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ABSTRACT 

 

EFFECTS OF SHORT AND LONG TERM STORAGE SYSTEMS ON SIZE 
DETERMINATION OF RENEWABLE ENERGY SYSTEMS  

IN MICRO-GRIDS 

Al-Ghussain, Loiy 

M.Sc., Sustainable Environment and Energy Systems  

Supervisor: Asst. Prof. Dr. Onur Taylan 

Co-Supervisor: Prof. Dr. Derek Baker 

June 2017, 81 pages 

 

Energy resources and global warming are two of the most important concerns for the whole 

world, where the necessity of finding clean and cheap energy resources have high priority 

nowadays. Renewable Energy Systems (RES), such as PV power plants and wind turbines, 

have the ability to meet the demand of the world; however, the energy generation of these kind 

of systems does not fully match with the electrical energy demand. Having a diversity of RESs 

with Energy Storage System (ESS) will increase the matching between the energy generation 

and the energy demand. The purpose of this thesis is to determine the sizes of different 

Renewable Energy Micro-Grid (REMG) systems with four main ESS scenarios with and 

without taking the ESS depth of discharge (DOD) into consideration; (1) without ESS, (2) 

with short term ESS-batteries, (3) with long term ESS-Pumped Hydro Storage (PHS), (4) with 

hybrid short and long term ESSs- batteries and PHS- for a university campus on a 

Mediterranean island in order to achieve the maximum yearly RES fraction (����) with Cost 

of Electricity (COE) equal or lower than the local grid tariff. Moreover, this study aims to 

determine the optimal ESS sizing methodologies with different RESs in order to achieve this 

goal. In addition, a sensitivity analysis of the models is carried out to determine the sensitivity 

of the RESs to the fluctuation of meteorological data in addition to the variation in the demand. 

Moreover, the effect of the integration of different ESS scenarios on the COE, ����, demand 

supply fraction (DSF) and the feasible sizes of PV, wind, PV/wind hybrid systems is studied 

in addition to the effect of the DOD of the ESS on these parameters. The results indicate that 

the PV/wind hybrid system with 4.19 MW PV, 8 MW wind and 89.51 MWh PHS has the 

highest ����- 88.04%- among the other RESs while the PV/wind hybrid system with 3.44 MW 
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PV, 8 MW wind, 833 kWh battery and 89.51 MWh PHS has the highest DSF- 80.74%- with 

COE equal to the grid tariff. Moreover, the results indicate that the integration of ESS affects 

the economic and technical parameter of the RES where these effects vary based on the RES 

type, ESS type and RES capacity. Furthermore, the results show that the DOD of the ESS is a 

vital parameter that affects the optimal ESS sizing methodologies and the economic and 

technical parameters of the RES.  

 
Keywords: energy storage systems, PV systems, wind systems, PV/wind hybrid systems, 

depth of discharge. 
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ÖZ 
 

MİKRO-ŞEBEKELERDEKİ YENİLENEBİLİR ENERJİ SİSTEMLERİNİN 
BOYUTLANDIRMASINDA KISA VE UZUN VADELİ ENERJİ DEPOLAMA 

SİSTEMLERİNİN ETKİSİ 
 

Al-Ghussain, Loiy 

Yüksek Lisans, Sürdürülebilir Çevre ve Enerji Sistemleri  

Tez Yürütücüsü: Yrd. Doç. Dr. Onur Taylan 

Ortak Tez Yürütücüsü: Prof. Dr. Derek K. Baker 

Haziran 2017, 81 sayfa 

 

Enerji kaynakları ve küresel ısınma, temiz ve ucuz enerji kaynaklarının bulunmasının büyük 

önem taşıdığı günümüz dünyasındaki en önemli kaygılar arasındadır. Fotovoltaik (PV) enerji 

santralleri ve rüzgâr türbinleri gibi yenilenebilir enerji sistemleri (RES) dünyanın talebini 

karşılama yeteneğine sahiptir; bununla birlikte, bu tür sistemlerin enerji üretimi, elektrik 

enerjisi talebi ile tamamen uyumlu değildir. Enerji Depolama Sistemi (ESS) ile çeşitli 

RES'lere sahip olmak, enerji üretimi ve enerji talebi arasındaki eşleşmeyi artıracaktır. Bu tezin 

amacı, bir Akdeniz adası olan Kıbrıs’ta bulunan bir üniversite kampüsü için ESS'nin boşalma 

derinliğini (DOD) dikkate alarak ve almayarak dört ana ESS senaryosuna sahip farklı 

yenilenebilir enerji mikro-şebeke (REMG) sistemlerinin boyutlarını belirlemektir; (1) ESS 

olmadan, (2) kısa vadeli ESS-piller, (3) uzun vadeli ESS-pompa hidro depolama sistemi 

(PHS), (4) hibrid kısa ve uzun vadeli ESS'ler -piller ve PHS- kullanarak önerilen sistemlerden 

elektrik enerjisi üretim maliyeti (COE)’ni yerel tarife eşit veya daha düşük tutarak yıllık RES 

oranını (FRES) azami seviyeye çıkarmaktır. Ayrıca bu çalışma, belirtilen amaca ulaşmak için 

farklı RES'lere sahip en iyi ESS boyutlandırma yöntemlerini belirlemeyi amaçlamaktadır. 

Buna ek olarak, elde edilen sonuçların meteorolojik verilerin ve elektrik talep dengesinin 

değişimine olan duyarlılığını belirlemek için modellerin hassasiyet analizleri yapılmıştır. 

Bununla birlikte, hibrid sistemleri de içeren farklı ESS senaryolarının ve DOD değerlerinin 

COE, FRES, talep karşılama oranı (DSF) ve PV, rüzgâr, PV/rüzgâr hibrid sistemlerinin 

uygulanabilir boyutları üzerindeki etkileri incelenmiştir. COE’nin şebeke tarifesine eşit ya da 

düşük olduğu sonuçlar incelendiğinde, 4.19 MW PV, 8 MW rüzgâr türbini ve 89.51 MWh 

PHS’ten oluşan hibrid sistemin incelenen RES'ler arasında %88,04 ile en yüksek FRES oranın 
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verirken 3.44 MW PV, 8 MW rüzgâr türbini, 833 kWh pil ve 89.51 MWh PHS’ten oluşan 

hibrid sistemin %80,74 ile en yüksek DSF oranını verdiği belirlenmiştir. Üstelik sonuçlar 

ESS'nin RES’lere dâhil edilmesinin, RES'lerin ekonomik ve teknik parametrelerini 

etkilediğini göstermektedir. Bu etkiler RES türü, ESS tipi ve RES kapasitesine göre 

değişmektedir. Dahası, sonuçlar ESS'nin DOD değerinin, en iyi ESS boyutlandırma 

yöntemlerinin belirlenmesini ve RES'nin ekonomik ve teknik parametrelerini etkileyen önemli 

bir parametre olduğunu göstermektedir. 

 

Anahtar Kelimeler: enerji depolama sistemi, PV sistemleri, rüzgâr sistemleri, PV/rüzgâr 

hibrid sistemler, deşarj derinliği.  
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CHAPTER 1  
 

INTRODUCTION 

 

1.1 Background Information  

The economic growth and the development of the country is highly dependent on the 

availability of energy resources where energy is considered as the engine for the economic 

growth and social development [1]. After the industrial revolution in 1760s [2], human starts 

the excessive use of fossil fuel in order to meet the increasing demand on the energy without 

any concerns about the consequences of such use. Nowadays the world is suffering from the 

consequences of humankind activities and the reckless strategies adopted in the name of 

development and economic growth which led not just to the degradation of the vulnerable 

earth’s resources but also to the disruption and destruction of the ecological life systems 

causing the extension of several species. As a result of the excessive use of fossil fuel, the 

concentration of greenhouse gases (GHGs) was significantly increased causing the increase in 

the earth’s average surface temperature or what is known by the “Global Warming”.  

Before Kyoto protocol in 1997 [3], energy security was the only energy related concern for 

the countries; however, after Kyoto protocol global warming became the second vital energy 

related concern. Governments seek to find clean energy resources that can meet the demand 

of their countries with affordable prices. Renewable energy systems are considered as one of 

the most suitable alternatives for fossil fuels as it is abundant [4] ,[5] and cost competitive 

with other conventional resources [6]. After 2005, when Kyoto protocol interred into force, 

the share of renewables- without including the hydro power systems-  increased from 2% [7] 

to 7.3% [8], where Photovoltaic (PV) and wind systems have witnessed significant growth 

with annual growth rate of  60% and 20% respectively [4]. 

Solar and wind energy systems are two of the most common types of renewable energy 

systems that have the potential to meet the demand of the whole world with affordable costs 

[8],[9]. However, wind and solar power generation systems are unreliable since both resources 

are variable and do not match the demand by 100% [10]–[12]. The integration between solar 

and wind systems increase the reliability of the system and partially solve the production 

fluctuation issue where it was proved that wind and solar systems work in a synergistic way. 
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In addition, the integration reduces the cost of electricity generated by the system [10], [12], 

[13]. 

The mismatch and the production fluctuation of Renewable Energy Systems (RESs) can 

be solved by either conventional energy systems [5] or by the integration of energy storage 

systems (ESS), where it was reported in [9], [11], [12], [14], [15] that the ESSs can improve 

the RES reliability and increase the matching between the energy generation and the demand 

with lower cost where the surplus can be stored and used in the deficit periods instead of 

depending on the grid. Furthermore, it was reported in [11] and [16] that ESSs will be play a 

vital role in the development of RES in the future and the increase in the energy penetration 

from RES into the grids where ESSs will allow the RES sources to provide dispatchable 

service.  

ESSs are divided into two main categories based on the discharge time or storage time; 

short term such as batteries and flywheels with fast response time- called access oriented 

ESSs- and long term like pumped hydro systems (PHS) and compressed air energy storage 

(CAES) which do not have fast response time in general and it is called capacity oriented ESSs 

[17]. The short term ESSs are used to overcome the energy fluctuations throughout the day up 

to few hours while the long term ESSs are used to overcome hourly up to daily energy 

fluctuations [5]. Figure 1.1 shows the discharge time and the power rating ranges of different 

short and long term energy storage systems.  

Figure 1.1. General comparison of the discharge time and the power rating ranges of different 

short and long term energy storage systems [14]. 
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As mentioned before, the integration between wind and solar system can mitigate the 

fluctuations in the power generation and thereby reduces significantly the energy storage 

requirements [10], [18], [19]. In addition, the integration allows the development of microgrid 

systems based on renewable energy resources where it could be either grid connected or 

standalone microgrid, i.e. islanding the microgrid from the local electricity grid where the 

system will be able to meet the demand alone without the need of the local grid [20]. The 

sizing of the hybrid system components play an important role in the economic feasibility of 

the power generation systems [10], [18], [21] as well as the sizing of the ESSs [15]. Thereby 

the main challenge will be the determination of the optimal size of RESs and the ESSs to 

achieve economic and technical feasibility of the system. 

1.2 Study Objectives  

This study has three main goals where the state of art of what have been done and what is 

the gap- as defined in chapter 2- led to these goals. The first goal is to determine the optimal 

sizes of PV, wind and hybrid PV/wind systems with and without energy storage system based 

on maximizing the fraction of demand met by the RES with cost of electricity (COE)- takes 

into account the demand met by the grid where it is mathematically defined in section 3.2-  

lower or equal to the local grid tariff in Middle East Technical University (METU NCC) where 

the average demand throughout the system life will be used. In addition, this study aims to 

determine the optimal methodologies for sizing long and short term ESSs when integrating 

them with PV, wind and hybrid PV/wind systems based on two scenarios related to the Depth 

Of Discharge (DOD) of the ESSs; the first scenario is with taking into consideration the DOD, 

i.e. DOD <100% and the second is neglecting the DOD, i.e. DOD=100%.  

The second goal is to analyze the effect of the integration of short and long term ESSs with 

DOD <100% on the COE, RES fraction (����) and the demand supply fraction (DSF)- it is 

mathematically defined in section 3.6- of PV, wind and hybrid PV/wind systems in METU 

NCC, where the optimal sizes and methodologies will be used. Furthermore, the effect of the 

DOD of the short and long term ESSs on the COE, ���� and DSF of hybrid PV/wind systems 

with hybrid ESS in METU NCC will be studied. 

Finally, a sensitivity analysis is carried out to inspect the performance of the optimal 

PV/wind hybrid system in METU NCC due to the variation in the solar, wind resources and 

the demand where the inspection will be based on the change in the COE, ���� and DSF of 

the system. The measured wind and solar resources between 2013 and 2016 and the demand 
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in 2011, 2014, 2015 and the forecasted demand of 2037 i.e., (the maximum demand 

throughout the life of the system) is used for this purpose and compared with the results 

obtained using TMY data. Moreover, the sensitivity analysis will be used to inspect the effect 

of the integration of the ESSs on the amount of change in the performance of the PV/wind 

system. 

1.3 Work Organization  

Chapter 2 presents a literature review of several studies that assessed the technical and 

economic feasibilities of the installation of different RES configurations with energy storage 

system in addition to some studies that proposed a sizing methodologies for the RESs and 

ESSs. The aim of the literature review is to address the state of art of what have been made in 

this field and what is the gap. In addition, the literature addresses some of the drawbacks and 

the limitations of HOMER software- which is one of the most famous RES modeling software, 

and led to developing a new model instead of using HOMER. Chapter 3 presents the 

methodology and the theory used in modeling the RESs- PV, wind and the PV/wind hybrid 

system- and the ESSs. In addition, it presents the methodology used to assess the economic 

and technical feasibility of the system in METU NCC. In Chapter 4 the optimal ESS sizing 

methodologies with different RES are presented and the optimal sizes of the RES 

configurations with their technical and economic feasibility is discussed. Furthermore, the 

effect of the integration of short term and long term ESSs with the different RES 

configurations is analyzed in addition to the effect of the DOD on the technical and economic 

feasibility of the PV/wind hybrid system in METU NCC. Moreover, Chapter 4 includes the 

results of the sensitivity analysis made to examine the performance of the PV/wind hybrid 

system with different ESS configuration to the change in the RES resources and the change in 

the demand. Finally, Chapter 5 presents the major conclusions obtained through this study in 

addition to some future works that can be built upon this study.   
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CHAPTER 2  
 

LITERATURE REVIEW 

 

  2.1 Separate PV and Wind Systems 

PV technologies is witnessing a tremendous growth rate in the global market [22] where 

the optimization of the sizing of such technology is vital for economic and technical metrics. 

