate the hybrid renewable energy system 

The performance of a hybrid system depends upon proper sizing of the system. Design and 

simulation followed by optimization are main steps 

involved in sizing an isolated hybrid system. The size 

of a system, that can supply the required power 

✓ Lists key challenges in point for 

using italics to highlight key terms 

Introduce the list in text, i.e.” which 

are listed below…” 

 

 

 

✓ Outlines  content of section, .e.g. 

“This section reviews…” 

 

 

 



 THE HONG KONG POLYTECHNIC UNIVERSITY BSE DEPARTMENT 

20 

demand, can be determined by simulating the entire system using the resource and the demand 

data. This section reviews the state-of-art of hybrid system sizing approaches and optimal sizing 

methods. 

2.4.1. Basic design approaches 

There are primarily two different approaches to 

basically design and simulate a hybrid system: 

deterministic and probabilistic [40, 45]. The evaluation 

of the mentioned approaches is given in following 

subsections. 

1) Deterministic approaches 

In this approaches, the RE resources and the demand are considered as deterministic 

quantities and their variation with respect to time is assumed to be known. Usually, time for which 

the system has to be analyzed (time horizon), is divided into smaller time periods, during which 

the resources availability and load are assumed to be constant. In deterministic methods, the 

chronological sequence of the data is extremely important. Sometimes the calculation based on the 

worst case scenario, say worst month, can also be used in designing of the system [128-130]. 

Typical weather year (TWY) for a particular location can also be used to design a renewable power 

system[131]. However, the TWY data for more than one 

renewable resource are difficult to obtain. The 

synthetically simulated weather data was used to 

simulate a hybrid system[132]. These approaches are 

either computationally intensive (if it uses data for a long 

time period, say many years) or produce sub-optimal 

results (if it uses the worst month scenario). 
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Probabilistic approaches may be very simple sizing methodologies. Results obtained by these 

techniques, however, are not the most suitable to find out 

the best solution. Usually, they take into account one or 

two system performance indicators to be optimized in 

order to size components of the studied system[133]. 

These methods involve the development of appropriate 

models for generation and/or load followed by a combination of these models to create a risk model. 

Some methods did not consider the chronological sequence of the data, which makes them less 

accurate. In this method, energy generated by power sources, and load demand in some cases, are 

considered as random variables[45].  

A probabilistic approach based on convolution technique using probability density function 

(PDF) in order to evaluate the performance of hybrid PV-wind systems was proposed in [134-136]. 

A three-event probability density approximation was employed in [37], which is based on the two 

state process, proposed by [137].  

3) Hybrid approaches 

As presented in the literature[45], deterministic and 

probabilistic approaches for system design and 

simulation have their own merits and demerits. Design 

methodology utilizing deterministic methods are either 

computationally intensive or produce sub-optimal results 

depending upon the type and amount of data used. Whereas, design methodologies based on 

stochastic methods are simple. However, deterministic methods take into account the 

chronological sequence of data, and hence, can produce accurate results compared to that of 

stochastic methods. In order to overcome the limitation of inaccuracy in stochastic methods 

reported in the literature (e.g.[137]), a new stochastic method to optimally size a renewable hybrid 

system with more than one power source and to determine the cost of energy produced is proposed 

in this paper. The method combines the advantages of both the deterministic and probabilistic 

approaches while retaining inherent simplicity of stochastic method. 
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2.4.2. Optimum design/sizing 

The recent trends about optimum sizing of hybrid RESs are reviewed in this subsection. The 

optimum design of hybrid renewable energy systems is 

a hot topic and there is a rich literature dedicated to this 

topic[138]. Therefore, substantial optimization 

techniques have been applied by many researchers for 

the sizing of hybrid RES, which will be discussed in 

greater detail in the following section. 

1) Analytical methods 

In analytical approaches, hybrid RESs are usually 

represented by means of computational models which 

describe hybrid system size as function of its 

feasibility[133]. Consequently, system's performance 

can be assessed for a set of possible system architecture 

and/or a particular size of components. Best configuration of a hybrid energy system is determined 

due to a single or a multiple performance index of the systems analyzed. This kind of 

methodologies allows the designer to simulate the performance of several hybrid system 

configurations; nevertheless, they need long time series, usually 1 year, of weather variables (solar, 

and wind) for the simulations. The performance assessment of hybrid system can be carried out by 

computational models (i.e. commercial software tools and/or numerical approximations of system 

components). Recently, several computer tools have been developed in order to assess hybrid 

energy performance, which aids the designer to analyze the integration of renewable sources. Many 

studies have employed the analytical approaches to optimize the standalone RESs [139, 140]. 

2) Iterative methods 

Performance assessment of hybrid energy systems 

in iterative methodologies is done by means of a 

recursive process which stops when the best 

configuration is reached according to design 

specifications[133]. An iterative method is reported by [141] where an optimal hybrid system was 

obtained among different renewable energy combinations for a rural community, minimizing the 
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total life cycle cost, ensuring system's reliability. In this work, a numerical algorithm based on 

Quasi Newton method was used to solve the optimization problem[142].  

GA and PSO are iterative methods, which are reviewed in the following section in detailed. 

3) Hybrid methods/approaches 

Due to multidimensional nature in optimization problem, a suitable methodology to deal this problem 

will be one able to solve multi-objective optimizing. The 

objective can be twofold (techno-economical) or threefold 

(technical, economical, and environmental). The multi-

objective optimization is also reviewed in the following 

subsection. 

2.5. Optimization techniques for RESs sizing 

Due to the discontinuity and being climate-dependent, renewable energy supply requires 

complex design, simulation and optimization methods to ensure a reliable energy supply [87]. 

Fortunately, the continuous advances in computer hardware and software are allowing researchers 

to deal with these optimization problems using computational resources, as can be seen in the large 

number of optimization methods that have been applied to the renewable and sustainable energy 

field. The population-based meta-heuristics optimization algorithms mainly include: genetic 

algorithms (GA) and evolutionary algorithms (EA), scatter 

search (SS), path relinking (PR), memetic algorithms 

(MA), ant colony optimization (ACO)), particle swarm 

optimization (PSO), estimation of distribution algorithm 

(EDA), differential evolution (DE), artificial neural 

network (ANN), artificial bee colony optimization (ABCO), etc.[143] . 

The optimization algorithms constitute a suitable tool for solving complex problems in the 

field of renewable energy. Optimization of the entire 

system may be performed to arrive at a sizing which 

satisfies certain cost and reliability criteria. This is 

typically achieved by minimizing the net present cost of 

the system or the levelized cost of generated energy[45]. 
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Based on Scopus database, Fig. 5 illustrates an exponential evolution in the number of research 

papers that use optimization algorithms in the study of RES. 

 

Fig. 5 Number of papers using optimization algorithms applied to renewable energies in the last 20 years 

Different optimization algorithms have been employed for the different types of models in 

the study [144]. A review of the optimization methods for hybrid renewable energy systems 

demonstrated that the most popular applied methods were genetic algorithm and particle swarm 

optimization [145]. Many researchers are continuously proposing and applying new methods in 

the field of renewable energy, these commonly used optimization methods are briefly reviewed as 

follows: 

2.5.1. Multi-objective optimization formulation 

To date the most popular computational optimization 

methods only have focused on solving single-objective 

problems [87], including constraints in some cases. 

However, there are many shortcomings in studies of single-

objective methods, which are formulated as a problem 

whose goal is to find the "best" solution, corresponding to 

the minimum or maximum value of a single objective function 

that group all different objectives into one[146]. On the other 

hand, for the realistic problem, there exist a large number of 

applications that require the simultaneous optimization of 

several objectives, which are generally in conflict, preventing 

simultaneous optimization of each objective. Many, or even 

most, real engineering problems actually do have multiple-objectives, i.e. cost, system 

performance, reliability (days of autonomy, loss of load probability, loss of power supply 

probability, unmet load), etc. These combined objectives are difficult but realistic problems [147-

✓ Contrasts two approaches and 

highlights differences. 

Better not to use “On the other 

hand” to show differences and 

opposites, better to use “In contrast”.  

 

 

 

 

✓ Highlights drawbacks with single-

objective methods, but better to include 

a strong topic sentence at the start, i.e. 

Multi-objective approaches are 

preferable”.  

 

 

 

 

 



 THE HONG KONG POLYTECHNIC UNIVERSITY BSE DEPARTMENT 

25 

149], allowing decision-makers to think about the trade-offs between different benefits of different 

objects and choose the prior one.  

Generally these multi-objective approaches are 

often divided into two main categories, One is 

aggregate weight functions which combine the 

individual objective functions into a single composite, 

where the relative importance of each objective is adjusted according to relative weights[150]. The 

other general approach is Pareto-based optimization method, which establishes relationships 

among solutions according to the Pareto-dominance concept[151]. 

A reasonable solution to a multi-objective problem 

is to investigate a set of solutions, each of which satisfies 

the objectives at an acceptable level without being 

dominated by any other solution[148]. With the aim of 

optimizing the mix of the renewable system maximizing 

its contribution to the peak load, while minimizing the combined intermittence, at a minimum cost, 

some multi-objective algorithms have been proposed [152]. A multi-objective algorithm which 

aims to minimize the energy cost of the system, while the total greenhouse gas emissions of the 

system during its lifetime are also minimized[153]. A multi-objective optimization of load dispatch 

of power systems including renewable energy and CO2  capture and storage technologies was 

conducted in [154]. 

2.5.2. Evolutionary algorithm (EA)  

The evolutionary algorithm was effectively 

employed to design and optimize a complex hybrid 

photovoltaic-wind-diesel-batteries-hydrogen 

system[155]. The results obtained show that the EA 

was able to obtain good solutions with low 

computational effort. The EA was combined with 

an automated optimization software for optimum sizing of the various components of a reversible 

hydraulic system, i.e. turbine size, the size and the number of the pumps, the penstock diameter 

and thickness, the capacity of the reservoirs and some financial parameters [156]. 
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In addition, the multiple-objective evolutionary algorithm (MOEA) was also popularly used 

in the references. A good overview of multi-objective 

methods by using evolutionary algorithms for hybrid 

renewable energy systems was proposed and reviewed 

in [145]. The MOEA for evaluating wind turbine performance was implemented in [157], where 

the objectives are to maximize the wind power output and minimize the vibration of the drive train 

and the tower. The MOEA was also proposed in [158] for wind turbine placement based on wind 

resource distribution. 

In addition, the MOEA was used in designing a PV-wind-diesel system[159], where the 

objectives are to minimize are the total cost throughout the useful life of the installation and the 

pollutant emissions. This methods was later applied to in a three-objective problems[160], where 

the unmet load was also considered.  

2.5.3. Genetic algorithm (GA) 

The concept of GA, inspired by the evolutionist 

theory explaining the origin of species, was developed by 

Holland and his colleagues in the 1960s and 1970s[161]. 

GA is a global optimization method based on the 

principle of survival of the fittest (Darwin's hypothesis of 

evolution) and thus simulate the phenomena of 

reproduction, selection, crossing and mutation that are 

observed in nature using a computer program[27]. The basic principles of the GA are attributed to 

[162] and further developed for engineering applications by [151, 163]. 

Substantial publications have been employed GA to optimize sizing, configuration or 

operational control renewable energy systems: PV-

diesel system [27, 57, 159, 164]; PV-wind-diesel system 

[165]; Hybrid solar and wind system [51, 165-167]; PV-

battery-full cell system [168]; PV-wind-diesel-battery 

system [169]. GA was also used to identify the electrical parameters of solar cells and PV modules, 

aiming at determining the corresponding maximum power point based on I-V curve[170].  
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In addition, a good overview was presented in [148] to describe the GA developed specifically 

for problems with multiple objectives. A multi-

objective GA was adopted in [48] as well for sizing a 

hybrid solar—wind-battery system with the aim of 

minimizing the annualized cost system and the loss of 

power supply probability. 

2.5.4. Particle Swarm Optimization (PSO) 

Apart from GA, POS is also considered as one of 

the most popular optimization methods[145]. This 

algorithm was represented by Kennedy and Eberhart for 

the first time and since then, it has been widely used to 

solve a broad range of optimization problems[171, 172]. The basic idea of the algorithm was to 

seek the optimal solution through collaboration and information sharing among individuals in 

group. 

Niknam et al. [173] proposed a hybrid method that combines non-linear programming and 

PSO, whose results outperformed those obtained by other 

population-based algorithms such as GA, ANN, and 

ACO. The authors [174] also presented a fuzzy adaptive 

PSO algorithm to solve the optimal operation management of distribution networks including fuel 

cells power plants. 

PSO was also applied to optimize PV grid-connected systems in [175], to determine the 

optimal tilt angle of photovoltaic modules in [176], to 

solve the wind-photovoltaic capacity coordination in 

[177], to optimize sizing a hybrid wind-PV-fuel cell 

generation system in [178], to process economic 

dispatch problems in [179] and concluded that its performance was better than conventional 

optimization techniques. In addition, both GA and PSO were implemented for solving a planning 

problem for thermal units integrated with wind and solar energy systems[180].  
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2.5.5. Design space 

The design space based approach which can generate the sizing curve for RESs was also 

widely employed in this field. The set of feasible 

configurations that can meet the given load demand 

forms the design space[45]. The concept of design 

space was introduced for optimized sizing of solar hot water systems by[181]. For standalone 

power supply systems, the design space approach was used for diesel-battery systems[182], PV-

battery systems[183-185], wind-battery systems [186, 187] and hybrid PV-wind systems [188-

191], hybrid RESs[45]. 

2.5.6. Artificial neural network (ANN) and neuro-fuzzy theory 

Intelligent solutions, based on artificial intelligence (AI) technologies to solve complicated 

practical problems in various sectors are becoming more and more popular nowadays[144]. An 

ANN is a collection of small individually 

interconnected processing units. Information is 

passed through these units along 

interconnections[192]. ANNs are based on our 

present understanding of the brain and its associated 

nervous systems. An ANN was applied to the operation control of PV-Diesel systems[193]. Both 

ANN and GA were used to maximize the economic benefits of a solar system[194]. 

Neuro-fuzzy theory is to mimic the aspect of human cognition that can be called approximate 

reasoning, with many applications in the field of engineering. A neuro-fuzzy controller for a wind-

diesel system was developed in [195]. Daily management of the household PV panel generation 

without using storage equipment was also optimized in [196] by a neuro-fuzzy algorithm. The 

fuzzy logic was also employed for estimation the wind turbine power curve[197]. The energy 

consumption in residential sector was modeled using a neural network[198]. An artificial neural 

network model was also developed to predict the regional peak load of Taiwan [199]. 

2.5.7. Other optimization techniques 

Apart from above optimization techniques, other 

approaches such as linear programming [200-202], 

simplex algorithm[168, 203], dynamic 

programming[204], response surface 
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methodology[205, 206], matrix approach[207], quasi-Newton algorithm[141], and "Energy hub" 

concept[208] have been utilized by researchers to design hybrid renewable energy systems in a 

cost effective way. Several more algorithms also seem promising to enrich the literature dedicated 

to hybrid energy system sizing. 

2.6. Simulation by computer tools software 

The computation power of modern computers 

is increasing dramatically and hence the computer-

based simulation and optimization have received 

more and more attention, and becoming an important tool for the design of the power systems 

requiring a detailed analysis[209]. There are some 

programs that simulate hybrid systems, such as 

HOMER, Hybrid2, PV *SOL, and RETScreen.  In 

a recent and extensive review[210], 37 different 

computational simulation tools used for hybrid RESs were analyzed and compared. Another study 

briefly reviewed the simulation tools can be seen in [138]. It is evident that there is no energy tool 

that addresses all issues related to integrating renewable energy, but instead the ideal energy tool 

is highly dependent on the specific objectives that must be fulfilled. 

According to literature reviewed, a simulation 

tool broadly used in performance assessment of 

hybrid RESs is the Hybrid Optimization Model for 

Electric Renewable (HOMER) [210]. HOMER is a 

computer model originally developed by the U.S. 

National Renewable Energy Laboratory, to assist in the design of micropower systems and 

facilitate the comparison of power generation technologies across a wide range of applications 

[211], with over 70,000 users in 193 countries. HOMER, the public domain modeling software, is 

widely investigated by substantial scholars for both standalone and grid-tied micropower RESs in 

respect of case feasibility study, simulation, optimization, sensitivity analysis and validation.  

For the purpose of hybrid systems optimization, HOMER is considered as the most widely-

used one[38]. The following are some examples about HOMER application in extensive research: 
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HOMER has been previously employed to investigate the standalone PV-diesel system in 

Malaysia[15], in Saudi Arabia[28, 212, 213], in Cameroon[214], in northern Brazil[215], and in 

Jordan[216]. It was used to size a PV system to power a remote health clinic in southern Iraq [42] 

and a homestead in West Australia [217], hybrid 

solar-wind system for a small community in 

Bangladesh [218]. The diesel was coupled into the 

hybrid RES for a remote village in Saudi Arabia [41] 

and in the rural areas of Bangladesh[219] using 

HOMER. HOMER was also used to evaluate the 

potential wind energy in Ethiopia [220], available solar and wind resources in Maldives[221], and 

various renewable energy resources (solar, wind, hydro and biomass) in 

Bangladesh[222]. 

HOMER has been used extensively to perform the feasibility study of a stand-alone wind-

diesel hybrid in Saudi Arabia[55, 223], in Algeria[29] and in Alaska[56], of a wind energy 

conversion system to achieve a zero energy home in Newfoundland [224], of a small 

Hydro/PV/Wind hybrid system for off-grid rural electrification in Ethiopia[14], and of a hybrid 

microhydro-PV system for rural electrification in developing countries of Africa [225]. 

The researchers developed some models for microgrid system with hybrid energy sources, 

the results obtained are validated with HOMER[226]. The genetic algorithms for optimization of 

hybrid system was developed in [13]and also validated with HOMER. 

In addition, The stand-alone hybrid RES with hydrogen energy storage was also studied in 

Newfoundland[227] and in Greece [228]. The feasibility of hybrid RES-diesel and RES-gird 

energy system in Iran was evaluated using HOMER[229].  
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3. RESEARCH METHODOLOGY 

3.1. System description 

After a thorough literature review, the 

standalone hybrid solar and wind system with 

pumped storage is proposed. The system schematic 

is illustrated in Fig. 6. In this hybrid system, the PV 

array and wind turbine are used to convert sunlight and wind power for power generation. An 

inverter transforms the output DC to supply 220V AC load via the power distribution network 

while any surplus power is used to charge the energy storage subsystem. A pump/turbine set is 

used as the energy storage device, usually operated in pumping mode in the daytime and in 

generating mode at night. On the other hand, a micro battery bank and diesel generator can also be 

introduced in this system to form the hybrid solar-

wind-diesel- PHS-battery system, with the aim to 

reduce the pumped storage capacity and cater for 

peak load demand. The entire system would be 

regulated by a control centre to manage the whole microgrid system: ramping intermittent 

renewables outputs and balancing supply and demand. 

The operating principle of hybrid power supply system can be briefly described as follows: 

The pumped storage system elevates water to the upper reservoir using pumps when renewable 

power is available and greater than the load demand. The stored water is then allowed to flow back 

to the lower reservoir enabling the production of 

electricity by the turbine during periods of high 

electrical demand and low or no solar energy 

availability. In this way, a sustained energy supply 

would be guaranteed throughout day and night. This activity will suffer some conversion losses 
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but the electric network can be stabilized and the related environmental problems from batteries 

can be solved. Once the reversible pump-turbine set were be available for the renewables powered 

pumped storage systems, the overall efficiency will be greatly enhanced. 

 

Fig. 6 System schematic of the stand-alone hybrid solar-wind pumped storage system 

This hybrid power system combines the tradition hydropower, renewable solar energy and 

wind energy, and uses the differences of three sources of energy in the space-time distribution to 

realize the complementary operation, to achieve a stable supply of electricity[111]. Therefore, the 

pumped storage, the alternative to batteries, is considered as the most ideal partner for utilization 

intermittent renewables, which enables the renewables 

to remain renewable. At the same time, the 

combination of pumped storage and agricultural 

irrigation or village drinking water supply are also a 

promising solution for remote regions[2]. Another 

possible benefit is that a pumped storage system can be integrated with a conventional micro 

hydroelectric station through natural stream-flow, making good use of a combination of solar and 
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hydro power sources. Rain water can also be collected to offset evaporation and leakage in the 

upper reservoir. Many advantages of this system will be put forward and analyzed in detail in the 

following study. 

This kind of hybrid system with combined 

storage technologies reflects the trend of 

development of new energy, demonstrating a very 

good market prospect for remote areas where 

network coverage is impractical.  

3.2. Mathematic models establishment for simulation study 

To predict system operating performance and optimize system design, individual components 

should be modeled first and their combinations can then be better evaluated. 

Various modeling techniques are developed by researchers to model components of HRES. 

Performance of individual component is either 

modeled by deterministic or probabilistic approaches 

in [136]. The modelling of PV, wind turbine (WT), 

diesel, batteries were developed in [40]. The 

researchers reviewed different types of models such as 

renewable energy models, emission reduction models, 

energy planning models, energy supply-demand 

models, forecasting models, and control models in 

[144]. The PV/WT system with battery storage is 

modeled in [165, 230]. Reference [98] also provided a comprehensive literature review on system 

modelling.  

General methodology for modeling the components in the study such as PV, WT, diesel 

generator, pumped hydro storage (PHS), and battery bank are described below: 

3.2.1. Modelling of photovoltaic (PV) panels 

Modeling PV arrays is one of the key components in the analysis of PV systems’ performance. 

There are several mathematical models describing PV behavior under external influences, such as 
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temperature and solar irradiance. Hence it is necessary to classify the existing models to simplify 

the study of PV arrays. Broadly these models can be 

categorized as electrical and thermal models. The 

literatures related to two models are summarized in 

Table 1. 

Table 1 Classification of solar PV models 

 

Electrical models Thermal models 

• Single diode model [231] 

• Two diode model [233-235] 

• Three diode model [236] 

• Models considering only R𝑆 [237] 

• Models considering only R𝑠ℎ [238] 

• Model based on 𝑈𝐿 (overall heat 

loss coefficient) [231, 232] 

• Model based on 𝑈𝐿 and 𝐶𝑡, (thermal 

capacitance) [232] 

 

Each PV array consists of 𝑁𝑝 PV modules connected in parallel and 𝑁𝑠 PV modules connected 

in series. In this study, the maximum output power of each PV array on the day i (1≤i≤365) and at 

hour t (1≤t≤24) is determined based on the specifications of the PV module under Standard Test 

Conditions (STC, cell temperature 25 oC, irradiance=1000 W/m2, Spectral distribution AM 1.5), 

as well as the ambient temperature and solar irradiation conditions. The following equations are 

used to model the performance of a PV pant [165, 230]: 

1) PV array output: 

  (1) 

where 𝑃𝐴
𝑖(t) is the output power of the PV array, 𝐼𝑠𝑒

𝑖 (t,) 

is the PV module short-circuit current (A), 𝑉𝑜𝑐
𝑖  (t) is the 

open-circuit voltage (V) and FFi (t) is the fill factor. 