Furthermore, the integration of ESSs with PV systems became a promising option which 

requires more investigation. Several studies proposed optimal sizing methodologies for PV 

systems with ESS and also assessed the technical and economic feasibility of the integration 

of the ESSs [15], [23]–[28]. For instance, Li et al. [23] studied the integration of stand-alone 

PV systems with batteries and fuel cells. They concluded that PV system with batteries and 

fuel cell was the optimal configuration with the lowest cost, higher system efficiency and the 

lowest number of PV modules compared with single storage configurations. Furthermore, 

Kaldellis et al. [24] studied the integration between PV and different energy storage system 

for remote islands. They concluded that the PV/storage has cost of electricity generation lower 

than the cost from existing thermal power plant in most of the cases in several Greek islands. 

Moreover, Manokalos et al. [25] studied the installation of standalone PV power plant with 

PHS and batteries in Merssini village in Greece. They concluded that small-scale PHS has low 

efficiency with high initial cost compared with batteries. 

Similar to the PV systems, wind energy has a significant growth rate in the global energy 

sector [29] where the sizing of these systems took the intention of many scholars. Moreover, 

like PV systems scholars see in the integration of ESSs a path for more deployment of these 

systems and so the scholars presented several studies focusing on the optimization of wind 

turbine systems with different ESSs [30]–[33]. For instance, Papaefthymiou and 

Papathanassiou [31]  investigated the optimal size of wind/PHS hybrid system in an island 

system based on maximizing the return of investment and based on maximizing the RES 

penetration. They concluded that the integration of PHS led to the reduction in LCOE of the 

wind system and at the same time increased the RES penetration.  Another study made by 

Kaldellis and Kavadias [33] proposed an optimal sizing methodology for wind-hydro systems 

based on maximizing the energy independence of the local system. They concluded that a 

significant part of the demand was met by the wind farm while the hydropower system covered 

energy deficit and reduced the dependency on the local grid. 
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 2.2 PV/wind Hybrid System 

As the hybridization of solar and wind resources and the integration of ESSs became 

shining options to increase the utilization of the RES, enormous number of studies discussed 

the optimization methodologies of PV/wind hybrid system with and without ESSs [12], [18], 

[21], [34]–[43]. For instance, Ma et al. [12] examined the technical feasibility of the 

integration of pumped hydro storage system with standalone PV/wind hybrid system in a 

remote island in Hong Kong. They concluded that the PHS is the ideal solution to compensate 

the fluctuation of the energy production from the RES with 100% energy autonomy. 

Furthermore, Ashok [21] made a model to find the optimal size of PV/wind hybrid system 

with pumped hydro energy storage system and battery for rural communities based on 

minimizing the total life cycle cost. Ashok concluded that the system was capable of meeting 

the demand of the entire village for 24 hours with cost of 6.5 Rs/kWh (0.088 USD/kWh) which 

is less than the cost of electricity from the extended grid and from the diesel generators. 

Another study made by Bekele and Tadesse [37] analyzed the feasibility of the installation of 

PV/wind hybrid system with PHS in Ethiopia using HOMER. They concluded that different 

sizes of the system have cost of electricity less than 0.16 USD/kWh.  

Moreover, Ma et al. [34] evaluated the technical and economical feasibilities of PV/wind 

hybrid system with battery storage in a remote island in Hong Kong using HOMER software. 

They concluded that the cost of electricity generation was 0.595 USD/kWh which was higher 

than the grid tariff. Furthermore, they concluded that the hybrid system has less cost of 

electricity generation, lower storage capacity and less excess energy than the PV alone. 

Another study made by Ma et al. [36] compared the feasibility of the integration of batteries 

and pumped hydro storage system with PV/wind hybrid system for a remote island in Hong 

Kong. They concluded that the integration of hybrid storage system, i.e. battery + PHS, has 

lower cost than battery alone.  

 2.3 Energy Storage Sizing 

Several studies focused on studying the optimal methodologies for sizing ESSs for 

renewable energy and microgrid applications where the optimal sizing plays a vital role in 

ensuring the economic profits from this integration [44]–[48]. For instance, Le [44] made a 

study to determine the capacity of ESS for wind turbines farm based on maximizing the 

economic profit of the integration. Le concluded that the installation of ESS for increasing the 

dispatchability of wind farms can be profitable. Moreover, Chen et al. [45] proposed a method 
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for sizing battery ESS for microgrid applications based on cost benefit analysis. They 

concluded that installing the optimal size of battery ESS for grid connected microgrid could 

increase the total profits of the system. Another study made by Bahramirad et al. [46] 

presented a model for estimating the optimal size of ESSs in microgrid based on minimizing 

the investment cost of the ESS as well as the operation cost of the microgrid. They concluded 

that larger ESSs do not necessarily have larger economic profits. Furthermore, Borowy and 

Salameh [47] proposed a methodology for calculating the optimal size of battery ESS for 

standalone PV/wind hybrid system in Massachusetts, USA based on minimizing the cost of 

the system. In another study, Kellogg et al. [48] developed an algorithm to find the optimal 

sizes of a standalone PV/wind hybrid- battery system. The algorithm was used to find the 

capacity of the components that can meet the hourly average load profile of a home in 

Montana, USA. In addition, Kaldellis and Zafirakis [43] compared the cost of electricity 

production of the RES with different ESSs. They concluded that if the RES and the ESSs were 

properly sized they could form a promising solution. 

2.4 RESs in Cyprus and METU NCC 

Several studies were considered to determine the feasibility of installing different kinds of 

PV systems on the island. For instance, Poullikkas [49] studied the feasibility of installing 1 

MW grid-tied PV farms in Cyprus in 2009. The study pointed to the unfeasibility of installing 

such systems in the absence of supportive policies. LCOE for this kind of systems was 0.38 

EUR/kWh (0.43 USD/kWh) which was higher than the grid tariff. In 2014, another study was 

made by Fokaides and Kylili [50] to determine the feasibility of installing 1 MW grid-tied PV 

farm in Cyprus based on different scenarios with different PV capital cost and different grid 

tariff. The study concluded that the installation of such plant was feasible if the grid tariff was 

0.14 EUR/kWh (0.16 USD/kWh), and the capital cost was 1.15 EUR/W (1.3 USD/W).  

In addition to the solar resources, some regions on the island have good wind potential that 

can be utilized to generate electricity. In 2005, Koroneos et al. [51] said that the wind energy 

in the southern coastal zone of Cyprus was able to compete with other forms of energy and 

could become economically viable where the mean wind speed at 10 m height is greater than 

5 m/s. Furthermore, Solyali and Redfern [52] examined the cost of electricity production for 

several locations in Cyprus like: Paphos, Larnaca, Paralimni, Limassol, Akrotiri, Athalassa, 

Ercan and Polis, where the lowest LCOE was 0.2 EUR/kWh (0.227 USD/kWh) for a 10 MW 

wind farm in Paralimni. Moreover, Ilkan et al. [53] economically compared installing PV and 

wind systems in Northern Cyprus for residential application in 2005. They concluded that 
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although the internal rate of return for wind turbine systems was much higher than the PV 

systems, there were few locations where wind systems would be economically viable. In 

addition, Fokaides et al. [54] mentioned in their study the feasibility of Orites wind farm 

(34.71o N, 32.63o E) in Southern Cyprus with 82 MW in 2014. LCOE for the wind farm was 

0.1 EUR/kWh (0.11 USD/kWh) where the feed in tariff and the grid tariff was 0.166 

EUR/kWh (0.183 USD/kWh). 

Only a couple of studies was made to determine the feasibility of installing hybrid systems 

in Cyprus. For instance, in 2012, Panayiotou et al. [55] compared the feasibility of installing 

standalone PV system and PV/wind hybrid system for domestic application in Nicosia, 

Cyprus. They concluded that PV system was better option; since the wind sources of the 

examined place was lower compared with the solar resources. 

A few papers have studied the feasibility of installing separate PV and wind systems in 

METU NCC [56]–[58]. For instance, in 2013, Pathirana and Muhtaroğlu [56] found that 

having 6.81 MW off-grid PV power plant with batteries would meet the demand of the 

university; however, the cost of electricity generated was 0.24 USD/kWh where the grid tariff 

was 0.22 USD/kWh, while having a 5.875 MW grid-tied power plant with feed in tariff of 

0.22 USD/kWh would reduce the cost of electricity to 0.14 USD/kWh. In addition, in 2015, 

Sadati et al. [57] determined the feasibility of different sizes of grid-tied PV power plants in 

METU NCC with energy storage system; having a 4.5 MW PV plant with 15 MWh PHS 

would meet the demand 83% of the time and have LCOE of 0.24 USD/kWh; where the 

minimum LCOE, 0.2 USD/kWh, could be achieved with 0.5 MW power plant and no storage 

system. On the other hand, in 2015, Yenen [58] studied the potential of installing three wind 

turbines with different hub heights in METU NCC; Vestas V27, V47, V66 with hub height 

30, 50, 60 m, respectively, and rated power of 0.225, 0.66 and 1.65 MW, respectively. The 

author concluded that the installation of these models was not feasible in METU NCC due to 

relatively low wind resources. 

Only one study considered the installation of PV/wind hybrid system in METU NCC [7]; 

Sadati [7] made a feasibility study for the installation of PV/wind hybrid system with battery 

storage and PV with battery and PHS in METU NCC. He concluded that 2 MW PV, 3.75 MW 

wind hybrid system with 1 MWh battery has LCOE of 0.148 USD/kWh while 2 MW PV and 

3 MW wind hybrid system without ESSs has LCOE of 0.15 USD/kWh.  
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 2.5 Literature Gap 

The ESSs sizing methodologies in the literature was based on only one parameter either 

technical by achieving 100% RES fraction with the integration [48] or economic by achieving 

the maximum profits from the integration [44]–[47]. Moreover, the literature lack for studies 

that analyzed the effect of the integration of short term and long term energy storage system- 

separate and hybrid ESSs configurations- on the sizing of the RES, i.e. on the COE, Renewable 

Energy System Fraction (RES fraction) and Demand Supply Fraction (DSF). Furthermore, the 

literature did not analyze the effect of the DOD of the ESSs on the economic and technical 

parameters of the RES. 

 2.6 Software Limitations  

The Hybrid Optimization Model for Electric Renewables (HOMER) is the most famous 

software used in simulating renewable energy systems. HOMER is capable of analyzing the 

technical and economic feasibilities of different RES configurations. In addition, the software 

can optimize the size of the RES and can carry out sensitivity analyses for the RES. HOMER 

has been used extensively in the literature for optimization purposes and diverse case studies. 

However, HOMER software has several limitations for instance the software does not allow 

the integration of two energy storage systems the same time and also does not take into account 

the DOD of the ESSs directly [59]. In addition, the software is limited to the traditional 

economic parameters like Net Present Cost (NPC) and LCOE that cannot take into account 

the externalities and the corporation of the fluctuation of the energy generation from the RES. 

Finally, the software evaluates the technical feasibility of the RES based on one parameter 

only which is the RES fraction and does not allow the development of other useful parameters 

like the demand supply fraction [60]. 

All these limitations of HOMER software were the barrier for using it in this study and in 

order to fulfill the objectives of this study a new model was developed using Microsoft Excel. 

The model estimates the hourly energy production from the different RES configurations, i.e. 

PV, wind and PV/wind hybrid system. In addition, the model estimates the hourly energy 

stored and the energy available in the ESSs and it allows the integration of two ESSs at the 

same time and takes into account the DOD of the ESSs. Finally, the model calculates the RES 

fraction and the demand supply fraction as metrics to assist the technical feasibility of the 

system and also estimates the LCOE, NPV, Payback Period (PBP) and the COE which 
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incorporates the fluctuation of the RES energy generation and the mismatching with the 

demand by taking into account the excess and the deficit energy.  
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CHAPTER 3  
 

THEORY AND METHODOLOGY 

 

3.1 Solar Geometry  

The estimation of the electrical energy production from a PV module requires the 

estimation of the amount of solar radiation on a tilted surface and this can be achieved by 

estimating the incident angle. The incident angle is the angle between the surface normal and 

the beam solar radiation and it is a function of several angles related to three components: the 

utilization surface, the earth and the sun, and to estimate the incident angle at any time these 

three components should be geometrically described [61]. Figure 3.1 illustrates the angles 

required to describe the geometry of the utilization surface and the sun.  

Figure 3.1. Schematic sketch illustrates the angles required to describe the geometry of the 

beam radiation relative to the specific surface and to describe the geometry of the surface [61]. 

The sun position changes with time which requires the use of a time that depends only on 

the apparent angular motion of the sun and does not depend on the location; this time is called 

the solar time (��) and it is used in all the geometric solar relations instead of the local time, 

Eq. (1) is used to convert the local time to solar time [61].  

�� = ���� + 4×(��� − ����)+ �  (1) 
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where ��� can be calculated using Eq. (2), ���� can be calculated as in Eq. (3) and � can be 

calculated using Eq. (4) [61]. 

 ��� = �
                −��×15 ,          �� ≤ 0
       360−��×15 ,         �� > 0

   (2) 

 ���� = �
               ����            ,      �� ���� �� �ℎ� ���� 
       360−����      ,     �� ���� �� �ℎ� ����

   (3) 

 � = 229.2×(0.000075+ 0.001868× cos� − 0.032077× sin� − 0.014615×

cos(2×�)− 0.04089× sin(2×�))  (4) 

where � and � are constants, � can be calculated using Eq. (5) [61]. 

� = (� − 1)×
���

���
     (5) 

As mentioned before the solar time is used in all the geometric relation; however, it is used 

in the angular form and it is called hour angle (� ) and can be calculated using Eq. (6) [61]. 

� = (�� − 12)×15  (6) 

In order to describe the position of the sun can two angles are used; the zenith angle and 

the solar azimuth angle. The zenith angle is the angle between the solar beam radiation and 

the vertical (the zenith) and it can be calculated using Eq. (7). While the solar azimuth angle 

is the angle between the projection of the beam radiation on the horizontal with south and it 

can be calculated using Eq. (8) [61]. The solar azimuth angle and the zenith angle both depends 

on the location and the declination angle (�) which is the angle between the beam radiation 

and the equator at solar noon and it can be calculated using Eq. (9) [61]. 

cos�� = cos� cos�cos� + sin� sin�                               (7) 

�� = ����(�)× �cos��(
����� ���� �����

����� ����
)�  (8) 

� = 23.45× sin(360×
�����

���
 )  (9) 

Two angles are needed to geometrically describe a certain utilization surface; tilt angle (�) 

and the azimuth angle (�); where tilt angle is the angle between the surface and the horizontal. 