2) Cell operating temperature 

The normal operating cell temperature (NOCT) is 

defined as the cell temperature when the module operates 

under the following conditions at open circuit: 
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irradiance: 800kw/m2; Spectral distribution: AM 1.5; Ambient temperature: 20℃ and wind speed: 

1.5 m/s 

NOCT, which is provided by manufactory and usually between 42 and 46℃, is used to 

determine the solar cell temperature 𝑇𝑐
𝑖(t) during module operation. It is usually assumed that the 

difference between 𝑇𝑐
𝑖(t) and 𝑇𝑎

𝑖(t) depends linearly on the solar radiation 𝐺𝑖(t,) in the following 

manner: 

     (2) 

where 𝑇𝑐
𝑖(t) is the cell operating temperature (℃),𝑇𝐴

𝑖(t) is the ambient temperature (℃), and 𝐺𝑖(t,) 

is the global irradiance (W/m2) incident on the PV module placed at tilt angle  (0). 

3) PV module short circuit current under arbitrary operating conditions 

To accurately predict the output of PV array, it is important to understand module's behavior 

under any operating conditions of irradiance 𝐺𝑖(t,) and ambient temperature 𝑇𝑎
𝑖(t). There, a good 

balance between simplicity and exactitude is obtained through the following additional 

assumptions: 

Sometime, the effect of the temperature on short circuit current is neglected due to the fact 

that this implies an error of less than 0.5% under real 

operating conditions[122]. On the other hand, the short 

circuit current of a module is proportional to the 

irradiance[239].  In this study, both impact of irradiance 

and that of temperature on 𝐼𝑠𝑒
𝑖 (t,) are considered and 

they are expressed by: 

  (3) 

where 𝐼𝑠𝑒0 is the short-circuit current under STC, 𝑇0 is the cell temperature under STC (25℃), 

and 𝐾𝐼  is the linear short-circuit current temperature coefficient (A/℃). This coefficient is a 

positive and small Value (about +0.06A/℃) for a square metre of the module area[239]). In this 
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study, the temperature coefficient of 𝐼𝑠𝑒
𝑖 (t,) for the specified PV module from Suntech is 

+0.045%/℃. Therefore 𝐾𝑉  is 0.00375A/℃. 

4) PV module open circuit voltage under arbitrary operating conditions 

Since the voltage is a logarithmic of the current, thus the open circuit voltage 𝑉𝑜𝑐
𝑖  (t) of a 

module will also depends logarithmically function of the 

irradiance.  During the day, the voltage will therefore vary 

less than the current, making the effect of illumination 

relatively unimportant. In the design of PV generator, it is 

customary to neglect the effects of illumination on voltage 

variation [239]. Therefore, the open circuit voltage 𝑉𝑜𝑐
𝑖  (t) of a module depends exclusively on the 

temperature of the solar cells  𝑇𝑐
𝑖 (t). In the range of operating conditions encountered: 

     (4) 

where V𝑜𝑐0  is the open-circuit voltage under STC (V), and 𝐾𝑉  is the linear open-circuit 

voltage temperature coefficient (V/℃), which is is approximately equal to -2.3mV/℃ for an 

individual cell [122, 239]. 

 
𝑑𝑉𝑜𝑐

𝑑𝑇𝑐
 = -2.3mV /℃ (5) 

In this study, the temperature coefficient of 𝑉𝑜𝑐
𝑖 (t) for the specified PV module from Suntech 

is -0.34%/℃, that is, 0.114V/℃ for the module or 2.12mV/℃ for one solar cell (54 cells connected 

in series). So that 𝐾𝑉 is -0.11424. 

5) Serial resistance 

It is well acknowledged that the ideality factor n is irradiance intensity and temperature 

dependent, and their effects are very complicated. However, the ideality factor can be determined 

by calculating first the series resistance which is a property of the solar cells and dependent of the 

module conditions[239]. 

About 20 methods of evaluating the solar cell series resistance are reviewed in [240]. One 

method proposed in [241], based on one-diode model, is 

very simple and accurate to find the series resistance of a 

solar cell because no more complicated testing steps or 

calculations are required except the module characteristic 
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parameters. In this method, the ideality factor was supposed as an output current dependent 

variable under illumination with an infinite shunt-resistance value. This method has been employed 

in the studies [52, 242]. The series resistance 𝑅𝑆 is expressed in the following equation: 

 

  (6) 

where 𝑉𝑡 = k𝑇0/q is the thermal voltage. 

One study stated that the shunt resistance also cannot be ignored for more detailed and accurate 

calculation of ideality factor[243]. 

6) Ideality factor under the maximum power point status 

Instead of the two-diode model[244], an empirical ideality factor n can be introduced in the 

single-diode that usually lies between 1 and 2. Some studies 

assumed that the diode ideality factor is constant along the 

entire I-V output characteristic[240], but this assumption is 

inaccurate at whole irradiance distribution and can lead to 

erroneous results[245]. Yordanov et al.[246] demonstrated 

that the ideality factor varied with the cell voltage and considered this factor as variable in their 

research. 

This ideality factor under the maximum power point can be determined after finding the series 

resistance, which is also followed the method in [241]. 

      (7) 

7) Fill factor 

Fill factor is a dimensionless parameter. It is a measure of the deviation of the real I-V 

characteristic from the ideal one. In a simplified calculation, the fill factor can be assumed constant 

[239] as equal to the ideal value under the STC. It is convenient to define the fill factor FF by: 
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  (8) 

Solar cells usually have a parasitic series and shunt resistance associated with them. Both 

types of parasitic resistances act to reduce the fill factor. An infinite shunt resistance is assumed in 

this study. And the magnitude of the effect of 𝑅𝑆, on the fill factor can be found by comparing their 

values to the characteristic resistance of a solar cell defined as: 

  (9) 

After defining the normalized resistance 𝑟𝑠 as 𝑅𝑆/𝑅𝐶𝐻 or 𝑅𝑆 • 𝐼𝑆𝐶/𝑉𝑂𝐶, a satisfactory empirical 

expression for this relationship can be written as: 

      (10) 

The fill factor FF of a solar cell with the ideal characteristic will be furnished by the subscript 

0, i.e.𝐹𝐹0 , representing an ideal and maximum fill factor value of a solar cell. An empirical 

expression describing the relationship between 𝐹𝐹0 and normalized voltage 𝑣𝑜𝑐 =  
𝑉𝑜𝑣

𝑛𝑉𝑡
, to an 

excellent accuracy of about two significant digits for 𝑣𝑜𝑐 > 10 and 𝑟𝑠 < 0.4, can be seen below[247]: 

   (11) 

3.2.2. Modelling of wind energy conservation system (WECS) 

The available power in the wind passing through an area perpendicular can be expressed as: 

    (12) 
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The detailed procedures for estimation the wind energy potential has been included in the 

second part of the final report for CLP.  

Wind turbine performance is generally presented in a 

power vs. wind-speed graph. Different types of wind turbines 

usually have different power output performance curves, 

Consequently, the model used to describe their performance 

should also differ. There are several existing models for the estimation of wind turbine power, such 

as the linear model [51, 131, 135, 167], and the quadratic model [140, 248]. In most literature [191, 

249-252], the following equation based on Weibull distribution is used to simulate power output 

of a wind turbine: 

    (13) 

where 𝑃𝑅is the rated electrical power; 𝑣𝑐 is the cut-in wind speed (the wind speed at which 

the turbine starts to generate usable power); 𝑣𝑅 is the 

rated wind speed; 𝑣𝐹 is the cut-off wind speed; k is 

the Weibull shape parameter.  

This model is simplified when the wind speed is 

higher than rated speed. In studies [253, 254], a 

quadratic function was used for simulation, i.e. 

     (14) 

Another method is to use the cubic spline interpolation functions to model the wind turbine 

output by dividing the power curve into several segments [49, 189]. The power output between the 

cut-in and cut-off speed can be expressed as: 

    (15) 
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3.2.3. Modelling of pumped hydro storage unit (PHS) 

The pump-turbine set is most important part of PHS, which consists of the pump-motor unit 

and turbine-generator unit. The water pumping coefficient (m3/kWh) and turbine generating 

coefficient (kWh/m3) are two key parameters. The models and calculation procedures are as 

follows: 

The water flow rate sucked from the lower reservoir by the pumps is expressed in Eq.(16), 

which is directly supplied by the renewable energy, This flow rate can be compared to the battery 

charging rate. 

    (16) 

Where 𝑃𝑃𝑉𝑝
(𝑡) is the input power to the pumps; 𝑐𝑝 is the water pumping coefficient of the 

pump motor unit; h is the elevating head, the available static head for this island can be 

conservatively assumed as 80m; Q is the average volumetric flow rate (100 m3/h); g is the 

acceleration due to gravity (9.8 m/s2); ρ is the density of water (1000 kg/m3);  

Therefore, the water pumping coefficient is determined by the following Eq.(17). 

  

  (17) 

The output from the water turbine generator unit is derived from the Eq.(18). 

    (18) 

where ƞ𝛾 is the overall efficiency of the turbine generator unit; 𝑞𝑅𝑃𝑇𝑇
(𝑡)  is the water 

volumetric flow rate input into the turbine; 𝑐𝛾is the turbine generating coefficient, expressed as 

follows. 

𝐶𝛾 =  ƞ𝛾𝜌𝑔ℎ     (19) 
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The volume of water in the upper reservoir (UR) storing gravitational potential energy should 

be adequate to meet the power consumption of this island 

for the several expected days of autonomy. The potential 

energy released from the upper pond can be derived from 

the following Eq.(20):  

    (20) 

where 𝐸𝑐  is the energy storage capacity of a water reservoir (Joules); 𝑛𝑑𝑎𝑦 is the number of 

days of autonomy (5 days); 𝐸𝑙𝑜𝑎𝑑 is the daily energy consumed by the load (250 kWh); V is the 

volume or storage capacity of the water reservoir (m3). 

The volume of UR can be calculated by Eq.(21): 

     (21) 

If  𝐸𝑐 is expressed in kWh, the formula can be rewritten as Eq.(22): 

    
 (22) 

Based on Eqs. (21) and (22), the theoretical volume of 

UR is worked out to be 9,454m3 . For easy calculation, this 

number was rounded to 10,000m3. This is a quantity roughly 

equivalent to seven Olympic swimming pools (50 meters 

long, 20 meters wide and 1.4 meters deep). 

The total quantity of water stored in the upper 

reservoir is determined by: 

   (23) 

where α is the evaporation and leakage loss. It can be compared to the self-discharge of a 

battery bank. For simplification, this study has ignored these losses in the above four equations. 
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The water quantity of upper reservoir is subject to the following constraints: 

  (24) 

In this study, the minimum storage of UR 𝑄𝑈𝑅𝑚𝑖𝑛
 was set at zero. 

3.2.4. Modelling of battery bank (BB) 

Battery bank is a conventional energy 

storage device and widely used in today's 

standalone systems. In this study, a micro or small 

battery bank will be introduced in the hybrid 

RESs to assist the PHS. Several functions can be forecasted as follows: 

l) Balancing demand and supply in turbine/generator mode 

The consumption load is unsteady since residents turn their electrical appliances on and off 

as they see fit. In the traditional hydro turbine powered village, the surplus energy when demand 

is lower than production is transferred into a load resistor. This is a simple but wasteful approach 

involving converting the excess electricity into waste heat and hence lowering system efficiency. 

This solution is not appropriate for consideration.  

A small battery bank, which is employed to match demand at all times, can maintain output 

voltage and frequency at allowable levels that do not damage appliances. The bidirectional inverter 

such as the SI5048 from SMA can also be utilized to deliver any excess to battery bank and to 

convert the DC output from batteries to serve the AC load. The detailed operating conditions of a 

small battery bank in a RES can be divided into several cases: 

• When the load demand falls below the levels at which the battery bank (fully or partial 

charged) is able to supply that load, the controller should turn off the turbine completely and 

switches to battery bank supplying the 

minimal loads as a bridge until the maximum 

depth of discharge is reached or load rises. At 

that point the turbine turns back on again and 

the process cycle repeated. This action can 

avoid frequent starts and stops the turbine/generator 
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• When the load demand is low but still larger than the existing energy stored in the battery 

bank, the turbine/generator should start. To ensure reasonable "partial load" efficiency, the 

turbine should keep operating at its minimum load ratio of 50%. If the required power is 30%, 

for instance, the turbine operates at its 50% capacity, with the 20% surplus power charging 

the battery bank. In this way, the inefficient and life-shortening "partial load" operation for 

the turbine can be avoided. 