While the azimuth angle is the angle between the projection of the surface normal on the 

horizontal with south [61]. The incident angle, �, is estimated using Eq. (10) after obtaining 
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the zenith and solar azimuth angles at specific hour angle and with the optimal solar geometry 

of the PV modules. It was reported in [7] that the optimal geometry that maximize the energy 

production from the PV modules in METU NCC is with 25° tilt angle and 0° surface azimuth 

angle. 

cos� = cos�� cos� + sin�� sin� cos(�� − �)  (10) 

3.2 Solar Resources  

The global insolation on a tilted surface, ��, consist of three components: beam, diffuse 

and reflected insolation as in Eq. (11) where the reflected insolation is neglected in the analysis 

[61].  

 �� = ��,� + ��,�  (11) 

where ��,� can be estimated using Eq. (12) and  ��,� can be estimated using Eq. (13) [61] based 

on the isotropic sky model; which states that the diffuse radiation comes from all directions 

with the same magnitude [62]. 

 ��,� = ��,�× cos�  (12) 

 ��,� = ��× �
������

�
�  (13) 

The hourly beam and diffuse insolation on a horizontal surface for METU NCC were obtained 

using Meteonorm v7.1 software which provides the data based on a typical meteorological 

year. 

3.3 PV Energy Production 

The efficiency of the PV module is affected by the module temperature; as the module 

temperature increases the module efficiency decreases and so the energy production. The PV 

module efficiency can be estimated using Eq. (14) [63] where the effect of the wind and the 

relative humidity on the module temperature and on the module efficiency is neglected in the 

analysis. 

 ��� = ���,���×(1 − ������×���� − ����,����)  (14) 
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Here ��� can be calculated using Eq. (15) [63]. Note in [63] the absolute value of ����  is not 

taken and a positive  ����  is assumed. However, in many product literature ����  is given as a 

negative value. Therefore, the absolute value of ���� is used in Eq. (14) to avoid confusion 

and possible errors. 

 ��� = ���� + ����� − ����,�����×
��

����
  (15) 

The hourly ambient temperature for METU NCC was obtained using Meteonorm v7.1 

software which provides the data based on a typical meteorological year. The specifications 

of the PV modules- which are necessary to estimate the energy output of the system- were 

obtained from the manufacturer; PV modules from AXITEC company type AC-250P/156-

60S were used. Table 3.1 shows the technical specifications of the PV modules. 

Table 3.1. Technical specifications of the AXITEC-250P/156-60S PV modules [64]. 

Parameter Value 

P (W) 250 

���,���  (%) 15.37 

����  (1/°C) -0.0042 

����,���   (°C) 25 

���� (°C) 45 

����,���� (°C) 20 

���� (W/��) 800 

��  (��) 1.63 

   After estimating the efficiency of the PV module and the total insolation on the PV module, 

the hourly total energy output from the PV power plant can be estimated [63] as, 

����,�� = ���×�� ×�� ×��������×��  (16) 

Here �� equals to 85% based on [57], [65], [66] where the missing 15% accounts for the 

system losses which includes wiring, inverter, shading and dust losses. 
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3.4 Wind Energy  

The estimation of the energy production from wind turbines requires the wind speed at hub 

height which depends on several factors; wind speed at ground level, the ambient temperature, 

the height of the hub, the nature of the terrain and time (hour, day, season). All these factors 

can be represented by one variable called wind profile exponent or wind shear coefficient, �, 

and the values of it can be estimated using the site-specific data; however, in the absence of 

the site-specific data � is usually taken as 1/7 [67] where the wind speed at hub height (��) 

can be calculated  as, 

�� = ��× �
�

��
�
�

 (17) 

The hourly wind speed at ground level for METU NCC were obtained using Meteonorm v7.1 

software. 

The electrical power generated at each hour can be estimated using Eq. (18) and the hourly 

electrical energy generated by the wind turbine(s) can be estimated using Eq. (20) by assuming 

that the energy generated is constant during the hour and each turbine generates the same 

amount in the case of having multi turbines [67]. 

�� = �

              0                                          , �� < ��   ��   �� > ��

  ��,� ×  
 (��)

�� (��)
�

(��)
��(��)

�        , �� ≤ �� ≤ ��

 ��,�                                                , �� < �� ≤ ��

  (18) 

where � can be calculated based on Justus theory using Eq. (19) [67].  

� = {  (� ��⁄ )��.���, 1 ≤  � ≤ 10  (19) 

����,���� = �×��  (20) 

Wind turbine model with 2 MW of rated power from GAMESA company (G114-2.0) was 

used in this study, Table 3.2 shows the technical specifications of the wind turbine model. 
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Table 3.2. GAMESA G114-2.0 wind turbine technical specifications [68]. 

 

 

 

 

 

 

 

 

 

3.5 ESS Model and Electrical Energy Demand 

The integration between the ESSs and the RESs, wind and solar systems, provides a 

reliable power generation system and increases the matching between the RES and the 

demand. In this study, three configurations of RESs: separate PV system, separate wind system 

and PV/wind hybrid system will be considered to inspect the effect of the ESSs integration. 

The RES is assumed to be connected to the electricity grid with two main scenarios: with and 

without energy storage system (ESS). For scenario #1, without ESS, any deficient in the 

demand will be compensated by the grid with the local grid tariff, and any excess energy will 

be dumped into the grid for free where this is called uni-directional metering policy [7]. While 

for scenario #2, with ESS, the ESS will be charged by the excess energy generation from the 

RES, where three sub-scenarios of ESSs configuration will be integrated to the RESs; separate 

short term, separate long term and hybrid short/long term ESSs. The amount of energy demand 

met by the RES (����), the amount of excess energy (�������) and the energy provided by the 

grid (�����) can be estimated for both scenarios as in the energy flow chart in Figure 3.2.  

Parameter Value 

Rated power (MW) 2 

Rotor diameter (m) 114 

Hub height (m) 140 

Cut-in speed (m/s) 2 

Cut-out speed (m/s) 21 

Rated speed (m/s) 9 
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Figure 3.2. The energy flow chart of the renewable energy system. 

Several energy storage technologies are available for RES applications as short term and 

long term ESSs, where in this study the selection of the suitable type for short term ESS was 

based on the cost, the lifespan and the round-trip efficiency (��). The selection of long term 

ESS was based not just on the cost, the lifespan and the round-trip efficiency but also on the 

technical feasibility of these systems in the specific location since these technologies- pumped 

hydro storage (PHS) and underground compressed air energy storage system (UG-CAES)- are 

highly dependent on the geography of the location [69], [70]. Table 3.3 shows different short 

term and long term ESSs with their capital cost, the lifespan, the round-trip efficiency and the 

storage durability. 
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Table 3.3. Comparison between different short term and long term ESSs based on the capital 

cost, the lifespan, the round-trip efficiency and the storage durability [69]–[72]. 

Type ESS Cost 

(USD/kWh) 

Lifespan 

(Years) 

�� (%) Storage 

Durability 

Short 

Term 

Lead-acid 190-900 5-15 0.7-0.9 min-days 

Nickle- Cadmium 600-1200 10-20 0.6-0.73 min-days 

Lithium-Ion 490-1330 5-20 0.85-0.95 min-days 

Zinc- Barium 190-565 5-10 0.6-0.7 hours- months 

Fuel Cell 500-1500 15-20 0.33-0.42 hours- months 

Flywheels 400-1000 15-20 0.93-0.95 sec-min 

Long 

Term  

PHS 9-135 50-60 0.7-0.85 hours- months 

UG-CAES 5-68 20-40 0.7-0.89 hours- months 

Above Ground-CAES 92-140 20-40 0.7-0.9 hours- days 

Lithium-Ion battery is used as the short term ESS in this study with constant lifetime of 20 

years at 60% rated DOD as provided by the manufacture [71]. While PHS is used as the long 

term ESS with constant lifetime of 20 years- the real life is more however to simplify the 

analysis it was taken as 20 years- where the location of METU NCC is suitable for such 

technology [7]. The optimization of the RES systems with ESS is based on more than two 

variables; the RES and the ESS capacities where in order to simplify the optimization, the 

ESSs will be function of either the demand, the deficit or the excess energy. Four different 

methodologies were used to size the battery in case of separate short term ESS in order to 

inspect the optimal methodologies to size batteries when integrating them with different RESs 

based on maximizing the ���� with COE less or equal to the grid tariff. Five methodologies 

were used to size the PHS in case of separate long term ESS. Table 3.4 shows the 

methodologies used to size the Lithium-Ion batteries and the PHS in case of separate ESS in 

METU NCC. 

Table 3.4. Methodologies used to size separate short term and long term ESSs. 

Scenario Battery PHS 

1 Average Hourly Deficit Average Daily Deficit 

2 Average Hourly Demand Average Daily Demand 

3 Average Hourly Excess Average Daily Excess 

4 Maximum Hourly Deficit Maximum Daily Deficit 

5 - Maximum Daily Demand 
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One of the major drawbacks of PHS is the lag time during the response to the deficit in the 

energy demand where it was reported in [7] that the PHS has a lag time of 4 minutes. In case 

of separate PHS, the deficit during the lag is being met by the grid; where this deficit is 

calculated by assuming the demand is constant during the hour since hourly analysis is carried 

out in this study. In order to decrease the dependence on the grid and increase the availability 

and the autonomy of the RES, short term ESS is integrated with the PHS. The short ESS will 

be charged from the PHS after the response to the 4 minutes deficit if there is energy available 

in the PHS in order to increase the benefits from it, i.e. increase the autonomy. As mentioned 

before, in order to simplify the optimization the ESSs will be function of either the demand, 

the deficit or the excess energy. Twenty sizing methodologies were used to size the hybrid 

ESS- short term and long term ESSs- in order to inspect the optimal methodologies for sizing 

the hybrid ESS based on maximizing the ���� with COE less or equal to the grid tariff in case 

of the integration with different RESs in METU NCC. Table 3.5 shows the methodologies 

used to size the hybrid ESS when integrated with different RESs. 

For both ESS types the DOD and round-trip efficiency (��) are the only ESS characteristics 

considered in this study, where the sizing was based on two major scenarios with 100% DOD 

and the second scenario was based on DOD <100% as provided in the literature where in both 

scenarios the lifespan of the ESSs remains constant. Table 3.6 shows the DOD and the round-

trip efficiency for the Lithium-Ion battery and the PHS. The size of the short term and long 

term ESS can be calculated using Eqs. (21) and (22) respectively. 

�����
���,� =

��,�

���� × ��,�
  (21) 

�����
���,� =

��,�

���� × ��,�
  (22) 
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Table 3.5. Methodologies used to size the short term and long-term hybrid ESSs. 

Scenario 
Hybrid ESS 

PHS Battery 

1 

Average Daily Deficit 

Average Hourly Deficit 

2 Average Hourly Demand 

3 Maximum Deficit in the PHS Lag Time 

4 Maximum Demand in the PHS Lag Time 

5 

Average Daily Demand 

Average Hourly Deficit 

6 Average Hourly Demand 

7 Maximum Deficit in the PHS Lag Time 

8 Maximum Demand in the PHS Lag Time 

9 

Average Daily Excess 

Average Hourly Deficit 

10 Average Hourly Demand 

11 Maximum Deficit in the PHS Lag Time 

12 Maximum Demand in the PHS Lag Time 

13 

Maximum Daily Deficit 

Average Hourly Deficit 

14 Average Hourly Demand 

15 Maximum Deficit in the PHS Lag Time 

16 Maximum Demand in the PHS Lag Time 

17 

Maximum Daily Demand 

Average Hourly Deficit 

18 Average Hourly Demand 

19 Maximum Deficit in the PHS Lag Time 

20 Maximum Demand in the PHS Lag Time 

 

Table 3.6. Technical Specification of the Lithium-Ion Batteries and the PHS [71],[72]. 

Parameter Battery  PHS 

Round-trip Efficiency (%) 95 85 

Depth of Discharge (%) 60 89 

Discharge Time (h) 1 8 
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3.6 Performance Assessment of the RES 

In order to inspect the matching between the energy production from the RES and the 

demand, the RES Fraction (����)- which is the annual fraction of demand met by the system- 

is used. Furthermore, in order to inspect the autonomy of the system the Demand Supply 

Fraction (���)- which is the fraction of the number of hours in a year where the RES has 

totally met the demand- is used. ���� and ��� can be calculated as, 

���� =
∑����
∑�

  (23) 

��� =  
� 

��×���
   (24) 

Furthermore, the performance of the RES is assessed using the annual capacity factor (��) 

which is the ratio of electricity generated (AC) to the possible energy generated if the RES 

worked continuously at full nameplate power during the same period [73] and it can be 

calculated using Eq. (25). 

�� =
 ����

(��,� × ���)×���×��
  (25) 

3.7 Environmental Assessment of the RES 

Renewable energy resources are considered as clean resource and the deployment of these 

resources will lead to the mitigation in the GHGs like CO2. The yearly avoided amounts of 

carbon dioxide emissions from the installation of the RES can be calculated using Eq. (26). 

���� =  ����× ����   (26) 

where ���� is equal 0.584 [kg/kWh] for Cyprus [74]. 

3.8 Economic Assessment of the RES 

The economic feasibility of any energy system is important as the technical feasibility 

where in most of the cases, the economic feasibility determines if the project will be 

established or not. One of the economic parameters that is used to determine the economic 

feasibility of the energy systems is the levelized cost of electricity (LCOE) which represent 

the cost of electricity generated by the energy system. The levelized cost of electricity for the 

RES can be calculated using Eq. (27) where the demand met by the RES was used instead of 
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the energy generation to incorporate the effect of the mismatching between the energy 

generation and the demand. Table 3.7 shows all the economic parameters used in this study. 

���� =
���∑

�� 
(���)�

�
���

∑
����
(���)�

�
���

  (27) 

Table 3.7. The economic parameters of the PV, the wind turbine system and the ESSs in 

addition to the local grid tariff and the annual discount rate for METU NCC. 

Parameter Value Ref. 