• When the electric load suddenly increases and an extreme peak load occurs, the controller 

combines outputs from both turbine and batteries to meet the load. This action can cater for 

a brief period of peak demand while avoiding the need to size a turbine big enough to meet 

that peak demand. 

2) Balancing renewable sources and water pumps in pumping model 

The presence of a small battery bank can 

also be used to balance intermittent renewable 

generation, interposing between the stochastic 

renewable energy sources and motors/pumps 

to provide a stable voltage and current for driving these machines. This approach is popular with 

traditional PV water pumping systems and can also be adopted in pumped storage system for 

renewables. The roles of the batteries are as follows: 

• When system surplus renewable energy output is a slight insufficient to start up the pumps, 

the batteries release some power to fill the gap in launching the pumps; 

• When system surplus renewable energy output is far below the launching power of pumps, 

then the available energy is directly fed into battery bank through SI5048, avoiding frequent 

starting and stopping of the motors/pumps unit and ensuring the pumps efficiencies; 

• When system surplus renewable energy output is greater than rated power of pumps, the 

excess can be stored in the batteries, which can cut the peak renewable energy output and 

absorb the energy to avoid excessive pump/motor sizing;  

• When the UR reaches its maximum capacity, the battery bank might also absorb the 

renewable energy production if not already fully charged, thus the wasted energy can be 

minimized and a high energy utilization rate ensured. 

• The batteries act to better distribute the times spent water pumping and battery charging and 

discharging. The pumps are therefore operated more steadily and lifting efficiency further 

improved. 
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These multiple effects of the small battery bank play a vital role in the scheduling of energy 

dispatch, managing the remote microgrid renewables powered pumped storage scheme, reducing 

dumped energy and ensuring high efficiency for the pump and turbine. An effective controller is 

also necessary to manage the energy distribution between renewables supply, the pump/motor unit, 

the turbine/generator unit, the batteries and the load side. Settings and operating principles need to 

be developed such as turbine minimum load ratio, pump and turbine rated capacity and battery 

bank capacity. 

Modeling of the lead-acid batteries in RESs must account for the following parameters: (i) 

state of charge (SOC) or depth of discharge (DOD), (ii) storage capacity, (iii) rate of 

charge/discharge, (iv)ambient temperature, (v) lifespan and other internal phenomenon, such as 

self-discharge. 

In the area of modelling BB, the kinetic 

battery model [242, 255] was employed in 

HOMER software, which treats the battery as a 

two tank system. In combined ESS with battery 

bank and pumped storage, the mode of operation 

of battery (i.e. charging or discharging) is dependent on the RE source availability, load demand 

and operation of diesel and pump-turbine set. During any hour, the excess power generated by the 

PV and wind generators can be utilized for charging the batteries if the pumped storage is full or 

the excess power cannot start the pumps, whereas the stored energy can be discharged whenever 

there is a deficiency in power generation. When both the wind generator, the PV array and water 

turbine are insufficient, and thus the BB discharges power to serve the load demand until it is 

depleted. The model required for sizing and economic study is based on an energy balance of BB, 

the difference between total energy generated 

and load demand energy, which can determine 

whether BB is in charging or discharging state. 

The 

SOC at any instant (t + ∆t) is widely used as follows [49, 51, 140, 167, 256, 257]. 

    (25) 
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where 𝛿 is the self-discharge coefficient, 𝐼𝑏𝑎𝑡is the battery current (positive value for charge 

process and negative for discharge) and ƞ𝑏𝑎𝑡 is the battery efficiency. 

On addition, the SOC is also subjected to maximum-minimum bounds on the storage state 

variable to prevent gassing and over-discharging: 𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥  

The current of the BB can be expressed as (apply to charge or discharge process): 

  (26) 

3.2.5. Modelling of inverter 

The conversion efficiency of the inverter is defined as the ratio of the output power, 𝑃𝑜𝑢𝑡, to 

the input power, 𝑃𝑖𝑛 and is given by the following equation[140]: 

     (27) 

3.2.6. Modelling of diesel generator 

To attenuate shortfalls in energy production during periods of poor renewable energy 

availability and peak load requirement. The HRESs 

require a backup diesel for improving system power 

supply reliability and minimum storage and power 

generator requirements. The published studies has 

demonstrated that it is more cost-effective and viable to employ a diesel than to increase the size 

of the ESS or WT or PV array, even with high diesel fuel costs [25, 43, 53]. 

Diesel generators supply energy in two ways [258]. Either they generate only the power for 

covering the load (load following), or they generate at 

nominal power and the surplus energy (if any) is used 

to charge the ESS (cycle charging). Both 

dispatch/control strategies will be considered and compared in the study, but the second kind can 

be predicted to work better. 
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The modelling of diesel generator is based on its fuel curve and efficiency curve, which are 

usually provided by the manufactory. On the other hand, another important factor is the minimum 

load ratio if it is under the load-following dispatch strategy. The minimum threshold is generally 

set at 30% of its rated capacity[25], meaning that the generator was not allowed to operate at less 

than that. If the deficit of power is at 20% of diesel capacity, for instance, it will run at 30%, with 

surplus power either charging ESS or being dumped. 

3.2.7. Modelling of dump load 

A dump load is an alternative place to dissipate the excess renewable energy when the load 

does not need the energy meanwhile the energy storage system (ESS) has reached its maximum 

capacity [259]. The PHS system should be stopped when the 

upper reservoir is full, and the batteries need to be protected 

from overcharging which will shorten their life span. 

Therefore this part of excess energy which should be 

dissipated is called as the dumped energy[49]. Simply the dump load absorbs the power when the 

charge controller senses that the ESS is full [36]. Once the power has been diverted, the dump load 

uses the power for something productive such as conventional electric water heater, or loses it 

directly into the ground and transfers it to waste heat, such 

as resistance[258]. Therefore, the spilled energy can be 

recovered into electricity. The hourly dumped energy is 

modeled as follows: 

   

  (28) 

where 𝐸𝑒𝑠𝑠,𝑖𝑛 is the energy charged into the ESS, including the PHS and BB, 𝐸𝑒𝑠𝑠,𝑖𝑛 is the 

energy discharged from the ESS, and ƞ𝑒𝑠𝑠 is the ESS discharging efficiency. In the above equation, 

negative results are assumed as zero dump energy. 

3.2.8. Modelling of load demand 

The load demand is mainly provided by two sources and expressed as follows: 

                           (29) 
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where 𝑃𝑃𝑉𝐿
(𝑡), 𝑃𝑊𝑇𝐿

(𝑡), 𝑃𝑑𝑖𝑒𝑠𝑒𝑙𝐿
(𝑡) is the power directly delivered from the PV array, wind 

turbine and diesel generator; 𝑃𝑃𝑇𝑆𝐿
(𝑡) and 𝑃𝐵𝐵𝐿

 is the power produced by turbine-generator unit 

and battery bank. When the net load is negative, no energy is required from ESS, and thus 𝑃𝑃𝑇𝑆𝐿
(𝑡) 

and 𝑃𝐵𝐵𝐿
 is zero; When the net load is positive, the ESS will be launch and discharge the power. 

3.2.9. Dispatch strategy and system control 

The dispatch strategies are a set of rules that controls how a system charges the ESS [159]. 

The dispatch strategies described in [57, 260, 261] are used by the HOMER program and widely 

used in other studies involving the backup diesel. The two simple dispatch strategies to govern the 

operation of the diesel and ESS are: load-following (LF) and cycle-charging (CC). Under the LF 

strategy, a generator produces only enough power to meet the load demand, never to charge the 

battery bank for which the renewable energy output is the only supplement. Under the CC strategy, 

whenever a generator is needed, it operates at its maximum rated capacity, or as close as possible 

to reach the maximum efficiency, and charges the ESS with the surplus power [260]. 

The combined cycle charging and load following strategy is employed in this study. If the net 

load is lower than the critical charge load (mini load ratio of the diesel such as 30%), the CC 

strategy is applied, and thus the excess energy after the load is charged into the ESS to avoid waste. 

If the net load is higher than the mini load ratio, the LF strategy is applied. 

The hybrid controller for energy flow and management using the conventional approach and 

expert system has been reviewed in [43]. The control strategy is of vital importance for hybrid 

systems with more than one dispatchable component. The determination of how to control 

dispatchable components each hour is the most complex part of simulation logic of the system 

since the dispatchable sources must be able to match supply and demand properly, to cover the 

operating reserve enough, and to compensate for the intermittency of the RE sources. The goal of 

this section is to design an effective power control and dispatch system for a renewable based 

hybrid power system. 

Fig. 7 illustrates the flow chart of the operating strategies for the proposed solar-wind-diesel-

PHS-battery system comprising three dispatchable power sources, i.e. PHS, diesel generator and 

battery bank. The control logic of dispatchable power 

sources is also shown in the diagram. Whenever the net 

load, which is the difference between the actual load and 

✓ Explains cause/effect relationship, 
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the renewable power output, is negative, meaning that the renewables are sufficient to serve the 

load, thus the excess power will charge the battery bank and more surplus power will transfer to 

the dump load. Whenever the net load is positive, the system will have six options: launch the 

pump-turbine set, battery bank or diesel, or combinations by two of three, or all, to serve the load 

deficit.  

 

In the beginning of the study, the diesel 

would not be included in this study to simplify 

the simulation process, and thus there are only 

three options, either PHS, battery bank or both. 

If all these alternatives are capable of supplying 

the net load and the operating reserve, which to use is based on a fundamental principle, 

minimizing the system cost by two values: a fix and a marginal cost of energy. The cost-based 

dispatch logic will be employed in the study for the whole simulation process. When a system 

including more than one dispatchable source, the one that can fulfill load demand and operating 

reserve with cheapest cost will be chosen. 

 

Better to refer back by stating section 

numbers, .i.e. “In section 1.2 it was 

stated ...”. 
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Fig. 7 Control of dispatchable system components 

Fig. 8 shows the block diagram of the system 

controller. The controller monitors the real time input data 

for deciding the system operation (outputs). For this controller, the complicated controller logic 

should be used to formulate the system dispatch criteria. In addition, the set points for all 

dispatchable components starts and stops should be determined first. 

 

Fig. 8 Block diagram of a hybrid system controller 

3.3. Optimization 

After simulation and initial sizing, the optimization 

process of the entire system is the main step involved in 

designing an isolated hybrid system, which will be very 

important to achieve some certain cost and reliability 

criteria. The economic indicators are typically achieved 

by minimizing the net present cost of the system or the levelized cost of generated energy. The 

system reliability is also generally either in the form of constrains (such as load requirement, level 

of autonomy) or as another variable to be maximized, in which a multi-objective optimization 

routine might be needed. Sometime, the GHG reduction is also introduced in this hybrid RES 

optimization to maximize its environmental benefits. 

✓ Explains the scope of the key 

concepts involved in the 

optimization process. 
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A general block diagram outlining the proposed optimization methodology is presented in 

Fig. 9. The most important step of the methodology is 

the optimization algorithm employed. Based on 

literature review, the most popular technique GA will 

be employed in this study, which dynamically searches 

for the system configuration. In addition, the PSO will 

also be conducted and compared with GA. After all 

device type combinations have been optimally sized as described above, the combination with the 

lowest cost and the corresponding devices mixture are displayed as the overall optimal system 

configuration. 

The set of all configurations, which can meet the load, forms the design space and it can be 

used to select the optimum configuration based on the specified objective[45]. The objective 

function, used in this study, is to minimize the net present cost (NPC) or cost of energy (COE) 

produced by the hybrid system. The COE and NPC depend upon the capital cost, operation and 

maintenance cost and the amount of energy delivered. The constrains for the optimization objective 

function are subjective to the technical criteria and/or environmental restrictions, such as operating 

reserve. The multi-objective in technical, economic and environmental terms will be discussed in 

detail in next section. 

Better to avoid vague terms, 

e.g. “Based on literature review” 

better “Having established the 

rationale for the use of…in 

section 2.4,….”. 
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Fig. 9 Flowchart of the basic optimization methodology 

3.4. Multi-objective optimization model and system performance evaluation 

model 

Well recognized indicators are usually employed to help to assess the performance of RESs 

in technical, economic and environmental terms[133]. On the other hand, these indicators are also 

the design criteria in the process of system optimization. In the following sections, the indicator 

for system performance analysis will be proposed in 

detail, which will be employed in the whole study for 

sizing optimization and performance evaluation. 

3.4.1. Technical evaluation models 

The typical criteria adopted in this study are evaluated from the technical point of view and 

are briefly described below. 

The loss of load probability (LPSP) [51, 131], defined as the total power supply failure hours 

divided by the number of sample hours over the reporting period, is used to evaluate whether a 

✓ Introduces the main idea of the 

section and outlines the content. 
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system is able to cater for the load demand and what is the time percentage with insufficient power. 

The LPSP is given by the equation below, followed by the load models in Eq.(30). 

   (30) 

The LPSP technique can help to size the renewable energy generators and ESS capacity and 

also to assess the reliability of a specific system. 

On the basis of Eq. (30), the excepted energy not supplied (EENS) [135], also known as the 

loss quality of load power supply or unmet load, can be calculated: 

     (31) 

The energy index of reliability (EIR) [135, 201] on an hourly basis is then given by: 

     (32) 

Another indicator, the level of autonomy (LA)[128, 129] is given as 'one' minus the ratio of 

the number of hours in which power supply failure occurs to the total number of sample hours. 

LA = 1-LPSP       (33) 

In addition, the ratios of renewable energy supplied directly to the load, to the dump load and 

to the pump-turbine set are discussed in relations to the utilization performance of renewable 

energy power generated (e.g. energy utilization rate). The final water level of UR and SOC of BB 

is worked out as an indicator of the stored energy, and the differences between the maximum and 

minimum level of UR over the whole year are studied. Finally, the overall efficiency of the hybrid 

system is examined. 

For the hybrid system with the diesel generator, renewable fraction (RF) should be also 

discussed. The definition of renewable fraction is the proportion of the system's total energy 

production generated by RE sources (WT and PV), divided by the total energy production. The 

equation for RF is presented below: 

  (34) 
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where 𝐸𝑟𝑒𝑛 is the renewable electrical production (kWh/yr) and 𝐸𝑡𝑜𝑡_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the total 

electric production (kWh/yr). The RF will influence greatly on the system configuration, economic 

performance and environmental benefits. To get a 

reasonable renewable energy contribution, the RF is usually 

set at higher than 80%. 

3.4.2. Economic performance evaluation models 

Life Cycle Cost (LCC) is the total cost of ownership of machinery and equipment, it takes 

into account costs of acquisition, operation, maintenance, 

replacement, and/or decommission. LCC analysis is the 

most straightforward and easy-to-interpreted measure of 

cost estimation and economic analysis. In the optimization 

process, a great variety of system configurations involving 

different amounts of renewable or nonrenewable energy sources could fulfill the same performance 

requirements but differ with respect to LCC, they can be compared and the most cost-effective one 

will be chosen based on the LCC analysis results. 

In this study, the total net present cost (NPC) is employed to represent the LCC of a system. 

The total NPC condenses all the costs (positive) and 

revenues (negative) that occur within the project lifetime 

into one lump sum in today's dollars, the future cash flows 

will be discounted back to the present value using the 

discount rate. Virtually the net present cost is different from net present value only in sign. 

The NPC includes the cost of initial investment for equipment procurement, transportation, 

installation, which occurs in year zero, the replacement cost, 

which occurs each time the component needs replacement at 

the end of its lifetime, the O&M cost, which occurs each year 

of the project lifetime, and miscellaneous costs such as penalties resulting from pollutant emissions. 

The revenues include salvage value (also called residual values or disposal costs) of a system 

and/or a component that occurs at the end of the study period. It can be calculated by linearly 

depreciating its initial or replacement costs, as shown in Eq.(35): 
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     (35) 

where S is the salvage value, 𝐶𝑟𝑒𝑝 the initial or replacement cost of the component ($),𝑁𝑟𝑒𝑚 

is the remaining life of the component (years), and 𝑁𝑐𝑜𝑚𝑝 the lifetime of the component (years). 

The annual real interest rate, which is also called the real interest rate or just interest rate, is 

the discount rate used to convert between one-time costs and annualized costs. It is related to the 

nominal interest rate by the Eq.(36) given below[54]. 

       (36) 

where i is the interest rate, i' nominal interest rate, and f is the annual inflation rate. 

The total net present cost (NPC) can be calculated according to the Eq.(36) and (37): 

     (37) 

where TAC is the total annualized cost ($/year), which is sum of annualized cost of individual 

system component, CRF(i,n) is the capital recovery factor, given by the equation, i is the annual 

real interest rate (the discount rate), and n is the project lifetime (years). 

     (38) 

Beside NPC, the levelized cost of energy (COE) is also considered as one principal economic 

figure of merit for the system. It is the average cost per kilowatt-hour of useful electrical energy 

produced by the system, which is expressed as below Eq.(39): 

     (39) 

where TAC is the total annualized cost ($/year), 𝐸𝐿𝑜𝑎𝑑 is the total amounts of electrical load 

that the system serves per year (kWh). 
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The COE index is often a convenient metric with which to evaluate the cost effective of 

different system options. However, the total NPC is 

employed as the primary economic figure of merit since 

the definition of COE is ambiguous in a way but that of 

the total NPC is not. The formula of COE just considers 

the actual electrical load served rather than the total 

electrical demand, which may be not equal if the some unmet load is allowed. Therefore during 

the optimization process, system configurations are ranked based on NPC rather than COE. 

3.4.3. Environmental evaluation model (GHG emission reduction) 

Also examined in this paper are the pollutants emissions particularly the greenhouse gas 

(GHG), since the utilization of the diesel will cause serious environmental pollution. Currently, 

the emission factor from coal fired power station in Hong Kong is 0.7-0.91kgC02/kWh. The 

pollutants and emission factors in diesel power generation are simplified and summarized in 

Table 2. 

Table 2 Emission factor from diesel power generation 

Pollutant 
Emissions factor 

(g/L diesel) 

Carbon dioxide (CO2) 

Carbon monoxide (CO) 

Unburned hydrocarbons (CHx) 

Particulate matter (PM) 

Sulfur dioxide (S02) 

Nitrogen oxides (NOx) 

2,633 

6.5 

0.72 

0.49 

5.28  

58 

3.4.4. Payback time (PBT) 

The payback time (PBT) is also an important index for 

evaluating the system performance. Currently the majority of 

the published researches only focus on payback times of the - 

renewable energy system. Just limited studies have been 

conducted on the payback time of the stand-alone RESs [262-264]. 

Better not to use “limited 
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PBT is the number of years to make the cumulative annualized savings of RESs, compared 

to the diesel-only system, to become positive [264]. That means during that year the sum of the 

renewable system cost under study is equal to that of diesel 

only configuration [265]. Annual savings is expressed 

subtracting the annualized costs of the RES from the 

diesel-only system, and thus the overall saving can be simply expressed as: 

    (40) 

where j is the year number, PBT is the calculated payback time (years); NCF represents the 

nominal cash flow, the outflow is recorded as negative such as the initial cost, fuel expenditure, 

equipment replacements, or O&M. The salvage value of equipment at the end of the project 

lifetime is taken as income and recorded as positive value. 

It is evident that the shorter the PBT is, the better the investment. This is a criterion which 

values the availability more than the profitability. It also does not take into account the cash flow 

generated after the recuperation period [265]. 

3.5. Sensitivity analysis 

The sensitivity analyses on hourly data sets such as the electric load and the RE resource will 

be the one of most powerful feature of this study. Sensitivity analysis can help the designers 

understand the effects of uncertainty and make good design decisions despite uncertainty. It can 

also help the modelers to determine the effect that variations in these inputs on the behavior, 

feasibility, and economics of a particular system configuration. 

In the sensitivity analysis, a range of values for a single input variable can be input to the 

software to test its effect of the results, this variable for 

which the user has entered multiple values is called a 

sensitivity variable. Actually, almost every numerical 

input variable that is not a decision variable can be a 

sensitivity variable. However, this study just focuses on 

several variables: electric load; capacity shortage; solar radiation; wind speed; renewable fraction 

and diesel price. 

The sensitivity analyses is to utilize a corresponding scaling variable to scale the entire hourly 

data set up or down, the scaling process just changes the magnitude of the load data set without 

affecting the daily load shape, the seasonal pattern, or any other statistical properties. 
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3.6. Experiment study 

To date, there are only two application examples reported about the renewables based pumped 

storage in the world [120, 121]. However, only two 

project examples cannot fully reflect all possible 

operating conditions and more experiments and real 

demonstration projects are of great importance, 

which will be carried out in my future PhD study. 

A small scale pumped storage device for solar and wind power supply system can be setup in 

Hong Kong for demonstration and preliminary research purpose. The main elements of the system 

are: PV array and wind turbine (roof); upper water tank (rooftop); turbine-generator set (1st floor); 

lower water tank and a small battery bank (1st floor); remote control panel (1st floor). The diesel 

generator would not be considered in the experiments. 

The structure and construction of the different elements of the system should be investigated, 

such as the turbines, pumps, water level sensors, 

remote control, storage containers, valves, pipes. The 

system operating performance will be evaluated in 

the following aspects: overall efficiency, energy and water balance, energy index of reliability, 

level of autonomy. 

On the other hand, the successful pumped storage 

engineering examples in Budapest and Greece[121] 

can be referenced for my future experiment tests. 

4. FINISHED WORK. 

Based on the research framework in Fig. l, the left four parts have been finished. The work 

was majorly conducted based on a collaborative research 

with China Light & Power (CLP), which began from the 

December in 2010. The finished work is briefly discussed 

as follows. 

4.1. A real standalone PV system operating performance evaluation 

This part of the work mainly focused on the performance evaluation of a standalone PV 

system on a remote island (Town Island), located in the southeastern part of the Sai Kung District 

in Hong Kong. During Stage 1 of the renewable energy supply scheme which began in 2008, CLP 

Better to also highlight limitations in 

the two previous studies, i.e. limited scope, or 

perhaps different environmental factors 
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tentatively installed a PV plant, comprising 20.8kWp PV arrays, associated balance of system 

(BOS) components and distribution facilities. 

The system schematic diagram of the PV system on Town Island is illustrated in Fig. 10. The 

PV array has two subarrays, consisting of 99 non-reflective solar 

panels from Suntech. The PV array is connected to a plant room 

containing of 96 batteries, 5 bidirectional inverters SI5048, 2 PV 

inverters SMC10000TL; data loggers, cut-out boxes, meters, 

fans, switches and a power conditioning system. 

To better understand the system operating characteristics of Stage 1 and to facilitate the 

system design of Stage 2, the system operating data and environmental data from Jan 2010 to 

March 2010 were collected. This work was based on the onsite collected data and evaluated the 

long term system operating performance in respect of the PV array, inverters, that battery bank and 

the entire PV system performance was analyzed in terms of daily energy balance, normalized 

parameters (array yield, reference yield, final yield, and losses), performance ratios, production 

factors, usage factors, and capacity factors. 