PV power plant capital cost (USD/kW)  2150 [75] 

PV power plant annual maintenance cost (USD/kW)  24.68 [75] 

Wind turbine capital cost (USD/kW)  1980 [76] 

Wind turbine annual maintenance cost (USD/kW)  39.53 [76] 

PHS capital cost (USD/kWh) 68 [69] 

Lithium-Ion Battery Cost (USD/kWh) 495 [69] 

System expected lifetime (year)  20 [69], [71], [77] 

Local Grid Tariff (USD/kWh)  0.175 [57] 

Annual discount rate (%) 9 [78] 

Northern Cyprus has a unidirectional metering system where the excess energy from the 

RES is pumped into the grid for free [7] and so the excess energy is considered as a waste. In 

addition, the RES cannot meet the demand all the times during the year where the deficit is 

compensated by the grid with the local grid tariff (GT) which affects the Cost of Electricity 

(COE) of the RES. The COE of the RES can be calculated as, 

��� =
���� ×���� ������ × ��  

�
  (28) 

The Net Present Value (NPV) and simple payback period (PBP) are additional economic 

parameters used to help in the assessment of the RES sizes and configurations. The system is 

considered feasible if NPV is positive or unfeasible if it is negative. Moreover, as the higher 

the NPV the higher benefits of the system are or vice versa [79]. NPV and PBP can be 

calculated using Eq. (29) and Eq. (30) respectively [80]. 
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��� = ∑
��

(���)�
−  �� 

�
���  (29) 

��� =  
��

���
  (30) 

3.9 Case Study: METU NCC 

3.9.1 Renewable Energy Resources in METU NCC 

Cyprus is a Mediterranean island located between Middle East and Europe where it is 

considered as the third largest island in the Mediterranean Sea with total area of 9251 km2 

[81].  Figure 3.3 shows the geographical location of Cyprus. Being located on an island with 

no conventional energy resources, Northern Cyprus uses imported fossil fuels to generate 

electricity with annual CO2 emissions of about 850 million kg [82] considering 0.584 kg/kWh 

which form a tremendous source of pollution [83]. However, Northern Cyprus is rich of 

renewable energy resources, such as solar energy with about 300 sunny days in a year [49]–

[53], [56], [84] and wind energy [49]–[53], [85] which can be utilized to decrease the amounts 

of fossil fuel used, thus, to reduce the CO2 emissions and to increase the energy security of the 

island. 

Figure 3.3. The geographical location of Cyprus [87]. 
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METU NCC is located in Guzelyurt in Northern Cyprus (33.017°E and 35.2°W), where 

its location has good potential of wind resources [7] that can be utilized. Figure 3.4 shows the 

wind speed ranges at ground level and Figure 3.5 shows the cumulative frequency of the wind 

speeds at ground level in METU NCC. The average hourly wind speed at ground level (10m) 

in METU NCC is 2.81 m/s where 39.4% of the time in the year the speed exceeds the average 

wind speed. Furthermore, with this average wind speed the location of METU NCC is 

considered as moderate windy region based on the European Wind Classifications [86]. 

Figure 3.4. The TMY 10m-wind speed ranges at each hour in METU NCC. 

Figure 3.5. The relative frequency of the wind speeds at ground level in METU NCC. 
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In addition to the potential of wind resources, METU NCC is characterized by hot sunny 

climate with high solar radiation [58]. The average global solar insolation in METU NCC is 

4.93 kWh m-2 on a horizontal surface which is high compared with other countries like Spain 

and USA [7]. Figure 3.6 shows the solar resources map for Cyprus and the location of METU 

NCC while Figure 3.7 shows the average daily global insolation on a horizontal surface and 

the average daily wind energy per unit area at 10 m in METU NCC. 

Figure 3.6. Solar resources map of Cyprus [7]. 

Figure 3.7. The average daily global insolation on horizontal surface and the average daily 

wind energy per vertical unit area at ground level in METU NCC. 
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METU NCC represent a perfect example of isolated community that has high potential for 

the development of microgrid depending on renewable energy resources instead of the 

electricity grid which mainly depends on fossil fuel for electricity generation [82]. METU 

NCC is a small community with continuous demand (24/7) throughout the year where the 

maximum demand occurs in September at the beginning of the fall semester where the 

temperature is high and the cooling load is supplied by electrical airconditioning units while 

in winter the heating load in the large buildings- the dormitories and the educational facilities 

which consumes the highest demand- is supplied by boilers that works on fuel [88], Figure 3.8 

shows the average daily demand and the average monthly ambient temperature in METU 

NCC. Notice that a drop in the demand occurs in August even though the temperature is high 

where the reason behind this drop is the summer break where the summer school finishes at 

the end of July and so the students leave the campus.  

Figure 3.8. The average daily demand of METU NCC in 2015 and the average monthly 

ambient temperature. 

In addition, METU NCC has the site characteristics to establish a pumped hydro storage 

system where it is near the sea and have higher elevation. The water will be pumped from the 

sea to the campus with about 100m elevation difference [7] in the time of excess production 

from the RES, where the water can be stored in a constructed reservoir. While in the deficit 

times the water will be released to flow to the lower reservoir- the sea- by gravity where the 

potential energy of the water will be converted to mechanical energy by the turbine and to 

electrical energy by the generator. Figure 3.9 shows a schematic diagram of a pumped hydro 

system. 
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Figure 3.9. Pumped hydro storage system schematic diagram [89]. 

3.9.2 METU NCC Demand 

The average demand throughout the lifespan of the system was forecasted using the hourly 

demands of 2011, 2014 and 2015 which were obtained from Northern Cyprus Electricity 

Corporation (Kib-Tek) [90], where the hourly demand of 2011 was generated using the 

monthly demand data in 2011 and the average hourly demand profile of 2014 and 2015 as 

shown in Figure 3.10. Linear regression method was used to forecast the peak demand of the 

2027 year where the average hourly demand profile of 2014 and 2015 was used to obtain the 

hourly demand of 2027. Figure 3.11 shows the daily electricity demand in 2011, 2014, and the 

forecasted demand in 2027 from METU NCC. 

Notice in Figure 3.10 that none of the hours has 100% ratio between the demand and the 

peak demand, the reason behind this is that the peak demand occurs only in one hour in a 

year and so averaging the hourly values does not give a 100% ratio. 
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Figure 3.10. Hourly average load profile for METU NCC in 2014 and 2015. 

Figure 3.11. The average daily demand of METU NCC in 2011, 2014 and 2015 in addition to 

the forecasted average demand during the life of the system (year 2027). 

3.9.2 Sensitivity Analysis 

In this study, a sensitivity analysis of the optimal PV/wind hybrid system with different 

ESS configurations is carried out to analyze the performance and the sensitivity of the system 

to any change in the RES resources of the system and the variation in the demand, where in 

this study the measured solar radiation, wind speeds at 30m and ambient temperature in METU 

NCC from 2013 to 2016 and the actual demand in 2014, 2015 and the maximum forecasted 

demand- 2037 demand- will be used. The solar irradiation measurements in METU NCC are 

carried out using pyrheliometer which measures the Direct Normal Irradiation (DNI) and using 

pyranometer which measures the Global Horizontal Irradiation (GHI) where the diffuse 

18.0

23.0

28.0

33.0

38.0

43.0

48.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

H
o

ur
ly

 D
em

an
d

/P
ea

k
 H

o
u

rl
y 

D
em

an
d

 
(%

)

Hour 

5

15

25

35

45

55

65

75

85

95

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

A
ve

ra
ge

 D
ai

ly
 E

le
ct

ri
ci

ty
 D

em
an

d 
(M

W
h)

 

2011
2014
2015
Forecasted



29 
 

irradiation is not measured. The GHI is used to estimate the diffuse solar irradiation using the 

Orgill and Hollands correlation as in Eq. (31) [61]. Figure 3.12 shows the measured average 

hourly wind speed at 30m from 2013 and 2016 in METU NCC in addition to the extrapolated 

TMY data at 30m while Figure 3.13 and Figure 3.14 show the measured average daily GHI 

and DNI respectively in METU NCC from 2013 to 2016 in addition to the TMY data. 

 
��

�
= �

1 − 0.249×�� ,               �� < 0.35
1.557− 1.84×�� ,      0.35 < �� < 0.75

      0.177 ,   �� > 0.75
  (31) 

where �� can be estimated using Eq. (32). 

 
�

��
=  ��     (32) 

where �� can be estimated using Eq. (33). 

�� = ��.�×(1 + 0.033× cos(
�����

���
))× cos��  (33) 

Figure 3.12. The measured average hourly wind speed at 30m in METU NCC from 2013 to 

2016 in addition to the extrapolated TMY average hourly speed at 30m. 
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 Figure 3.13. The measured average daily GHI in METU NCC from 2013 to 2016 in 

addition to the TMY GHI. 

 

Figure 3.14. The measured average daily DNI in METU NCC from 2013 to 2016 in addition 

to the TMY DNI. 

Notice that in Figure 3.12, Figure 3.13 and Figure 3.14 there are significant differences 

between the TMY and the measured data; the reason for this difference is that the TMY data 
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TMY data of these specific locations, the TMY data for other locations are interpolated taking 

into account several variable like the topography and the elevation [91]. Furthermore, notice 
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obtained from single wind tower in METU NCC which is placed near a cliff where this 

location has the highest potential of wind resources, i.e. METU NCC has different 

microclimates. In addition, the TMY wind speed data at 30m where extrapolated using the 

10m TMY data with wind shear coefficient of 1/7 which could be one of the reasons for this 

deviation since the wind shear coefficient depends on several variable such as the season, 

terrain and hub height [92]. Moreover, notice that in Figure 3.13 and Figure 3.14 the solar data 

for 2013 are odd between July and October where this could be due to errors in the 

measurement or malfunctions in the measuring devices. 

In this study, the RES was modeled using Microsoft Excel, where the model estimates the 

hourly energy production from the RES, the hourly energy stored in ESS, the hourly energy 

available in the ESS based on the DOD and the round-trip efficiency of the ESS, the annual 

capacity factor, the annual fraction of demand met by the RES, the annual DSF, the NPV, the 

PBP and the COE of the RES. In addition, the model estimates the sizes of the different 

configurations of the RES- PV, wind and PV/wind hybrid systems- and the capacities of the 

ESSs based on maximizing the fraction of demand met by the RES with COE less than or 

equal to the local grid tariff.  
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CHAPTER 4  

RESULTS AND DISCUSSION 
 

4.1 Optimal Sizing Methodologies of ESSs 

The sizing of the RES as well as the integrated ESSs plays a vital role in achieving the 

economic feasibility of the system where the oversizing decreases the economic feasibility 

while the undersizing leads to inefficient way for the optimal utilization of the RES resources 

and may also leads to the decrease in the economic feasibility. Therefore, the sizing of the 

RES and the ESSs in this study was based on maximizing the RES fraction with COE less or 

equal to the local grid tariff. Table 4.1 shows the optimal sizing methodologies for the ESSs 

with and without considering the DOD based on maximizing the RES fraction of different 

RES configurations with COE less or equals to the local grid tariff in METU NCC. 

Table 4.1. The optimal sizing methodologies of the battery, PHS and hybrid ESSs with 100% 

and less than 100% DOD that maximize the RES fraction of the wind, PV and PV/wind hybrid 

systems with COE less or equal to the local grid tariff in METU NCC. 

RES Configuration PV/Wind Wind PV 

DOD Scenario <100% 100%  <100% 100%  <100% 100%  

Battery Average Hourly Deficit 
Average Hourly 

Excess 

PHS 

Aver. 

Daily 

Demand 

Max. 

Daily 

Deficit 

Max. Daily 

Deficit 

Max. Daily 

Demand 

Average Daily 

Excess 

Hybrid 

ESS 

Battery Max. Deficit in 4 min. 

Max. 

Demand in 4 

min. 

Max. 

Deficit in 4 

min. 
Not Feasible 

PHS 

Aver. 

Daily 

Demand 

Max. 

Daily 

Deficit 

Aver. Daily 

Demand 

Max. Daily 

Demand 
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Table 4.1 indicates that the sizing methodologies are affected by the DOD of the ESSs for 

PHS and the hybrid ESSs when they are integrated with wind and PV/wind hybrid system.  

Taking into account the DOD of the ESSs increases the size of the ESS since the size has 

inverse relationship with the DOD- as in Eqs. (27) and (28) in section 3.5- which requires 

lower level of the sizing methodologies in order to obtain the feasible system with the 

maximum RES fraction. While the sizing methodologies for the ESSs with the PV systems do 

not change with the DOD since they are the only feasible options due to the high capital cost 

of the PV systems and the low capacity factor compared with the other RES which allows the 

minimum integration of the ESS to achieve feasible system.  

 In addition to the effect of the DOD on the sizing methodologies of the ESSs, the DOD 

also affects the optimal sizes of the RES configurations that maximize the RES fraction with 

COE equals or less than the gird tariff. Table 4.2, Table 4.3 and Table 4.4 show the optimal 

configurations of PV, wind and PV/wind hybrid systems respectively that maximize the RES 

fraction with COE less or equal to the local grid tariff in METU NCC with different ESSs 

configurations and two DOD scenarios. 

Table 4.2. The optimal PV system sizes with and without ESS in METU NCC with two DOD 

scenarios that maximize the RES fraction with COE less or equals to the grid tariff in addition 

to the corresponding technical and economic parameters. 

Parameter  

ESS No ESS Battery PHS 

DOD - 60% 100% 89% 100% 

PV Capacity (MW) 4.26 4.17 4.2 4.37 4.39 

Battery Capacity (kWh) - 34.66 21.84 - - 

PHS Capacity (MWh) - - - 0.827 0.761 

RES Fraction (%) 25.6 25.14 25.32 26.46 26.6 

Capacity Factor (%) 17.5 17.5 17.5 17.5 17.5 

COE ($/kWh) 0.175 0.175 0.175 0.175 0.175 

NPV ($) 117.23 16404 11694 1123 363 

PBP (years) 9.13 9.11 9.12 9.13 9.13 

DSF (%) 4.79 4.54 4.67 6.5 6.67 

Savings (M$/year) 1.11 1.1 1.1 1.14 1.15 

CO2 Emissions (ton) 3809 3728 3760 3916 3939 

 

 



34 
 

As shown in Table 4.2, all the scenarios with DOD less than 100% have less PV capacities 

than 100% DOD scenarios due to the increase in the required ESS capacities. Furthermore, 

the integration of the PV system with PHS increases the RES fraction by increasing the 

feasible PV capacity and the match between the demand and the supply. While the integration 

of the battery reduces the RES fraction and the DSF due to the decrease in the installed 

capacity of the PV to achieve feasible configuration. It can be noticed in Table 4.2 that the 

NPV of the PV system increases with the integration of the ESSs where the highest NPV is in 

the case of the integration of battery storage system where this is due to the decrease in the PV 

capacity. While in the case of the integration of PHS even though the PV capacity is increased 

however the NPV is increased and this due to the increase in the RES fraction, i.e. the annual 

revenues more than the increase in the capital cost. 