 

Fig. 10 Schematic diagram of the standalone PV system on Town Island  

✓ Describes the main features of 

the system, using key figures to 

further illustrate the figure. 
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The detailed evaluation methodology and procedures can be seen in the first part of final 

report for CLP. Some typical results are demonstrated as follows. 

4.1.1. PV panel performance analysis 

The energy production from this PV plant in the year of 2011 is presented in Fig. 11. The 

gross electricity generation during the year 2011 was 22,322 kWh with a daily average value at 

61.2 kWh. The production in winter and spring months (November-April) was very limited and 

most, particularly in January and February, below the average line. Production in the summer 

months was considerable owing to the good solar radiation resources. The results indicate that the 

existing PV system performs better and produces more power in summer than in winter. 

Fig. 12 shows the daily mean temperatures over the reporting period. The variations in module, 

battery and environment temperature show a similar trend.  

 

Fig. 11 Electricity generation profile in 2011 
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Fig. 12 Daily average temperatures of ambient, battery and PV module 

4.1.2. SMC inverter and SI inverter performance analysis 

Fig. 13 shows that the SMC operates well with higher efficiency from 95% to 100% if the 

solar radiation is greater than 100 W/m2. The mean efficiency over whole solar radiation range is 

97.1%, very close to the value of 97.5 % provided by the manufacturer. 

The master SI bidirectional inverter performance is presented in Fig. 14 which demonstrates 

that the two functional modes behave differently. In the charging mode, the average efficiency was 

87.2%. In the discharging mode, the average efficiency was 89.4%. 

 

 

Fig. 13 SMC inverter efficiency from 1st 

to 10th May 2011 

Fig. 14 SI bi-directional inverter efficiency 

from 1st to 10th May 2011 
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4.1.3. Battery bank performance analysis 

 

Fig. 15 The status of battery bank from 1st to 10th May 2011 

Fig. 15 illustrates battery status in detail including the battery SOC and battery charging and 

discharging power. During this period, the SOC ranged 

from 40% to 100%. The lowest SOC occurred during early 

morning of each day after several continuous hours of 

discharging, and the peak SOC appeared in the afternoon 

lagging a couple of hours behind the peak solar radiation. 

The increase in SOC indicates the battery bank storing surplus energy from PV after supplying the 

load. The maximum battery bank charging and discharging 

power was found to be 16.2kW and 13.4kW, respectively. 

The charging rate was lower than 10kW for most of time 

except for the peak value at noontime under bright 

sunlight. For most of time, the discharging power was under 10kW, and the stable value was 

around 4 kW, which closely related to the load demand. 

The monthly SOC distribution is statistically presented in Fig. 16 which demonstrates that the 

SOC seasonal changes were well marked. The smallest SOC 

occurred in the summer from May to Sep when the monthly 

averages were lower than 70%. The main reason behind that is 

that the cooling load during summer is high even though solar 
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resource is good during this period. The monthly average values from Jan to Apr and from Oct to 

Dec were relative higher. 

 

Fig. 16 Monthly battery SOC profile during the year of 2011 

The net energy stored into the battery bank was 21.1kWh. Throughout the year in total 16,308 

kWh were input to the battery bank and only 12,090 kWh output from it. Therefore about 

4,239kWh were dissipated during the charging, discharging and storing periods. As a result, the 

battery bank roundtrip efficiency is calculated to be approximately 74.3% on an annual basis. 

4.1.4. Entire system performance analysis 

The whole set of system performance parameters and indicators by month are summarized in 

Table 3, including annual incident solar radiation on PV 

array, solar electricity production, load consumption, 

normalized parameters, performance ratios, usage factors, 

production factors, capacity factors, PV cell efficiencies and 

whole system efficiencies. The values in the last row are monthly averaged values. Some 

parameters have not been illustrated due to limited table space.Due to the space limited, these 

parameters are not discussed in detail. 

✓ Explains how to interpret the 
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From this study, the following conclusions are summarized: The average electricity 

production from the PV system was 61.2kWh/day and the 

electricity consumption on the island was 49.5kWh/day. The 

available solar radiation incident on the PV array was 

4.34kWh/m2/day so that the average efficiencies of PV cells 

and entire system were 10.6% and 8.6% in that year; the 

roundtrip efficiency of the battery bank during the year was 

74.3%, with the SOC values above 50% for 88% of the year; 

the annual yield, system losses and capture losses were 2.37h/d, 0.56h/d and 1.41h/d, respectively. 

Table 3 Summary of the system performance indices 

In summary, the long term system monitoring and evaluation enables a detailed understanding 

of the system operating performance from the technical point of view. It also provides useful 

reference information for future PV system design and operation. This study is also a useful case 

study relevance to future applications of RE supply on remote islands. 
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4.2. Available renewable energy resource assessment 

In order to efficiently utilize RE, an analysis of the characteristics of solar irradiance and wind 

conditions on Town Island was conducted. This work mainly focused on the evaluating the 

available RE resources on this island, to provide a foundation for designing. a hybrid solar and 

wind system in Stage 2.  

4.2.1. Solar energy resource evaluation 

The solar radiation from different database are 

illustrated in Fig. 17 which shows that the solar radiation in horizontal surface from HK 

Observatory and RETscreen is a little lower than that from NASA database but they have the 

consistent tendency. Compared to the real data recorded on the Town Island, however, the 

differences in either magnitude or pattern are obvious, particularly in April and August. To 

accurately evaluate the solar energy potential on Town island and in Hong Kong, the data in Kau 

Sai Chau was employed. 

 

Fig. 17 Daily averaged radiation recorded by Town Island, NASA database, RETscreen and HKO 

✓ Summarizes the subsection 

with a clear subheading. 
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Fig. 18 Mean daily global solar radiation on a horizontal surface (kWh/m2/day) 

The average daily global solar radiation on a horizontal surface for each month of the year is 

shown in Fig. 18. The average daily total values range from 0 to 10.3kWh/m2/day. The yearly 

average value is 4.23kWh/m2/day. The season distribution is consistent with the typical subtropical 

climate in Southern Asia. 

Fig. 19 shows that the annual curves of the occurrence frequency when compared to the daily 

solar radiation with a specified value level. In the winter months of December and January, more 

than 60% of days receive less than 4.0kWh/m2/day. However, in the summer months between May 

and September, at least 40% of the days are above 5.0kWh/m2/day and of these a small number of 

days exceed 8.0kWh/m2/day. It can also be seen that the yearly frequency distribution is quite 

symmetrical with respect to the mid-summer month of July. 
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Fig. 20 gives the yearly average solar radiation distribution at a given hourly interval. They 

show that the hourly peak value occurs at 1:00pm and the solar radiation profile has a symmetrical 

distribution from 6:00am to 8:00pm. 

4.2.2. Wind energy resource evaluation 

It is widely acknowledged that wind power is one of the most potential RE resources for Hong 

Kong, because it is characterized by a long coastline and numerous islands for such a relatively 

small territory. However, the potential for wind power has been somewhat neglected and just a few 

large-scale wind farms have been built on Lantau Island. According to the schedule in Stage 2, 

CLP will install two 6 kW Proven 11 wind turbines.  

In this section, the wind data from Waglan Island was purchased from the HKO for evaluation. 

The research methodology reported in one of the research 

group's published paper[249] was adopted in this study to assess 

the wind power potential on this island. 

The detailed evaluation procedures are not included in this 

report, but some results are presented as follows: 

Fig. 19 Frequency distribution of daily 

average irradiation (kWh/m2/day) 

Fig.20 Yearly average solar radiation 

at a given hourly interval 
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Fig. 21 Daily mean wind speed during the 10 years (2001-2010) 

The daily mean wind speed data in the 10 years are illustrated in Fig. 21 as an example to 

show the wind speed profile. 

 

Fig. 22 Wind speed frequency distribution fitted by three different algorithms (10 years data) 

The frequency distribution of 10-year wind speed data is presented in Fig. 22, which is then 

fitted by three different algorithms to model the Weibull distribution. The figure demonstrates that 

the WAsP methods meet well with the actual data with acceptable accuracy. Based on the 86,145 

valid wind data recordings, the overall shape factor is calculated as 2.02 and the overall scale 

parameter is 7.05 m/s, indicating satisfying wind energy potential on that island. 



 THE HONG KONG POLYTECHNIC UNIVERSITY BSE DEPARTMENT 

68 

The monthly mean wind speed and theoretical wind power density (W/m2) by 10 years 

average are given in Fig. 23. The yearly average power density is calculated at 283 W/m2. 

 

In addition, the wind turbine performance at different hub height was compared. The results 

are summarized in Fig. 24. When the hub height changes from 9m to 20m, the mean wind speed 

and daily energy output increase by 12.2% and 27.3%, respectively. 

4.2.3. Complementary characteristic of solar and wind energy 

A drawback, common to wind and solar options, is 

their unpredictable nature and dependence on weather and 

climatic changes. Fortunately, the problems can be 

partially overcome by integrating the two resources in a 

proper combination to form a hybrid system which uses the 

strengths of one source to overcome the weakness of the 

other. In this section, the complementary effect of the solar radiation and wind speed was briefly 

analyzed. 

The average solar and wind potential on Town Island in 2009 is presented in Fig. 25 which 

displays their inherent complementary nature. The summer provides a relative good solar energy 

resource but poor wind condition, while the winter has a crosscurrent. Usually, the wind speed is 

higher during seasons of low insolation and low for high insolation. In addition, the daily 

distribution, shown in Fig. 26, also demonstrates a complementary characteristic that the wind 

Fig. 23 Monthly (and yearly) average wind 

power density and average wind speed 
Fig. 24 Annual power density versus mean 

wind speed for different hub height 
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often blows when the sun does not shine and vice versa. In brief, the above figures show that solar 

and wind energy resources exhibit complementary daily and seasonal patterns. Therefore, the solar 

and wind together can provide greater value than either 

alone: a better utilization factor for the available energy 

and thus less energy storage capacity is needed.  

 

4.3. Feasibility study and economic comparison of pumped hydro storage and 

battery storage for powered by renewable energy 

This work mainly focused on the energy storage options for a remote island. Pumped hydro 

storage was proposed and the investigation was described in this study. The feasibilities and 

economic comparisons between battery and pumped storage schemes were examined in terms of 

life cycle cost (LCC) and technical viability. The two potential alternatives are divided into 5 

subcategories, as summarized in Table 4. The electricity consumption was estimated as 

250kWh/day, and the desired number of autonomy days was 5.  

The methodology employed for these five options study is not included in this report, some 

typical results are presented as follows. 

Table 4 Summary of potential energy storage options 

Options Description 

Fig. 25 Monthly solar radiation and wind 

speed distribution in 2009 
Fig. 26 Daily solar radiation and wind speed 

distribution in 1st-2nd January in 2009 
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Option 1 

Option 2 

Option 3 

Option 4 

Option 5 

Advanced deep cycle lead acid battery 

Conventional battery 

Pumped storage combined with battery bank 

Pumped storage (no battery) 

Pumped storage (reversible pump-turbine) 

4.3.1. LCC&COE results for all options 

The total LCC of Option I (deep cycle battery), at approximately $4.37millon (LCRES: 

$3,496), is mainly shared by the two key components, batteries and inverters. The cost of batteries 

and inverters accounts for 89% and 11%, respectively. 

Table 5 Battery storage option comparison (Option I & Option 2) 

 

The LCC results for the conventional battery solution of Option 2 are summarized in Table 

5. It should be noted that the discrepancies between three options (2a & 2b & 2c) are obvious. 

Compared with Option l, the Levelized cost for renewable 

energy storage system (LCRES) results for all Option 2 

cases are considerably higher, indicating that the advanced 

deep cycle batteries perform better than the conventional 

one for long term operation. The findings in Table 5 also 

reveal that the increase of initial costs incurred in adopting advanced technology can effectively 

decrease running and maintenance costs. 

Option 3, the PHS combined with battery bank scheme, presents satisfying results. The total 

investment cost of Option 3 is about $2.4millon, only 55% of Option 1. The main reason for the 
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lower total LCC is possibly that many fewer batteries (only $0.27millon) are used in this system. 

The great majority of LCC is contributed by the pump 

(accounting for 59%), while battery cost accounts for 

only 11%. 

As for Option 4, a new approach to balance supply 

and demand is introduced by the use of a hydraulically controlled turbine. The summary results 

are presented in Table 6. 

Table 6 Pumped storage option without battery comparison (Option 4) 

 
A summary of all options is presented in Table 7. For the conventional battery utilized in 

Option 2, the cost ratio is much higher than 100%, indicating there 

are no cost advantages for stand-alone RESs. However, for Option 

3 & Option 4 by PHS, the economic benefits are significant and the 

cost ratios decrease to less than 1. The minimum ratio is occupied by Option 4c at a cost of only 

29%, and the highest cost PHS scheme of Option 3 only costs about 55% of Option 1. Therefore 

it is obvious that the PHS scheme can be economically competitive with battery solutions for 

✓ Uses tentative language when 
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renewable microgrid storage applications. This superiority will be 

further enhanced when the overall efficiency of mini pumped 

storage schemes are improved because of the growing focus of 

interest in schemes of this type. The recent decline in PV panel price along with rising costs of 

batteries will further enhance the cost effectiveness of pumped storage option. 

 

Table 7 Summary of economic cost for options and the cost ratio to Option 1 

 

4.3.2. Sensitivity analysis results 

Sensitivity analyses were carried out on six key variables: daily energy consumption, 

desirable autonomy days, peak sun hours, peak load, discount rate, and PV module price. 

The sensitivity assessments on daily energy consumption (10 kWh/day - 1000kWh/day) and 

peak sun hours (2 hours - 7 hours), as an example, are provided in Fig, 27 and Fig. 28. 

The results show that it is probably unreasonable to employ PHS for a pico energy storage 

system with a daily electricity consumption of 10kWh. The 

costs of Option 4b and 4c are much higher than for Option 1 

because the pump capacity used in this study is costly. 

Therefore, it seems not cost effective to employ pumped 

storage for this low storage capacity range such as 10kWh and 20kWh. However, when daily 

consumption is greater than 25kWh, the cost ratio for all PHS schemes can be kept below 0.8. As 

daily energy consumption increases, the cost ratio can be further lowered and the economic 

benefits of PHS become steadily more obvious. 
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The sensitivity study of the effects of peak sun hour variations mainly relates to prospects for 

the implementation of the PHS technology in diverse locations with different mean solar radiation 

levels. As Fig. 28 indicates, the PHS option would be more cost effective than the battery storage 

option for place with 2 to 7 peak sun hours of solar radiation. Another significant phenomenon is 

that any further increase in peak sun hours further improves 

the competitiveness of the pumped storage scheme. The 

result suggests that the pumped storage scenario can be 

applied widely in any location around the world where the 

number of peak sun hours exceeds 2. 

4.4. Hybrid solar and wind system design for a remote island 

This part of this project proposed an optimal hybrid renewable energy supply system for the 

existing 50-100 residents. The work is mainly carried out based on the simulation software 

(HOMER). Some published studies related to this software were briefly reviewed. Three basic 

energy supply scenarios were then described, in the form of system configurations and operating 

strategies. The input parameters and son-le constraints and assumptions were also discussed, 

followed by the system evaluation criteria in terms of life cycle cost, payback time and 

environmental effects. Finally, the simulation results of three scenarios were presented in the 

figures, tables and graphs and discussed.  

Fig. 27 Sensitivity analysis result on daily 

energy consumption 
Fig. 28 Sensitivity analysis result on peak 

sun hours 
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4.4.1. Optimal system type (OST) 

The optimization results in a categorized form with least net 

present cost (NPC) among many different configurations are 

summarized in Table 8. The minimum renewable fraction (RF) in the 

simulation was restricted at 90% (not applied to the diesel-only and 

diesel-battery system). 

In Table 8, each row represents an optimal system type (OST), which has the lowest NPC in 

the specific category. The first and second column represents the serial 

number and system type. The next four columns indicate the presence 

and size or number of PV array,  WT, diesel and battery; the next column 

presents which dispatch strategy is optimal for every system type; the following five columns 

highlights a few of the economic results, namely, the initial cost (IC), yearly operating cost, the 

total NPC, the levelized cost of energy (COE). The RF, annual diesel consumption and the diesel 

operating hours per year are provided in the last three columns for the hybrid RES with diesel 

generator. 

Table 8 Categorized winners with lowest net present cost 

 
Overall, the hybrid solar-wind-diesel-battery system with 95% RF (scenario l) was found to 

be the most cost-effective one among all simulated types (No. l). This system consisted of 80 kW 

PV array, 2 WTs and 48 batteries. The total NPC and COE was $456,002 and $0.391/kWh, much 

less than a 100% renewable energy system. The total work time of diesel was 637 hours and the 

diesel consumption was 2,414L/year. The load-following (LF) strategy was considered as the most 

suitable solution for this hybrid system with two dispatchable sources (diesel and battery), meaning 

that the diesel never charged the battery bank when it run above the minimum load ratio. The 

results show that it could be a wise choice to implement this hybrid system with 95% RF on this 

island, as the energy contribution made by renewable energy is quite significant and GHG emission 

is not high (6,582kg/year).   
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The configuration of solar-diesel-battery system with 100 kW PV and 72 batteries was 

considered as the second energy supply solution (No.2). Due to no WT, the PV and battery bank 

size increased obviously, indicating that the complementary characteristic of solar and wind 

resources is important for the RESs applied in the remote areas. 

To achieve the target of 100% RF, two approaches might be reasonable: solar-wind-battery 

system (No.3) and solar-battery system (No.4). The COE of two systems were $0.595 and $0.734, 

respectively. Compared with other system categories, these two system types had relatively higher 

PV array and battery bank capacities, and hence the total 

NPC increased. However, it could be a perfect choice to 

implement a totally renewable power generation system on 

this island since the renewable energies are sustainable and 

environmentally-benign. 

The wind-battery system could not ensure zero CS and 90% RF. However, this target could 

be achieved through adding a diesel to form a wind-diesel-battery system (the fifth-ranked category 

in Table 8). 

The COE of the diesel-battery system (No.6) was $0.832, which has zero wasted energy 

because of the batteries. For the diesel-only (No. 7) system, the IC (used for purchasing only one 

diesel) was not as high as diesel-battery system, but the O&M was unreasonably high, occupying 

more than 80% of the total NPC due to high fuel consumption. 

The last choice would be solar-wind-diesel system without 

storage. Although it had a high same RF of 90% with the No.5 

system, the diesel consumption doubled. The PV panel and WT 

were just used to supplement the diesel energy when they were 

available. Because of no storage device, up to 72.4% of total 

production was dumped. 

In the following sections, two scenarios are analyzed in detail. 
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4.4.2. Scenario 1 : Solar-wind-battery system 

 
Fig. 29 The physical configuration of the proposed hybrid solar-wind system with battery storage 

The system physical configuration for this hybrid solar and wind system with battery storage 

is shown in Fig. 29. The monthly mean electric production from PV array and WTs is presented in 

Fig. 30. It can be noted that the solar production took up almost 

86% of the total production. In addition, the PV output was 

extremely high in summer months from Jul to Oct. This is a 

favorable characteristic since electricity demand is strong in those months. Contrarily, the wind 

energy contribution mainly depended on the wind resource in different months. 

 
 Month Components 

 Fig. 30 Monthly mean powered generated by PV Fig. 31 Cash flow break-down by components and 
 and wind cost type 
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The cash flow break-down by components and cost type is shown in Fig. 31. The total NPC 

of the above system was found to be $693,114. The corresponding 

levelized COE was $0.595/kWh, approximately three times of the 

current electrical tariff in Hong Kong. However, it is still considered 

as a cost-effective solution to replace the diesel generator or grid 

extension by submarine cables and overhead lines. It should be highlighted that the cost of battery 

bank is nearly 50% of the total NPC, indicating that cost for storage subsystem in stand-alone 

HRESs is dominant, The PBT of this RES is calculated as 7.3 years, 

which is a bit longer than other published studies [262, 263]. 

 

Fig. 32 Summary of the energy flow during the simulated year 

Fig. 32 summarizes the energy flow of the whole system. 84% of output was contributed by 

PV array and 16% by WTs. However, almost 48.6% of the total RE output was in excess and 

transferred to the dump load. Among the total useful electricity, 85.6% was consumed by the end-

users, 4.9% and 9.5% was used to cater for battery bank and converter losses. 
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Fig. 33 Optimal system type against with solar radiation and wind speed 

The effects of available renewable energy potential (solar radiation: 3 to 6kW/m2/day and 

wind speed: 3 to 6 m/s) on the system configuration were 

examined. The optimal system type graph is presented in Fig. 

33. If the average wind speed is lower than 3.5m/s, the solar-battery systems provide the lowest 

COE, because the WT cannot start or output little energy at 

such low wind speed. For the wind speed between 3.5 and 

4m/s, the solar-wind-battery systems are cost effective for low 

solar radiation values and solar-battery systems for high solar 

radiation values. When the average wind speed is 4m/s, it 

seems that introducing the WT could be economical since it 

begins to produce electricity. 

4.4.3. Scenario 2: Solar-wind-diesel-battery system 

The system physical configuration is shown in Fig. 34. From the overall results analysis, it 

can be seen that the addition of a diesel generator makes the solar-wind-diesel-battery system a 

more viable option, even with unreasonable high fuel prices in Hong Kong. The results showed 

that the diesel is only used to cater for peak loads or during the periods of no energy stored and no 

availability of renewable energy, so that fuel consumption is not very high and thus a high RF can 
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be guaranteed. This study indicates that it is the more economically and technically feasible 

solution for this island. 

 

Fig. 34 System configuration of the hybrid solar-wind system with battery and diesel generator 

In this study, the results indicate that the optimal dispatch strategy is the combined load 

following and cycle charging strategy. In addition, the 

minimum renewable fraction (RF) was applied as a 

sensitivity variable changing from 50% to 90%, to explore 

the threshold of RF at which it is the most cost-effective, 

the simulation results shows that optimal system type in whole range of RF was the one with 95% 

RF. 

 

Avoid “In this study”, write 

“The results of this study 

indicate…” 

 

 

 

 



 THE HONG KONG POLYTECHNIC UNIVERSITY BSE DEPARTMENT 

80 

Fig. 35 Monthly mean powered generated by PV, wind and diesel 

The monthly mean electric productions from PV array, WTs and diesel are presented in Fig. 

35. Compared with the system in scenario l, the PV output was still the dominating part, accounting 

for about 73%, followed by the wind output (22%). The 

electricity fraction from nonrenewable diesel was 5%, 

totally operating for 637 hours. Fig. 36 summarizes the 

energy flow of the whole solar-wind-diesel-battery system. 

21% of the total production was in excess and dumped. 

Besides, the battery and converter losses also took up 14% 

of the total usable energy. 

 

Fig. 36 Summary of the energy flow during the simulated year 

The battery bank SOC distributions in scenario 1 and scenario 2 are distinctly different. The 

SOC results in Scenario 2 close to the two extreme values was very high, the SOC from 95% to 

100% accounted for 16%, followed by the SOC values from 30% to 35%. The utilization ratio was 

notably improved, but the expected lifetime decreased to 14.6 years.  