For wind systems as shown in Table 4.3, only the battery scenario with DOD less than 

100% has less wind capacity than the 100% scenario due to the increase in the battery size 

which requires the decrease in the wind capacities to maintain the economic feasibility. While 

for the other DOD< 100% scenarios, the wind capacities were not affected however the 

capacities of the ESSs are decreased due to the change in the sizing methodologies as in Table 

4.1. Moreover, the integration of the ESSs in all the configurations increase the RES fraction 

and the DSF except for the battery with 60% DOD where the integration of 60% DOD battery 

storage system reduces the feasible wind capacity and so decreases the RES fraction and the 

DSF. While the integration of 100% DOD battery storage system increases the RES fraction 

and the DSF by increasing the matching between the demand and the supply. On the other 

hand, the integration of PHS and hybrid ESS increase not just the matching between the supply 

and the demand by storing the excess energy but also by increasing the feasible wind system 

capacity.  
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Table 4.3. The optimal wind system sizes with and without ESS in METU NCC with two 

DOD scenarios that maximize the RES fraction with COE less or equals to the grid tariff in 

addition to the corresponding technical and economic parameters. 

Parameter 

Scenario No ESS Battery PHS Hybrid 

DOD - 60% 100% 89% 100% 
Batt. PHS Batt. PHS 

60% 89% 100% 

Wind Cap. (MW) 8 6 8 10 10 10 10 

Battery Cap. (MWh) - 2.76 1.5 - - 0.871 0.503 

PHS Cap. (MWh) - - - 142.9 149.1 89.51 149.1 

RES Fraction (%) 49.51 46.32 51.82 85.57 87.05 80.28 87.07 

Capacity Factor (%) 28.88 28.88 28.88 28.88 28.88 28.88 28.88 

COE ($/kWh) 0.1713 0.168 0.174 0.172 0.171 0.169 0.174 

NPV (M$) 0.823 2.88 0.99 0.662 0.821 1.77 0.58 

PBP (years) 8.68 7.5 8.6 8.93 8.89 8.55 8.96 

DSF (%) 33.34 30.95 37.89 38.5 38.5 76.71 85.56 

Savings (M$/year) 2.14 2 2.24 3.7 3.77 3.5 3.77 

CO2 Emissions(ton) 11818 8864 11819 14773 14773 14773 14773 

With the assumptions made in the methodology section, Table 4.3 shows decrease and 

increase in the NPV for the different scenarios and configurations. The increase in the NPV is 

caused either by the decrease in the wind capacity as in the 60% DOD battery scenario or by 

the increase in the matching between the demand and the supply without increasing the wind 

capacity as in 100% DOD battery scenario or with increasing the wind capacity as in less than 

100% DOD hybrid ESS scenario. While the decrease is as a result of the increase in the total 

capital cost of the system mainly due the PHS system with low revenues compared with the 

capital cost of such PHS size as in both PHS scenarios and the 100% DOD hybrid ESS 

scenario. Moreover, the DSF increased with integration of the ESS for all configurations 

however the increase significantly varies among the three ESS configurations. The largest 

increase is in the case of the hybrid ESS due to the increase in the wind system size and the 

existence of the battery where the battery will compensate the deficit in the lag time of the 

PHS where after the lag time, the PHS is responsible for meeting the deficit. The increase in 

the DSF in both PHS scenarios is due to the increase in the installed wind capacity where due 

to the lag time of the PHS the DSF is not increased by the PHS. While for 100% DOD battery 

scenarios the increase is as a result of the increase in the matching between the demand and 

the supply.  
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Table 4.4. The optimal PV/wind system sizes with and without ESS in METU NCC with two 

DOD scenarios that maximize the RES fraction with COE less or equals to the grid tariff in 

addition to the corresponding technical and economic parameters. 

Parameter 

Scenario 
No 

ESS 
Battery PHS Hybrid 

DOD - 60% 100% 89% 100% 
Batt. PHS Batt. PHS 

60% 89% 100% 

PV Cap. (MW) 3.73 3.12 3.53 4.19 1.8 3.44 1.38 

Wind Cap. (MW) 6 6 6 8 10 8 10 

Battery Cap. (MWh) - 1.22 0.768 - - 0.833 0.5 

PHS Cap. (MWh) - - - 89.51 116.25 89.51 118.78 

RES Fraction (%) 58.03 57.42 58.73 88.04 90.13 85.63 89.31 

Capacity Factor (%) 24.52 24.98 24.66 24.97 27.14 25.46 27.5 

COE ($/kWh) 0.175 0.175 0.175 0.175 0.175 0.175 0.175 

NPV (k$) 5.72 600 380 0.55 0.431 410 250 

PBP (years) 9.13 8.85 8.96 9.13 9.13 9 9.1 

DSF (%) 34.46 36 37.31 42.58 41.48 80.74 87.18 

Savings (M$/year) 2.51 2.48 2.54 3.81 3.9 3.7 3.86 

CO2 Emissions (ton) 12203 12038 12024 15567 16383 411308 16010 

As shown in Table 4.4 and similar to the wind systems, the integration of the ESSs 

increases the RES fraction and the DSF for all ESSs scenarios and configurations except for 

battery scenario with 60% DOD where the decrease is a result of the decrease in the PV 

capacity. While the increase is either due to the increase in the matching by utilizing part of 

the excess energy like the battery scenario with 100% DOD or due to the increase in the 

installed capacities and the utilization of part of the excess as in the other configurations and 

scenarios. Furthermore, it can be noticed that the RES fraction for the PV/wind system with 

PHS alone is larger than the system with hybrid ESS for both DOD scenarios. The reason 

behind this is that the additional cost of the battery storage system in case of the hybrid ESS 

requires the decrease in the PV capacities. On the other hand, the system with the hybrid ESS 

has higher DSF where the battery compensates the deficit during the lag time of the PHS 

unlike the separate PHS where the deficit is met by the grid. Moreover, notice that the system 

with PHS for both scenarios is the only configuration that has lower NPV than the system 

without ESS due to the higher total capital cost of the PHS with lower revenues for such PHS 

size.  
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4.2 The Effect of the Integration of Short and Long Term ESSs 

4.2.1 PV Systems 

The integration of the ESSs affects the technical and economic parameters of the RES; 

however, these effects vary depending on the type of the RES and the ESS in addition to the 

capacities of the RES. As one of the economic parameters, the COE of the PV system is 

affected by the integration of the ESS, Figure 4.1 shows the effect of the integration of 

different ESS with PV systems on the COE in METU NCC. The integration of the battery and 

PHS have no significant effect with capacities less than 4 MW where after that, the integration 

of the PHS decreases the COE while the integration of the battery increases the COE. The 

reason behind this is the optimal sizing methodology of the ESS where for battery it is sized 

based on the hourly average excess and the PHS based on the average daily excess. The excess 

energy from the PV systems with capacities below 4 MW is small and so the size of the ESSs 

will be small and will not affect the COE. After 4 MW, the ESS size will increase and so 

increases the matching between the demand and the supply by storing the excess energy which 

will decrease the COE as in the PHS scenario. While, in the case of battery storage system and 

due to its high capital cost, it causes the increase in the COE. On the other hand, the integration 

of the hybrid ESS with the PV causes the increase of the COE for all PV capacities due to the 

increase in the capital cost with less increase in the revenues caused by the integration of 

battery storage system mainly. Notice in Figure 4.1 that the integration of battery and PHS 

does not significantly seems to affect the feasible PV capacities with the assumptions made in 

the methodology section while the integration of hybrid ESS makes the system economically 

unfeasible. 
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Figure 4.1. The effect of the integration of short and long term ESSs on the COE of the PV 

systems if both ESSs have DOD less than 100% in METU NCC using the optimal ESS sizing 

methodologies for separate ESS while using the methodology with the lowest COE for the 

hybrid ESS, i.e. average daily excess for PHS and the maximum deficit in the lag time of the 

PHS for the battery in addition to the local grid tariff. 

 The integration of the ESSs with PV systems increases the matching between the supply 

and the demand by storing the excess and allocating it to meet the deficit. Figure 4.2 shows 

the effect of the integration of different ESSs on the RES fraction of PV systems in METU 

NCC. The RES fraction increases with installed PV capacity larger than 6 MW where below 

this threshold the small excess and the unusable energy due to the DOD of the ESSs prevent 

the contribution of the ESS in increasing the matching between the demand and the supply. 

The amount of increase in the RES fraction varies between the ESS configurations where PHS 

and the hybrid ESS have the largest and almost equal increase where the integration of the 

battery in the hybrid system does not significantly contribute in increasing the RES fraction 

since its size is relatively small.  

It can be noticed from Figure 4.2 that the RES fraction of the PV system alone and with 

battery storage system reaches the saturation after almost 16 MW. After 16 MW, the majority 

of the energy produced by the added PV capacity is excess and in case of the battery its size 

is not enough to store more excess and so cannot contribute in increasing the RES compared 

with PHS. While the integration of PHS and hybrid ESS shifts the threshold to larger PV 

capacities where the size of the PHS in both scenarios, PHS alone and hybrid ESS, is capable 

of storing the excess and allocate it to meet demand.
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Figure 4.2. The effect of the integration of short and long term ESSs on the RES fraction of 

the PV systems if both ESSs have DOD < 100% in METU NCC using the optimal ESS sizing 

methodologies for separate ESS while using for the hybrid ESS the methodologies with the 

lowest COE, i.e. average daily excess for PHS and the maximum deficit in the lag time of the 

PHS for the battery.

The integration of the ESS with the PV systems also affects the autonomy of the system 

where it significantly increases the DSF of the system with installed capacity larger than 4 

MW. Even though the system below 4 MW produces considerable amount of energy- with 

small excess and so the ESSs will not affect the DSF- however it is not sufficient to meet 

totally the hourly demand in most of the hours in a year and so the system has very low 

autonomy.  However, after 4 MW the number of hours where the demand is totally met by the 

system starts to increase especially with the integration of hybrid ESS. Figure 4.3 shows the 

effect of the integration of the ESSs on the DSF of the PV systems in METU NCC.  

Notice that in Figure 4.3, the DSF of the PV system is not affected by the integration of the 

PHS due to the lag time of the ESS which prevent the independency of the system totally from 

the grid even though the PHS has the capacity to achieve the independency. The integration 

of the battery storage system was the suggested solution to increase the independency and the 

autonomy of the system with the help of the PHS where as shown in Figure 4.3 it proves the 

effectiveness of the such integration. It can clearly be noticed from Figure 4.3 that the 

integration of hybrid ESS increases the autonomy of the system in a significant way paving 

the way for the formation of isolated power system or what is known as microgrids. Moreover, 

notice that the threshold at which the integration of the ESS starts to affect the DSF is not the 

same threshold at which the integration affect the RES fraction as in Figure 4.2- DSF threshold 
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is less than the RES fraction one- where increasing the number of hours the demand is met by 

the system does not necessary require large amount of energy specially with low PV capacities 

unlike the RES fraction which requires relatively large amount of stored energy to increase it. 

Figure 4.3. The effect of the integration of short and long term ESSs on the DSF of the PV 

systems if both ESSs have DOD less than 100% in METU NCC using the optimal ESS sizing 

methodologies for separate ESS while using for the hybrid ESS the methodologies with the 

lowest COE, i.e. average daily excess for PHS and the maximum deficit in the lag time of the 

PHS for the battery. 

4.2.2 Wind Systems 

The integration of the ESSs with wind systems has different effects on the COE than PV 

systems based on the ESS type and the installed capacity of the wind system. Figure 4.4 shows 

the effect of the integration of different types of ESSs on the COE of the wind system in 

METU NCC. The integration of battery storage system with wind systems increases the COE 

whatever the size of the system due to the high capital cost of the battery with small revenues 

because of the integration. However, the amount of the increase decreases as the wind capacity 

increases since the battery capacity is function of the average hourly deficit which reduces the 

total capital cost of the system. Furthermore, after 10 MW wind capacity the amount of the 

difference between the COE of the system with battery and system without ESS remains 

constant where any increase in the installed wind capacity does not match the demand and so 

does not decrease the deficit.  
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Figure 4.4. The effect of the integration of short and long term ESSs on the COE of the wind 

systems if both ESSs have DOD less than 100% in METU NCC using the optimal ESS sizing 

methodologies in addition to the local grid tariff. 

The integration of the PHS and hybrid ESS seems to increase the COE up to certain wind 

capacities, where after these capacities the COE seems that it starts to decrease. The reason 

behind this is that the capacity of the PHS decreases as the wind capacities increase up to a 

certain limit since the PHS capacity is function of the deficit which reduces the capital cost. 

While for the hybrid ESS even though the PHS capacity is constant- function of average daily 

demand- however the battery is a function of the hourly deficit which decreases the capital 

cost with the increase in the wind capacities. In addition, due to the relatively small excess 

from wind capacities less than 7 MW, the integration of the PHS and the hybrid ESS does not 

have significant revenues and so does not contributes in decreasing the COE.  Furthermore, 

notice that the hybrid ESS has COE less than the PHS even though the hybrid ESS has battery; 

the main reason behind this is the difference in the PHS capacities where the hybrid ESS has 

much less installed capacity than the PHS alone- PHS alone is function of the maximum daily 

deficit while the PHS capacity in the hybrid ESS is a function of average daily demand- which 

decreases the total capital cost of the system. 

Notice that in Figure 4.4, the COE of the system in all the configurations start from high 

value then decreases to the minimum then start to increase again. The reason behind that is at 

the beginning the revenues are small compared with the capital cost of the system. While at 

the minimum COE value, the revenues are the maximum and the optimal compared with the 

capital cost. After the minimum COE value, the increase in the installed capacity increases the 

total capital cost with less increase in the revenues due to the mismatch between the supply 
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from the increased capacities and the demand. Furthermore, notice the integration of the PHS 

and hybrid ESS increases the feasible wind capacities which means that the integration could 

help in further deployment of wind systems using these options while the battery storage 

system did not significantly affect the feasible capacities. Moreover, notice that the integration 

of PHS and hybrid ESS shifts the minimum COE value to higher wind capacities. The reason 

behind this is that in the beginning with small wind capacities the revenues from the 

integration is small compared with the additional cost due to the small excess from these wind 

capacities. The ESSs can be maximumly utilized in the existence of suitable wind capacity 

that can provide sufficient excess to ensure the maximum benefits which requires the increase 

in the wind capacity.  