As shown in Fig. 37, the PV array accounts for the major share at 35% of the system total 

NPC, which is followed by the cost of batteries (25% of total NPC). The WTs needs investment 

of $75k, sharing approximate 16.6%. Although it just provides 5% of the energy, the total cost of 

diesel ($74k) takes up 16.2% of system NPC, which is mainly occupied by the fuel cost. 
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Fig. 37 Cash flow break-down by components and          Fig. 38 Cost of energy (COE) for different system 

 cost type types over increasing load 

In this study, the capacity shortage fraction (CSF) at 0.5%, 1%, 2%, 3%, 4% and 5% were 

investigated to understand their effects on system configuration and NPC. The results show that 

the system configuration and economic performance are same for CSFs in the range of 0% to 3%. 

When CSF increased from 4% to 5%, the system type changed to solar-wind-battery system 

without diesel, which is the same as the results in scenario l. 

The study shows that the PBT of scenario 2 is 4.2 years, which is similar to the result in [262] 

and slight shorter than that in study[263]. Additionally, the 

PBT of scenario 2 is decreased by 44% compared with 

scenario 1 with 100% RF, indicating the inclusion of diesel 

is beneficial for the pure RES with respect to the economic 

index of PBT. 

4.4.4. COE comparison between the five types of systems 

As a final remark, attempt was made to contrast the COE values between the five types of 

systems, and a trade-off established between the available options. The curves in Fig. 38 illustrate 

that the COE of five different system types with the average daily load from 150kWh/day to 

400kWh/day. The solar-wind-diesel-battery systems with RF of over 90% have the lowest COE 

values over the whole load level, indicating it is the most cost-effective one. The second type is 

the solar-diesel-battery system. The pure RES type comprised by solar and wind energy ranks in 

third place, the according COE values are about 1.5 times of the first system type. The solar-battery 

system type is a technically feasible solution while the high capital cost makes it not so 
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economically viable. The diesel-battery systems have the highest COE vales under the low load 

level, and the COE values decrease proportionally with load increasing and finally intersect with 

the solar-battery system type.  

4.5. Simulation and optimization of a hybrid PV and pumped storage system 

This work aimed at investigating a pumped storage 

system for this microgrid PV generation system and the 

preliminary results were presented. The term PVPS was then 

developed to describe the proposed hybrid photovoltaic and 

pumped-storage system. The mathematical model is reported 

for describing the performance of the main components in 

such hybrid systems. The criteria for evaluating the PVPS, in terms of loss of power supply 

probability (LPSP) and energy utilization rate are discussed. The effectiveness of the proposed 

method is demonstrated by designing a standalone power system for an isolated island in Hong 

Kong with solar power as potential power source and pumped storage as potential storage approach. 

The simulation results indicate that this model can help size the PV and upper reservoir (UR) 

optimally. The results also demonstrate that a pumped hydro storage subsystem can efficiently 

compensate for the intermittent nature of solar energy power generation and balance the production 

and demand in a remote area, thereby making the stand-alone solar energy supply more reliable 

and economical. 

The emphasis is on the system design part and the 

optimum configuration that is found by doing a search in the 

design space. The proposed sizing method incorporates a 

simple and novel methodology to find the pumped storage 

components capacity (turbine, pump, upper reservoir) and the 

capacity of PV and win turbine. This methodology also helps 

to plan further load growth, as it gives the durations for which 

load can be increased without additional capacity growth.  

The establishment of the mathematical models has been 

presented in the "methodology" section of the report. The models were then implemented on a case 
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study of a remote island, the simulation process being conducted at an hourly time-step. The sizing 

of PV array and UR were derived from the simulation models. It was calculated that a 220kWp PV 

array and 10,000m 3 UR could provide a feasible scheme with respect to power supply reliability 

and costs. This scheme was then studied as a base case and its performance is examined below. 

4.5.1. System components performances 

The base case simulation results showed that the annual energy output of the PV plant to be 

257,171 kWh with an average value of 704.6kWh/day. After deducting the PV inverter conversion 

loss, the daily average useable PV output of 683.4kWh, can be divided into three parts (as given 

in Fig. 39): the first part directly supplies the load from 7:00am to 7:00pm, which accounts for 

20.2%; The surplus is delivered to the pumps for charging UR between 8:00am and 6:00pm, 

occupying 72.2%; Once the UR reaches to upper limit, this spilled part of energy (7.6%) is 

dissipated in the dump load from 12:00am to 6:00pm. 

It was found that 72.2% of the PV output was used for pumping, which means that totally 

300,252m3 water was elevated from the lower reservoir to the upper one. The maximum hourly 

power from PV to pump was 157kW, thus pumping capacity 

of 160kW, at least, is needed for this system. Sometimes 

power from the PV might be too small to start a pump of this 

capacity, but the combination of several pumps, such as 

20kW+50kW+90kW, can fulfill the pumping capacity 

requirement and meanwhile ensure a reasonable efficiency 

for each pump. 

The daily load supplied by direct PV output and turbine over the simulation year is 

demonstrated in Fig. 40. Turbine and PV power to load for several days are extreme low, indicating 

the water stored in the UR is insufficient and power supply failure may occur. 
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 Fig. 39 Breakdown of PV output after the PV Fig. 40 Daily load demand met by direct PV output 

 inverter and turbine output 

The profile of the water stored in the UR is depicted in Fig. 41 which shows that every month 

experiences great variations. Over the whole 8760 hours, the maximum storage capacity (10k m3) 

was available for 276 hours, indicating the UR was fully charged and excess energy was potentially 

dumped at such situations. In addition, for 150 hours there was no water, meaning no energy was 

stored in the UR and power supply may fail. The zero water 

levels in the UR occurred in November may result in the poor 

solar insolation, the high cooling load demand in July and 

August could also result in zero quantity of water in the UR 

even though there was good solar energy in those months. Over the whole simulation, the water 

stored in the UR was 9614 m3 meaning the net balance of the storage system is -386 m3, equivalent 

to 51 kWh of electricity. 

Time Month 
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Fig. 41 The quantity of water stored in the upper reservoir 

4.5.2. Daily energy and water flow (balance model) 

A summary of daily average energy flow and water flow of the PVPS is illustrated in Fig. 42. 

 

Fig. 42 Daily average energy and water flow of PVPS 

4.5.3. System performance indices 

Over the simulation period, the PVPS was not able to meet the load either totally or partly for 

151 hours. The LPSP is then calculated as 1.7% and corresponding LA as 98.3%. This LPSP value 

indicates there is only a slight gap in completely reliable power supply, which can be covered by 

increasing the PV or UR capacity. The base case, only leaves some extreme peak loads unmet, 

would be economical if an LPSP under 2% can be accepted by the users. 



 THE HONG KONG POLYTECHNIC UNIVERSITY BSE DEPARTMENT 

86 

The EENS was 1,050 kWh, about the 1.2% of the total load demand throughout the year, 

meaning the energy EIR of the system is 98.8%. The overall PV energy utilization rate was 92.4%, 

on the basis of the dumped energy is 18,911 kWh. The dumped energy quantity is much greater 

than the EENS value, meaning the potential exists to achieve zero EENS by increasing UR size to 

cut down the dumped energy and EENS value as well. 

4.5.4. Overall efficiency of pumped storage 

The overall efficiency of the pumped storage scheme 

was 21%. Such a relatively low efficiency is due to the 

losses resulting from double conversions between 

mechanical energy and electrical energy. The low overall 

efficiency is also attributed to the utilization of a micro 

sized pump and turbine since the efficiency of such plant 

reduces dramatically [121]. Moreover, the cheap but 

readily available Chinese brand solar pump is also of a low 

pumping efficiency. This would be improved by 

employment of superior solar pumps (e.g. Dankoff, SunPumps). Once the reversible pump-turbine 

set were to be available for the renewables powered pumped storage systems, the roundtrip 

efficiency of the pumped storage scheme can be greatly enhanced. In addition, the adjustable speed 

machines being widely in conventional pumped storage stations could also be adopted in the PVPS 

to improve the efficiency. 

Even though the overall efficiency is low, a reliable and sustainable power supply can be 

achieved throughout the day and night by using PV panels and turbine for power generation. 

Additionally, the environmental problems connected with 

batteries can be overcome with the pumped storage alternative. 

The initial cost of the pumped storage system might not be 

competitive because of the civil engineering work involved in 

reservoir construction, but the life cycle cost would be much 

lower due to less O&M and long lifespan, it is really important 

for systems installed in isolated areas. 

4.5.5. Sensitivity analysis on the PV and UR capacity 

A sensitivity analysis was conducted finally to investigate the uncertainty of varying PV and 

UR capacity on the results. From above simulation, the base case PVPS with 220 kW PV and 
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10000m3 UR might fail in supplying the power over the year. Therefore, the performances of 

systems ranging in PV size from 200k W to 240kW and UR capacity between 8k m3 and 12k m3 

were studied and the results are presented below. 

 

Fig. 43 The LPSP against the variation of PV size            Fig. 44 The excess percentage of PV against the  

and upper reservoir volume     variation of PV size and upper reservoir volume 

The LPSP values as affected by PV size and maximum storage capacity of UR are presented 

in Fig. 43. It can be seen that an increase in PV array capacity can significantly reduce the LPSP. 

When the PV size reaches 230kW, the LPSP is close to 0%. The effect of increase in the UR 

capacity on LPSP is only obvious at smaller PV sizes such as 200k W. The maximum LPSP is 8.1% 

with 200kW PV and 8k m3 UR. No power supply failure occurs when PV size is 240kW for the 

whole UR size range, and a PV capacity at 230kW can also result in 0% LPSP if UR is larger than 

10k m3.  

However, dumped PV energy quantity will rise if more 

PV panels are employed in ensuring power supply reliability, 

as shown in Fig. 44. An increase in the UR capacity can 

reduce the dumped energy at the smaller PV size but there is 

no effect at higher PV size. The 200kW system, as an example, has a decrease in abandoned energy 

from 5.3% to 4.3% when UR increases from 8k to 12k m3. The two figures illustrate that an 

increase in the UR capacity can not only reduce the spilled energy but also enhance power supply 

reliability. 
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4.5.6. Sizing curve for PVPS 

 

Fig. 45 Design space or sizing curve for PVPS 

The minimum UR capacity required to achieve 0% LPSP is used to generate the sizing 

curve[45] for a PVPS when the PV array ranges from 200 to 500 kWp. As illustrated in Fig. 45, 

the sizing curve shows the feasible design space for the system which is that portion above the 

sizing curve. It can also be seen that as the PV size grows, the 

minimum UR capacity needed decreases rapidly until 

230kWp, after which the UR capacity varies only slightly. 

The lack of solar energy during the night time and on rainy 

days necessitates a minimum storage capacity to supply the load for those periods, however big 

the PV array. The next stage will focus on determining the optimum system configuration using 

both the sizing curve and the economic performance curve (such as minimum cost of energy).  
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5. FUTURE WORK AND TIME ARRANGEMENT

Jul 2012 -Dec 2012 

 

 

Jan 2013-- Jun 2013 

 

 

Jan 2013-- Jun 2013 

 

 

 

July 2013 -- Sep 2013 

 

 

 

Sep 2013 Apr 2014 

Jan 2014 -- Apr 2013 

 

May 2014 Aug 2014 

Sep 2014 

                                              

                                   

Establish and refine 

the mathematical 

models for all components in the renewable energy based pumped 

storage system;  

Develop optimization algorithm and the multi-objective sizing 

methodologies (twofold or threefold) to handle the system design 

problems in respect of the 

technical, economic and 

environmental issues. 

Program and simulate the system 

performance; employ the 

developed methodology to examine 

the effects of a small battery bank 

and a diesel; simulate the system 

operating performance of a hybrid 

solar-wind-PHS-battery-diesel system. 

Study the performance of the separated pumped and turbine unit or 

reversible pumped and turbine; proper allocation (capacity ratio) of 

wind turbine, water pump, reservoir and hydroelectricity generator, and 

efficiency of the system. 

Experiments design, setup, data collection and performance evaluation 

Examine the economic performance of this system in detail and 

investigate the pumped storage for grid connected RESs 

Prepare the thesis 

Submit thesis 
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