Similar to PV systems, the integration of the ESSs with wind systems increases the RES 

fraction and the DSF; however, the increase for the wind systems is more than the PV systems. 

The reason behind this is the sizing methodologies which depend on the capital cost of the 

systems in addition to the performance and revenues of the wind systems play a major role in 

this difference. Figure 4.5 shows the effect of the integration of different types of ESSs on the 

RES fraction of wind systems in METU NCC while Figure 4.6 shows the effect of the 

integration of different types of ESSs on the DSF of wind systems in METU NCC. 

Notice that in Figure 4.5 the PHS alone has higher RES fraction than the hybrid ESS after 

5 MW wind capacity where before this threshold the amount of energy stored in the ESS is 

almost the same even though the ESSs capacities are different where the amount of excess 

energy is not enough to fill the ESSs. However, after 5 MW and as the PHS alone has bigger 

capacity than in the hybrid ESS it allocates more excess energy to meet the demand. Moreover, 

notice that the integration of PHS and hybrid ESS with wind systems increases significantly 

the RES fraction larger than the PV systems as in Figure 4.2. The reason behind this difference 

is that the PV system has higher capital cost which allows less integration of ESSs as in the 

optimal sizing methodologies. Moreover, the PV systems have less performance- less capacity 

factor and so less energy production- than wind systems. 
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Figure 4.5. The effect of the integration of short and long term ESSs on the RES fraction of 

the wind systems if both ESSs have DOD less than 100% in METU NCC using the optimal 

ESS sizing methodologies. 

Figure 4.6. The effect of the integration of short and long term ESSs on the DSF of the wind 

systems if both ESSs have DOD less than 100% in METU NCC using the optimal ESS sizing 

methodologies. 

Notice that in Figure 4.6, unlike the PV system the DSF of the wind system either with 

ESS or without has value higher than zero with the same installed capacity- 2 MW- and the 

reason behind this is that wind systems in METU NCC has higher performance than the PV 

systems, i.e. higher  capacity factor which allows higher energy production from the wind 
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system where the wind system has a 28.88% capacity factor while the PV has 17.5%. In 

addition, the energy production of wind systems in METU NCC is distributed among the day 

which increases the probability of meeting the demand totally. Furthermore, similar to PV 

systems the integration of hybrid ESS with wind systems allows the development of microgrid 

and increases the availability of the energy system. 

4.2.3 PV/Wind Hybrid System 

The integration of ESSs with PV/wind hybrid system has different effects on the economic 

and technical parameter of the system where the type of the ESS and the installed PV/wind 

system capacities play the major role in these effects. Figure 4.7 shows the effect of the 

integration of Lithium-Ion batteries on the COE of PV/wind hybrid systems in METU NCC. 

The integration of battery storage system with PV/wind hybrid system in METU NCC 

increases the COE whatever is the size of the PV/wind hybrid system. However, this increase 

varies with the installed capacities of the system components to certain thresholds- 10 MW 

PV and 20 MW wind- where after these thresholds there are no significant changes on the 

COE. The reason behind this is at the beginning- with small installed PV and wind capacities- 

the size of battery storage system is large since the battery is sized based on the average hourly 

deficit with small revenues from this integration due to the small amount of excess energy 

from such PV/wind system sizes. After the thresholds, the deficit reaches the saturation phase 

due to the mismatch between the supply and the demand and so the size of the battery storage 

system remains almost constant.  
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 Figure 4.7. The change in the COE of the PV/wind hybrid system as a result of the integration 

of short term ESS- batteries- with DOD less than 100% in METU NCC where the size of the 

battery is function of the average hourly deficit. 

While the integration of PHS and hybrid ESS increases the COE of the system only at the 

beginning- with less than 10 MW PV and less than 20 MW wind systems- as shown in Figure 

4.8 and Figure 4.9 due to the small revenues from the integration because of the small excess 

energy from such PV/wind system sizes. Where after that and depending on the installed PV 

and wind capacities the effect on the COE varies between the decrease in the COE to no 

change. The reason behind this is the contribution of the ESSs in the revenues is limited to 

their storing capacities and as the installed PV and wind capacities increase, the excess amount 

of energy increase and exceeds the storing capacities of the ESSs- since the capacities of the 

PHS alone and the PHS in the hybrid ESS are constant and do not change with the PV/wind 

size- where these amounts are dumped into the grid without any revenues.   

Furthermore, notice in Figure 4.8 and Figure 4.9 that the integration of PHS decreases the 

COE more than the integration of the hybrid ESS due to the high capital cost of the battery 

compared with the PHS alone where both ESS configurations has the same PHS sizes since 

the sizing methodology is the same with negligible role of the battery in increasing the 

revenues due to its relatively small size. 
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Figure 4.8. The change in the COE of the PV/wind hybrid system as a result of the integration 

of long term ESS- PHS- with DOD less than 100% in METU NCC where the PHS capacity is 

a function of the average daily demand, i.e. 89.51 MWh.  

Figure 4.9.  The change in the COE of the PV/wind hybrid system as a result of the integration 

of hybrid ESS- PHS and batteries- with DODs less than 100% in METU NCC using the 

optimal ESS sizing methodologies. 

In order to compare the effect of the integration of different types and configurations of 

ESSs on the COE of the PV/wind hybrid system 2 representative wind turbine capacities and 

several PV capacities were taken as shown in Figure 4.10 and Figure 4.11. It can be noticed 

that the COE of the PV/wind system with the integration of battery storage system is less than 

the systems with PHS or hybrid ESS only with small installed capacities of wind and PV. 
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However, as the installed capacities increase the COE of the system with PHS and hybrid ESS 

decreases. The reason behind this is the small revenues caused by the PHS and the hybrid 

system with small installed PV and wind capacities since the excess from such PV/wind 

system is small. 

Figure 4.10. The effect of the integration of short and long term ESSs with DOD less than 

100% on the COE of the PV/wind hybrid systems - with 1 turbine and several PV capacities- 

in METU NCC using the optimal ESS sizing methodologies in addition to the local grid tariff. 

Figure 4.11. The effect of the integration of short and long term ESSs with DOD less than 

100% on the COE of the PV/wind hybrid systems - with 4 turbines and several PV capacities- 

in METU NCC using the optimal ESS sizing methodologies in addition to the local grid tariff. 
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 Furthermore, it can be noticed from Figure 4.10 that the COE of the system with PHS and 

hybrid ESS has constant COE with PV capacities up to almost 8 MW. The reason behind that 

is that the increase in the capital cost as a result of the increase in the PV capacities- PHS 

capacity in both configuration is constant where it is function of the average daily demand- is 

compensated by the revenues gained by allocating the excess energy to meet more demand by 

the ESS. While as the wind capacities increase, the capital cost increase in a way that the 

increase in the revenues cannot compensate the increase in the capital cost. 

The integration of short and long term ESS increases the RES fraction of the PV/wind 

hybrid system. However, the amount of increase varies with the installed PV and wind 

capacities as well as the type of the ESS and its capacity. Figure 4.12, Figure 4.13 and Figure 

4.14 show the effect of the integration of battery, PHS and hybrid ESSs respectively on the 

RES fraction of PV/wind hybrid system in METU NCC. 

Figure 4.12. The change in the RES fraction of the PV/wind hybrid system as a result of the 

integration of short term ESS- batteries- with DOD less than 100% in METU NCC where the 

battery size is a function of the average hourly deficit. 
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Figure 4.13. The change in the RES fraction of the PV/wind hybrid system as a result of the 

integration of long term ESS- PHS- with DOD less than 100% in METU NCC where the PHS 

capacity is a function of the average daily demand, i.e. 89.51 MWh. 

Figure 4.14. The change in the RES fraction of the PV/wind hybrid system as a result of the 

integration of hybrid ESS- batteries and PHS- with DODs less than 100% in METU NCC 

using the optimal ESS sizing methodologies. 

It can be noticed from Figure 4.12 that the change in the RES fraction varies with the 

installed capacities where the biggest change in the RES fraction occurs with small PV and 

wind capacities- 1 MW PV and 10 MW wind. While notice in Figure 4.13 and Figure 4.14 

that biggest change occurs with low wind capacity- 2 MW- and PV capacities larger than 10 
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MW where after these capacities the change in the RES fraction reach the saturation. The 

reason behind this is that small PV and wind capacities have low RES fraction and the 

probability of matching more demand is high.  Introducing ESSs acts like new energy sources 

by allocating the excess from these PV and wind systems even though the excess is relatively 

small. In the case of battery storage system and due to it is small size the benefits from it 

become smaller as the PV and wind capacities increase while in case of PHS and hybrid ESS 

and due to their relatively large size it can store more energy and so match more demand. 

Furthermore, due to the low demand matching- resources availability- characteristic of the PV 

system compared with wind systems in METU NCC, the highest change occurs with small 

wind capacities and larger PV capacities where the excess is enough to fill the ESS and the 

matching is relatively low. 

Battery storage system has the smallest effect on the RES fraction where PHS and hybrid 

ESS have the highest effects. The main reason behind this is the capacity of the ESS where 

battery storage system is sized based on the average hourly deficit while separate PHS and the 

PHS in the hybrid ESS are sized based on the average daily demand.  PHS and hybrid ESS 

have almost the same effect since they both have the same sizing methodology with negligible 

role of the battery in increasing the RES fraction in case of hybrid ESS. In order to compare 

the effect of the integration of different types and configurations of ESSs on the RES fraction 

of the PV/wind hybrid system 2 representative wind turbine capacities and several PV 

capacities were taken as shown in Figure 4.15 and Figure 4.16.  

Figure 4.15. The effect of the integration of short and long term ESSs with DOD less than 

100% on the RES fraction of the PV/wind hybrid systems - with 1 turbine and several PV 

capacities- in METU NCC using the optimal ESS sizing methodologies. 
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Figure 4.16. The effect of the integration of short and long term ESSs with DOD less than 

100% on the RES fraction of the PV/wind hybrid systems - with 4 turbines and several PV 

capacities- in METU NCC using the optimal ESS sizing methodologies. 

Moreover, notice in Figure 4.15 and Figure 4.16 that the integration of PHS and hybrid 

ESS increases the PV capacity at which the RES fraction reaches the saturation with no 

significant changes. The main reason for this shift is the ability of the ESSs to store the excess 

and allocate it to meet the demand where at the PV threshold the ESS is not capable of storing 

more excess and so the increase in the PV capacity will not increase the matching. 

Furthermore, notice that 100% RES fraction can be achieved by the integration of PHS and 

hybrid ESS where without them the system cannot achieve this fraction. 

The autonomy of the PV/wind hybrid system is affected by the integration of battery and 

hybrid ESSs only where the integration of PHS does not affect the autonomy- i.e. the DSF- of 

the system due to the lag time in the PHS response during the deficit periods. Figure 4.17 

shows the change in the DSF of the PV/wind hybrid system in METU NCC because of the 

integration of battery ESS while Figure 4.18 shows the change in the DSF of the PV/wind 

hybrid system in METU NCC because of the integration of hybrid ESS. 
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Figure 4.17. The change in the DSF of the PV/wind hybrid system as a result of the integration 

of short-term ESS- batteries- with DOD less than 100% in METU NCC using the optimal ESS 

sizing methodology.  

Figure 4.18. The change in the DSF of the PV/wind hybrid system as a result of the integration 

of hybrid ESS with DODs less than 100% in METU NCC using the optimal ESS sizing 

methodologies. 
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Notice that in Figure 4.17 and Figure 4.18 that the pattern of the change in DSF varies 

based on the ESS type. In the case of battery energy storage system, the largest change in the 

DSF occurs at the beginning with the lowest installed wind capacity- 2 MW- and PV installed 

capacity- 1 MW- where after that the effect of the battery start to decrease until it reaches the 

saturation. The reason behind this in the beginning the system alone achieves low autonomy 

where the integration of battery increases the number of hours the demand is met totally by 

the system even though the amount of stored energy is small. However, as the system size 

increases the system becomes capable of meeting more hours and the benefits of the battery 

system in increasing the autonomy decrease. Figure 4.19 shows the average hourly electricity 

generation from 1 MW PV and 2 MW wind capacity and the hourly available energy in 3.64 

MWh battery while Figure 4.20 shows the average hourly electricity generation from 15 MW 

PV and 10 MW wind capacity and the hourly available energy in 1.3 MWh battery. It can be 

noticed from Figure 4.19 and Figure 4.20 that the number of hours where the demand is met 

by the system directly increases as the system size increase which reduce the effect of the 

battery on the autonomy of the system. 

Figure 4.19. The average hourly electricity generation from the hybrid system components, 1 

MW PV and 2 MW wind turbine, in addition to the average hourly demand for METU NCC 

and the hourly available energy in 3.64 MWh battery. 
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Figure 4.20. The average hourly electricity generation from the hybrid system components, 

15 MW PV and 10 MW wind turbines, in addition to the average hourly demand for METU 

NCC and the hourly available energy in 1.36 MWh battery. 

In the case of the hybrid ESS, the highest changes on the DSF occurs with 2 MW wind 

systems and with PV capacities larger than 10 MW where after 20 MW it start to decrease. 

Moreover, as the wind capacity increases the effect on the DSF decreases until it reaches the 

saturation with small change in the DSF at wind capacities more than 20 MW and PV 

capacities more than 10 MW. The reason behind this is that PV systems have low autonomy 

due the nature of the solar resources- no energy production during the night- and so having 

hybrid ESS with large PHS capacity will shift the excess results from the PV system to meet 

more demand hours. However, after 20 MW PV capacity the hybrid ESS is not capable of 

storing more energy since it is full which will reduce the effect of the ESS on the DSF. 

Furthermore, since PV/wind hybrid system with wind capacities larger than 2 MW has high 

autonomy because wind resources cover in average the whole hours in a day the effect of the 

ESS decreases as the wind capacity increases. Figure 4.21 shows the average hourly electricity 

generation from 10 MW PV and 2 MW wind capacity and the hourly available energy in 830.5 

kWh battery and 89.5 MWh PHS while Figure 4.22 shows the average hourly electricity 

generation from 15 MW PV and 10 MW wind turbines and the hourly available energy in 

830.5 kWh battery and 89.5 MWh PHS. It can be noticed from Figure 4.21 and Figure 4.22 

that the number of hours where the demand is met totally by the system directly increases as 

the system size increases which reduces the effect of the hybrid ESS on the autonomy of the 

system. Moreover, it can be noticed that the wind systems in METU NCC have higher 
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autonomy than the PV systems and so the effect of the hybrid ESS on the PV/wind autonomy 

is high with low wind capacity. 

Figure 4.21. The average hourly electricity generation from the hybrid system components, 

10 MW PV and 2 MW wind turbine, in addition to the average hourly demand for METU 

NCC and the hourly available energy in 830.5 kWh battery and 89.5 MWh PHS. 

Figure 4.22. The average hourly electricity generation from the hybrid system components, 

10 MW PV and 10 MW wind turbines, in addition to the average hourly demand for METU 

NCC and the hourly available energy in 830.5 kWh battery and 89.5 MWh PHS. 

The integration of hybrid ESS with PV/wind hybrid system allows the independency of the 

power system from the electrical grid and so allows the development of microgrid systems by 

achieving high autonomy represented by the DSF. While the integration of battery storage 
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system has small effect on the autonomy of the system and the integration of the PHS alone 

has no effect due to the PHS lag time in the response where it cannot totally meet the demand 

in that hour. Figure 4.23 and Figure 4.24 show the effect of the integration of short term and 

long term ESS on the autonomy of the PV/wind systems with 1 and 4 turbines respectively.  

Figure 4.23. The effect of the integration of short and long term ESSs with DODs less than 

100% on the DSF of the PV/wind hybrid systems - with 1 turbine and several PV capacities- 

in METU NCC using the optimal ESS sizing methodologies. 

Figure 4.24. The effect of the integration of short and long term ESSs with DODs less than 

100% on the DSF of the PV/wind hybrid systems - with 4 turbines and several PV capacities- 

in METU NCC using the optimal ESS sizing methodologies. 
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4.3 The Effect of ESS integration on Feasible PV/Wind Hybrid System 

Sizes  

As the integration of ESSs affects the COE of the PV/wind hybrid system, it so affects the 

economic feasibility of the system and so affects the feasible capacities of the PV/wind hybrid 

system components where this effect varies depending on the ESS type. Figure 4.25, Figure 

4.26, Figure 4.27 and Figure 4.28 show the COE of the PV/wind hybrid system in METU 

NCC as a function of the number of wind turbines and the PV capacities for four ESS 

configurations; without ESS, with battery storage system, with PHS and with hybrid ESS 

respectively. With the assumptions made in the methodology section, it seems that in the 

absence of any storage system the maximum feasible number of wind turbines in METU NCC 

is four with maximum PV capacity of 1 MW. On the other hand, the integration of battery 

storage system with the hybrid system reduces the maximum feasible number of wind turbines 

to three while it allows the increase in the maximum PV capacity to almost 2.2 MW where the 

decrease in the wind capacity is to compensate the increase in the total capital cost caused by 

adding the battery system. The increase in the maximum PV capacity is not because of the 

integration of battery but because of the decrease in the wind capacity which allows the 

increase in the PV size to achieve COE equals to the grid tariff. While the integration of PHS 

and hybrid ESS increases the maximum feasible number of wind turbines to five with 

maximum PV capacity of 2 MW for PHS alone while for the hybrid ESS and due to the cost 

of the battery the maximum PV capacity drops to almost 1.4 MW.  
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Figure 4.25. The COE of the PV/wind hybrid system as a function of the PV and wind 

capacities in METU NCC in the absence of any storage system in addition to the local grid 

tariff. 

Figure 4.26. The COE of the PV/wind hybrid system as a function of the PV and wind 

capacities in METU NCC in the presence of Lithium-Ion batteries with DOD less than 100% 

where the battery capacity is a function of the average hourly deficit in addition to the local 

grid tariff. 
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Figure 4.27. The COE of the PV/wind hybrid system as a function of the PV and wind 

capacities in METU NCC in the presence of PHS with DOD less than 100% where the PHS 

capacity is a function of the average daily demand- 89.51 MWh-  in addition to the local grid 

tariff. 

Figure 4.28. The COE of the PV/wind hybrid system as a function of the PV and wind 

capacities in METU NCC in the presence of PHS/battery hybrid ESS with DODs less than 

100% using the optimal ESS sizing methodologies in addition to the local grid tariff. 

Notice that in Figure 4.25, Figure 4.26, Figure 4.27 and Figure 4.28 the integration of the 

battery storage system reduces the feasible PV capacities- with one to three wind turbines- to 

reduce the capital cost. While the integration of PHS and hybrid ESS makes the installation of 

one turbine with different PV capacities economically unfeasible in METU NCC, where the 
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integration caused the increase in the capital cost with small increase in the revenues from 

storing the excess energy since the excess energy from the hybrid system with one turbine are 

small. Furthermore, notice that the integration of PHS increases the feasible PV capacities- 

with two to five wind turbines- since the integration adds more revenues and so allows 

additional capital cost. While the hybrid ESS caused the unfeasibility of installing two wind 

turbines where the cost of the battery caused the shift of the COE to up with low revenues 

from the battery addition. On the other hand, it increases the feasible PV capacities however 

less than the PHS alone due the cost of the battery. 

4.4 Effect of the DOD on the PV/Wind Hybrid System with Hybrid ESS 

The DOD of the ESS is a vital parameter that affects the role of the ESS on the economic 

and technical parameters of the RES. As the DOD increases the amount of stored energy that 

can be utilized increases and so the benefits of the ESS, while the decrease of the DOD can 

eliminate the role of the ESS. Figure 4.29 shows the effect of the DOD of 2 MWh battery and 

15 MWh PHS hybrid ESS on the RES fraction of PV/wind hybrid system in METU NCC. 

Figure 4.29. The effect of the DOD of the hybrid ESS- 2 MWh battery and 15 MWh PHS- on 

the RES fraction of the PV/wind hybrid system in METU NCC if both ESSs- battery and PHS- 

have the same DOD where no ESS scenario is used as the reference case. 
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It can be noticed from Figure 4.29 that the highest changes in the RES fraction occur with 

low wind capacity- 2 MW- and PV capacities larger than 10 MW. The nature of the solar 

resources- available during the daylight only- is the main reason for this where the integration 

of ESSs help in distributing this energy among the whole day and so increase the matching 

between the demand and the supply. While the wind resources in METU NCC are distributed 

among the day and the energy generated from wind systems match the demand more than the 

solar systems as shown in Figure 4.19, Figure 4.20, Figure 4.21 and Figure 4.22. On the other 

hand, notice that the ESS with 25% DOD does not affect the RES fraction significantly since 

the amount of energy that can be utilized is small. Furthermore, it can be noticed from the 

figure that as the DOD decreases the change in the RES fraction among the PV and wind 

capacities does not significantly change. As the DOD decreases the space available to store 

energy decreases- as more energy is trapped and cannot be replaced- and so the required PV 

and wind capacities needed to fill this space- by their excess production- where increasing the 

PV and wind capacities will increase only the excess energy.

In addition, the DOD affects the autonomy of the system represented by the DSF where 

the effect of the DOD on the DSF is larger than its effect of the RES fraction since the DSF 

depends on the number of hours that the demand met by the hybrid system and any small 

change in the hourly available energy can significantly change the number of hours. Figure 

4.30 shows the effect of the DOD of 2 MWh battery and 15 MWh PHS hybrid ESS on the 

DSF of PV/wind hybrid system in METU NCC. 

As the DOD affects the RES fraction and the autonomy of the system it so affects the 

economical profits from the ESS integration where this can be noticed by analyzing the effect 

on the COE of the PV/wind hybrid system. Figure 4.31 shows the change in the COE of the 

PV/wind hybrid system with 2 MWh battery and 15 MWh PHS hybrid ESS as the DOD 

changes in METU NCC. It can be noticed from the figure that as the DOD of the ESS decreases 

the change in the COE increases- it increases the COE of the system compared with the no 

ESS scenario- where the dependency on the electricity from the grid increases due to the 

decrease in the amount of energy that can be utlized from the ESS. Figure 4.32 shows the 

yearly demand met by the PV/wind system components directly - 10 MW PV and 10 MW 

wind systems- and the yearly demand met by the energy stored in 2 MWh battery and 15 MWh 

PHS in addition to the yearly demand met by the grid, the yearly excess energy and the yearly 

energy lost in the PHS and the battery due to their efficiencies for four random ESS DODs 

where both battery and PHS assumed to have the same DOD in each case. 



62 
 

Figure 4.30. The effect of the DOD of the hybrid ESS- 2 MWh battery and 15 MWh PHS- on 

the DSF of the PV/wind hybrid system in METU NCC if both ESSs- battery and PHS- have 

the same DOD where no ESS scenario is used as the reference case. 

Figure 4.31. The Effect of the DOD of the hybrid ESS- 2 MWh battery and 15 MWh PHS- on 

the COE of the PV/wind hybrid system in METU NCC if both ESSs- battery and PHS- have 

the same DOD and no ESS scenario is used as the reference case. 
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Figure 4.32. The yearly demand met by the PV/wind system components directly - 10 MW 

PV and 10 MW wind systems- and the yearly demand met by the energy stored in 2 MWh 

battery and 15 MWh PHS in addition to the yearly demand met by the grid, the yearly excess 

energy and the yearly energy lost in the PHS and the battery for four random ESS DODs where 

both battery and PHS assumed to have the same DOD in each case. 

It can be noticed from Figure 4.32 that the losses in the battery storage system and the PHS 

are small where the largest losses belong to the PHS since PHS has lower efficiency (85%) 

than the Lithium-Ion battery (95%). Moreover, the PHS has bigger capacity than the battery 

and so the amount of losses is bigger. Furthermore, notice that the amount of excess energy 

increases as the DOD decreases since the available space for storing the energy- which equals 

to the amount of energy that can be utilized- is decreased. 

4.5 Summary of the Results  

The integration of ESS affects the optimal RES sizes- the optimization is based on 

maximizing the RES fraction with LCOE equals or less than the grid tariff- where the capital 

cost of the ESS, the RES’s performance and capital cost play the major role in this effect while 

the DOD of the ESS plays a minor role. Table 4.5 and Table 4.6 show the optimal sizes of PV, 

wind and PV/wind hybrid systems with different ESS configurations in case of 100% and less 

than 100% DODs respectively in METU NCC based on maximizing the RES fraction with 

COE less or equal to the grid tariff. 
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Table 4.5 The optimal sizes of PV, wind and PV/wind hybrid systems with different ESS 

configurations in METU NCC based on maximizing the RES fraction with COE less or equal 

to the grid tariff, where the DOD of the ESSs is 100%. 

RES 

Scenario 

ESS 

Scenario 

PV Cap. 

(MW) 

Wind 

Cap. 

(MW) 

Battery 

Cap. 

(kWh) 

PHS Cap. 

(MW) 

���� 

(%) 

DSF 

(%) 

PV 

No ESS 4.26 -- -- -- 25.6 4.79 

Battery 4.2 -- 21.84 -- 25.32 4.54 

PHS 4.39 -- -- 0.761 26.6 6.67 

Hybrid 
Not 

Feasible 
-- -- -- -- -- 

Wind 

No ESS -- 8 -- -- 49.51 33.34 

Battery -- 8 1500 -- 51.82 37.89 

PHS -- 10 -- 149.1 87.05 38.5 

Hybrid -- 10 503 149.1 87.07 85.56 

Hybrid 

No ESS 3.73 6 -- -- 58.03 34.46 

Battery 3.53 6 768 -- 58.73 37.31 

PHS 1.8 10 -- 116.25 90.13 41.48 

Hybrid 1.38 10 500 118.78 89.31 87.18 
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Table 4.6 The optimal sizes of PV, wind and PV/wind hybrid systems with different ESS 

configurations in METU NCC based on maximizing the RES fraction with COE less or equal 

to the grid tariff, where the DOD of the ESSs is less than 100%. 

RES 

Scenario 

ESS 

Scenario 

PV Cap. 

(MW) 

Wind 

Cap. 

(MW) 

Battery 

Cap. 

(kWh) 

PHS 

Cap. 

(MW) 

���� 

(%) 

DSF 

(%) 

PV 

No ESS 4.26 -- -- -- 25.6 4.79 

Battery 4.17 -- 34.66 -- 25.14 4.54 

PHS 4.37 -- -- 0.827 26.46 6.5 

Hybrid 
Not 

Feasible 
-- -- -- -- -- 

Wind 

No ESS -- 8 -- -- 49.51 33.34 

Battery -- 6 2760 -- 46.32 30.95 

PHS -- 10 -- 142.9 85.57 38.5 

Hybrid -- 10 871 89.51 80.28 76.71 

Hybrid 

No ESS 3.73 6 -- -- 58.03 34.46 

Battery 3.12 6 1220 -- 57.42 36 

PHS 4.19 8 -- 89.51 88.04 42.58 

Hybrid 3.44 8 833 89.51 85.63 80.74 

 

The integration of ESS affects the technical and economic parameters of the system, where 

the inspection of these effects was based on the change in the DSF, RES fraction and COE of 

different RES with different ESS configurations which were sized using the optimal sizing 

methodologies. The effects of the integration of ESSs depends on the RES type, RES capacity 

and ESS type. For instance, the integration of battery with PV system caused the increase in 

the COE with PV capacities more than 4 MW where with less than 4 MW the battery did not 

affect the COE. While the integration of battery with wind system and PV/wind hybrid system 

increased the COE for all wind capacities. On the other hand, the integration of battery storage 

system with PV/wind hybrid system in METU NCC increased the COE whatever is the size 

of the PV/wind hybrid system. However, this increase varies with the installed capacities of 

the system components to certain thresholds- 10 MW PV and 20 MW wind-  where after these 

thresholds there are no significant changes on the COE.  

On the other hand, the integration of PHS with PV systems decreased the COE with 

capacities larger than 4 MW where below this capacity there was no change in the COE. While 

the integration of hybrid ESS was not feasible for all the PV capacities due to the cost of the 
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batteries with less revenues gained from the batteries. On the other hand, the integration of 

PHS and hybrid ESS with wind systems increased the COE with capacities less than 7 MW 

for the hybrid and 8 MW for the PHS alone where with capacities larger than these it causes 

significant drop in the COE. While the integration of PHS and hybrid ESS increases the COE 

of the system with PV capacities less than 10 MW and wind capacities less than 20 MW due 

to the small excess energy from such PV/wind system sizes and so small revenues. Where 

after that and depending on the installed PV and wind capacities the effect on the COE varies 

between the decrease in the COE to no change.  

Furthermore, the integration of all types of ESSs with PV and wind systems increases the 

RES fraction however with PV capacity larger than 6 MW while with wind capacity larger 

than 4 MW where the excess energy from the PV and wind systems below these capacities are 

small. On the other hand, the integration of short and long term ESSs for all the ESS 

configurations has the same effect on the RES fraction of the PV/wind hybrid system where it 

increases the RES fraction and the amount of the increase changes until a certain limit- 10 

MW PV and 20 MW wind- depending on the type of the ESS. After this limit, the change in 

the RES fraction reaches the saturation where the ESS are not capable of storing the excess 

energy and so any increase in the installed capacities of the PV/wind hybrid system 

components leads to the increase in the excess energy only.  

Moreover, the integration of all ESS types increase the DSF with PV capacities larger than 

4 MW except for PHS where due to the lag time pf the PHS respond it cannot increase the 

DSF. While it increases the DSF with wind capacities larger than 2 MW. On the other hand, 

the integration of ESS with PV/wind hybrid system has different effects on the DSF where the 

pattern of the change in DSF varies based on the ESS type. In the case of battery energy storage 

system, the largest change on the DSF occurs in the beginning with the lowest installed wind 

capacity- 2 MW- and PV installed capacity- 1 MW- where after that the effect of the battery 

start to decrease until it reaches the saturation. While in the case of the hybrid ESS the highest 

changes in the DSF occurs with 2 MW wind systems and with PV capacities larger than 10 

MW where after 20 MW PV it start to decrease. Moreover, as the wind capacity increases the 

effect on the DSF decreases until it reaches the saturation.  

As the integration of ESSs affects the COE of the PV/wind hybrid system, it so affects the 

economic feasibility of the system and so affects the feasible capacities of the PV/wind hybrid 

system components where this effect varies depending on the ESS type. In the absence of any 

storage system the maximum feasible number of wind turbines in METU NCC is four with 
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maximum PV capacity of 1 MW. On the other hand, the integration of battery storage system 

with the hybrid system reduces the maximum feasible number of wind turbines to three while 

it allows the increase in the maximum PV capacity to almost 2.2 MW, the increase in the 

maximum PV capacity is not because of the integration of battery but because of the decrease 

in the wind capacity which allows the increase in the PV size to achieve COE equals to the 

grid tariff. While the integration of PHS and hybrid ESS increases the maximum feasible 

number of wind turbines to five with maximum PV capacity of 2 MW for PHS alone while 

for the hybrid ESS and due to the cost of the battery the maximum PV capacity drops to almost 

1.4 MW. 

4.6 Sensitivity Analysis for the Optimal PV/Wind Hybrid Systems with 

Hybrid ESS  

The change in the solar and wind resources in addition to the change in the ambient 

conditions affects the technical and economic parameters of the RES. The sensitivity of 

PV/wind hybrid system with different ESS configurations to the change in the solar and wind 

resources in addition to the change in the ambient temperature is investigated using the 

measured resources in METU NCC between 2013 and 2016 and compared with the results 

obtained using the TMY data where the assessment of the system’s sensitivity is based on the 

amount of change in the technical and economic parameters of the system. The change in the 

wind speeds varies between 24.77% and 30.15% while the change in the GHI varies between 

-27.22% and 4.73% and the change in the DNI varies between -0.33% and 8.65% compared 

to the TMY data. Table 4.7 shows the changes in the RES fraction, DSF and COE of the 

PV/wind hybrid system in METU NCC with different ESS configurations and scenarios 

because of the change in the solar and wind resources as well as the change in the ambient 

conditions. 

It can be noticed from Table 4.7 that the PV/wind system with different ESS configuration 

is sensitive to the change in the solar and wind resources as well as the ambient conditions 

where the change in the ���� varies between 7.39% and 17.14 where the system with PHS has 

the lowest sensitivity to the variation in the resources where the reason behind this is that the 

system with PHS has the highest F��� among the other configurations; where the increase in 

the wind resources between 2013 and 2016 is dominant on the decrease in the solar resources 

and as the F��� increases it becomes more difficult to increase it due to the mismatch between 

the supply and the demand. While the change in the DSF varies between 10.84% and 25.69% 

where the system with hybrid ESS has the lowest sensitivity since it has the highest DSF 
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among the other options and as the DSF increases it becomes more difficult to increase it. On 

the other hand, the change in the COE varies between -5.49% and -11.09% where the system 

without ESS has the lowest sensitivity since it has the lowest COE among the other options 

and as the COE decreases it becomes more difficult to decrease it. 

Table 4.7. The sensitivety of the ����, DSF and COE of the optimal PV/wind hybrid systems 

with different ESS configurations to the solar and wind resources in additional to the ambient 

temperature in METU NCC. 

Data 
ESS 

Scenario 

���� 

(%) 

���� 

Change 

(%) 

DSF 

(%) 

DSF 

Change 

(%) 

COE 

($/kWh) 

COE 

Change (%) 

TMY 

No ESS 58.03 - 34.46 - 0.175 - 

Battery 57.42 - 36 - 0.175 - 

PHS 88.04 - 42.58 - 0.175 - 

Hybrid  85.63 - 80.74 - 0.175 - 

2013 

No ESS 66.38 14.39 43.21 25.39 0.1604 -8.34 

Battery 66.93 16.56 45.25 25.69 0.1584 -9.49 

PHS 97.71 10.98 51.72 21.47 0.1581 -9.66 

Hybrid  96.71 12.94 94.71 17.30 0.1556 -11.09 

2014 

No ESS 63.5 9.43 41.2 19.56 0.1654 -5.49 

Battery 64.01 11.48 42.69 18.58 0.1635 -6.57 

PHS 94.55 7.39 48.13 13.03 0.1636 -6.51 

Hybrid  93.17 8.81 89.49 10.84 0.1618 -7.54 

2015 

No ESS 63.77 9.89 41 18.98 0.165 -5.71 

Battery 64.19 11.79 42.52 18.11 0.1632 -6.74 

PHS 95.27 8.21 48.13 13.03 0.1623 -7.26 

Hybrid 93.94 9.70 90.82 12.48 0.1605 -8.29 

2016 

No ESS 67.05 15.54 41.47 20.34 0.1592 -9.03 

Battery 67.26 17.14 43.03 19.53 0.1578 -9.83 

PHS 95.95 8.98 49.93 17.26 0.1591 -9.1 

Hybrid 94.82 10.73 91.97 13.91 0.1589 -9.20 

Furthermore, the resources and the ambient conditions are not the only variables that affect 

the technical and economic parameters of the system, where the variation in the demand 

affects these parameters and in order to inspect the sensitivity of the PV/wind hybrid system 

with different ESS configurations to the demand variation, the actual demand of 2011, 2014 

and 2015 in addition to the forecasted demand in 2037- i.e. the maximum demand throughout 
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the system’s lifetime- are used. The change in the demand varies between -87% and 53.6% 

compared with the average demand throughout the life of the systems- the demand of 2027.  

Table 4.8 shows the sensitivity of the ����, DSF and COE of the optimal PV/wind hybrid 

systems with different ESS configurations to the variation in the demand in METU NCC. 

Table 4.8. The sensitivity of the ����, DSF and COE of the optimal PV/wind hybrid systems 

with different ESS configurations to the change in the demand in METU NCC. 

Data ESS Scenario 
���� 

(%) 

���� 

Change 

(%) 

DSF 

(%) 

DSF 

Change 

(%) 

COE 

($/kWh) 

COE 

Change 

(%) 

2027 

No ESS 58.03 -- 34.46 -- 0.175 -- 

Battery 57.42 -- 36 -- 0.175 -- 

PHS 88.04 -- 42.58 -- 0.175 -- 

Hybrid 85.63 -- 80.74 -- 0.175 -- 

2011 

No ESS 80.06 37.96 74.11 115.06 0.819 368 

Battery 85.03 48.08 80.15 122.64 0.787 349.71 

PHS 99.94 13.52 99.92 134.66 1.189 579.43 

Hybrid 99.95 16.72 99.92 23.76 1.157 561.14 

2014 

No ESS 74.89 29.05 64.62 87.52 0.346 97.71 

Battery 76.58 33.37 66.51 84.75 0.334 90.86 

PHS 99.93 13.51 99.89 134.59 0.458 161.71 

Hybrid 99.89 16.65 99.77 23.57 0.445 154.29 

2015 

No ESS 74.79 28.88 64.84 88.16 0.348 98.86 

Battery 76.67 33.52 66.96 86 0.336 92 

PHS 99.93 13.51 99.9 134.62 0.462 164 

Hybrid 99.92 16.69 99.86 23.68 0.449 156.57 

2037 

No ESS 46.63 -19.65 20.26 -41.21 0.1595  -8.86 

Battery 45.32 -21.07 20.29 -43.64 0.1598 -8.69 

PHS 66.56 -24.40 53.45 25.53 0.159 -9.14 

Hybrid 63.76 -25.54 49.3 -38.94 0.161 -8 

It can be noticed in Table 4.8 that the system with PHS has the lowest sensitivity in terms 

of the change in the ���� as a result of the decrease in the demand- as for 2013,2014 and 2015 

demands- where the variation varies between 13.51% and 48.08% and the main reason for 

being PHS configuration the lowest vulnerable is because it has the highest ���� among the 

other options where decreasing the demand causes the increase RES fraction as the RES 

resources remain the same. While the system with battery storage system has the lowest 
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sensitivity to the change in the COE since it has the lowest COE and the lowest RES capacities 

among the other options where the change in the COE varies between 90.86% and 579.43%. 

On the other hand, in the case of the increase in the demand- 2037 demand- the system without 

ESS has the lowest sensitivity to the change in the ���� while the system with hybrid ESS has 

the lowest sensitivity to the change in the COE. The change in the ���� in the case of the 

increase in the demand is between -19.65% and -25.54% while the change in the COE is 

between -8% and -9.14%. Moreover, the system without ESS has the lowest sensitivity to the 

change in the demand- decreasing or increasing- where the change in the DSF is between -

43.64% and 134.66%.  
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Chapter 5 

 

Conclusions and Future Work 

 

5.1 Conclusions  

Several studies in the literature stated that the integration of ESS affects the RES; however, 

none of these studies analyzed these effects. Moreover, none of these studies considered the 

DOD of the ESS as one of the factors that affects the role of the ESS integration. The aim of 

this study is to analyze the effects of the integration of short-term and long-term energy storage 

systems with PV, wind and hybrid PV/wind systems where the case study was METU NCC. 

The inspection of these effects was based on the change in the DSF, RES fraction and COE of 

different RES with different ESS configurations Furthermore, this study aims to determine the 

optimal PV, wind and PV/wind hybrid system sizes with and without ESSs based on 

maximizing the RES fraction with cost of electricity equals or less than the local grid tariff 

with two DOD scenarios. The sizing of RES system with ESS forms a challenging and 

sophisticated issue where the number of variable of the RES varies between two- in case of 

separate RES and separate ESS- up to four variables in case of hybrid RES and hybrid ESS 

where in order to simplify the analysis and the optimization, the capacity of the ESS is sized 

as a function of either the demand, the excess or the deficit. 

According to the results obtained in this study, the following can be said;  

 The capital cost of the ESS, the RES’s performance and capital cost play the 

major role in determining the effect of the integration of ESS either it is positive by 

enhancing the technical parameters and increasing the economic benefits or negative 

effects by decreasing the feasible RES sizes.   

 The DOD of the ESS is a vital parameter that affects the role of the ESS on 

the economic and technical parameters of the RES. As the DOD increases the amount 

of stored energy that can be utilized increases and so the benefits of the ESS, while 

the decrease of the DOD can eliminate the role of the ESS. Moreover, the DOD effects 

on the autonomy of the system represented by the DSF is larger than its effects on the 

RES fraction since the DSF depends on the number of hours that the demand met by 
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the hybrid system and any small change in the hourly available energy can 

significantly change the number of hours. 

Moreover, with the assumptions made in the methodologies used in this study the results 

obtained indicate that; 

 The hybrid system- 1.8 MW PV and 10 MW wind systems- with 116.25 MWh 

PHS has the highest RES fraction- 90.13%- with DSF of 41.48 while the hybrid 

system- 1.38 MW PV and 10 MW wind- with 0.5 MWh battery and 118.78 MWh 

PHS has the highest DSF (87.18%) with RES fraction of 89.31% if the sizing of the 

ESS was based on 100% DOD. 

 The hybrid system of 4.19 MW PV and 8 MW wind systems with 89.51 MWh 

PHS has the highest RES fraction (88.04%) with DSF of 42.58 while the hybrid 

system of 3.44 MW PV and 8 MW wind with 0.833 MWh battery and 89.51 MWh 

PHS has the highest DSF (80.74%) with RES fraction of 85.63% if the sizing of the 

ESS was based on DOD values specified in the literature, i.e., less than 100% DOD. 

 The PV/wind hybrid system is sensitive to the variation in the solar and wind 

resources where the system with PHS was the least sensitive configuration in terms 

of the change in the RES fraction while the system with hybrid ESS was the least 

sensitive in terms of the change in the DSF. On the other hand, the system without 

ESS has the lowest sensitivity in terms of the change in the COE.  

 Similar to the change in the resources, the hybrid system is also sensitive to 

the change in the demand where the decrease in the demand shows that the system 

with PHS has the lowest sensitivity in terms of the change in the RES fraction. While 

in terms of DSF the system without ESS has the lowest sensitivity. On the other hand 

the system with battery has the lowest sensitivity in terms of the change in the COE. 

While in case of increasing the demand the system without ESS has the lowest 

sensitivity in terms of the change in the RES fraction while the system with hybird 

ESS has the lowest sensitivity in terms of the change in the COE. Moreover, the 

system with battery has the lowest sensitivity to the change in the DSF similar to the 

case as in the increase in the demand. 
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5.2 Future Work 

The effect of integration of different types of battery storage system on the technical and 

economic parameters of PV, wind and PV/wind hybrid systems should be inspected in detail 

where the effect of the lifespan and the capital cost in addition to the DOD of the battery 

should be taken into consideration. Furthermore, the relation between the DOD and the 

lifespan of the ESS should be taken into account in order to determine the effect of the 

integration of ESSs on the economic parameters of the RES. In addition, the effect of having 

several bank batteries with an ordered sequence of fully discharging in order to maximize the 

benefits of the battery should be developed and inspected for it is effectiveness. Moreover, the 

hybridization of another RES- like biomass systems that can provide baseload- with PV/wind 

hybrid system and the effect of this hybridization on the effect of the integration of ESSs 

should be studied. Moreover, an probabilistic approach can be developed to estimate the 

optimal RES sizes instead of parametric one.  
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