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Abstract 

Large scale integrating of wind power generation into a 

grid may raise serious stability issues. In this case energy 

storage systems seem to be suitable for balancing power 

and energy between the inconstant wind parks generation 

and the grid. In this paper, the impact of high wind power 

penetration on the dynamic performance and stability of 

power systems is investigated. More precisely, the focus of 

this study is to assess the operation of pump storage 

systems in the autonomous power system of a large island 

such as Crete. Results of this study show that it is possible 

to achieve a large wind power penetration without 

significant dynamic security problems, if wind energy 

pump storage units are in operation. 

Keywords 

Renewable energy sources, island power systems, hydro 

pump storage units. 

Acknowledgement 

This research has been co-financed by the European 

Union (European Social Fund – ESF) and Greek national 

funds through the Operational Program "Education and 

Lifelong Learning" of the National Strategic Reference 

Framework (NSRF) - Research Funding Program: 

ARCHIMEDES III. Investing in knowledge society through 

the European Social Fund. 

 

                                                           
1School of Applied Science, 

Technological Educational Institute of Crete 

Estavromenos Campus, Heraklio, Greece  

(email: karapidakis@staff.teicrete.gr) 

1 Introduction 

In island systems, dynamic performance and stability 

is a crucial issue and a major concern, since mismatches 

in generation and load and/or unstable system control 

might lead to frequent system failures, [1, 2]. Although, 

renewable and especially wind parks exploitation appear 

particularly attractive, they present an unpredictable 

character and problems may appear when integrating it in 

a large scale, [3-5]. Moreover, the integration of a 

substantial amount of wind power in autonomous power 

systems needs careful consideration, so as to maintain a 

high degree of reliability and security of the system 

operation.  

The main problems identified concern operational 

scheduling (mainly unit commitment) due to high 

production forecasting uncertainties, as well as steady 

state and dynamic operating problems. These problems 

may considerably limit the amount of wind generation 

that can be connected to the island systems, increasing the 

complexity of their operation. Thus, next to the more 

common angle and voltage stability concerns, frequency 

stability must be ensured [6]. This depends on the ability 

of the system to restore balance between generation and 

load following a severe system upset with minimum loss 

of load. Energy storage could eliminate these problems. 

Especially, pumped storage units can contribute, as the 

extra energy provided by the wind turbine is used to pump 

water from an inferior basin into a superior one, which is 

then released when more power and/or energy is needed 

[7, 8]. Pumped storage presents many advantages like 

long time storage period without losses, fast response in 

load demand, high storage capacity, and good efficiency 

at high power level, while it is the only successfully 
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implemented storage method for high power levels. 

In this case, dynamic simulation studies must be 

among the first steps in determining the level of wind 

power penetration in isolated power systems, [9]. Thus 

analytical studies are required in order to derive security 

rules and guidelines for the optimal operation of these 

complex systems, [10]. Studies on the dynamic stability 

of the isolated power system are necessary, monitoring 

voltage and frequency calculations under several 

abnormal operating conditions, e.g. start-up or sudden 

disconnection of wind generation, wind fluctuations, short 

circuits on the network etc, hydro units and pumps 

operation.  

Furthermore, several obstacles and technical 

restrictions are evident in island's the energy sector, such 

as higher total costs, fluctuations in the price and 

insecurity of supply. However, these disadvantages can be 

outweighed by inherent advantages, especially by 

utilization of renewable energy technologies, thanks to 

their relative high wind and sun exposure [3]. This 

potential should be better exploited in order to investigate 

the operation and planning limitations and estimate the 

possible solutions [4, 5, 11]. 

The new operating and planning policies imposed by 

the current demands for increased efficiency and 

economy, dictate the need to operate the power system in 

a more stressed way [6]. More precisely, several previous 

studies have analyzed the feasibility, and benefits of high 

percentage electricity supply from RES technologies in 

Crete [7-9]. 

This paper analyses the possibilities of high 

percentage electricity supply from RES technologies in 

Crete taking into account operation of hydro pump energy 

storage units. 

2 Power System Presentation 

Crete's electricity generation system is based mainly on 

three (3) oil-fired thermal power plants with more than 25 

generators and approximately 700 MW power capacity in 

total. Additionally, there are 25 wind parks installed with 

nominal power of approximately 167MW (215MW in 

near future) across the island. These WPs are connected 

to the grid through MV/HV substations of 20kV/150kV. 

Additionally, 1200 small PV plants of 80kW nominal 

power each are already installed or are about to be 

installed.  

The steam and diesel power units mainly supply the 

base-load. The Gas turbines normally supply the daily 

peak load or the load that cannot be supplied by the other 

units in outage conditions. These units have a high running 

cost that increases significantly the average cost of the 

electricity being supplied. 

As in most autonomous systems, Crete’s power system 

has considerable load demand variations, [12-14]. In 

particular, the following Fig. 1 shows the recorded 

minimum and maximum loads per day in 2014. Load 

factor in this case is about 26%, revealing the reasonable 

need for energy storage systems, such as reversible 

hydroelectric projects, which will contribute greatly to the 

normalization of demand, and the optimal management 

and further integration of RES. 

Fig. 1 Max & Min of daily load demand 

Fig. 2 Wind parks of Crete’s Island 

Currently, there are thirty four (34) wind parks, mostly 

in the eastern part of the island, of 184.6MW, 

representing the 23% of the total installed power. The 

corresponding wind parks allocation is depicted in Fig. 2. 

Fig. 3 Daily generation (MW) 

 

According to data of 2014, the contribution of wind 

farms to the production system fluctuated on a monthly 

basis from 13% to 24% or in absolute terms from 30 to 
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60GWh, while the total annual production reached 

500GWh. 

In particular, Fig. 3 shows that there is a clear 

decrement of wind power during night hours, 

incommensurate compared to wind velocity, due to low 

load demand at these hours and the conventional units’ 

technical minimum. Thus, in the previous specific case, 

there is a loss of wind energy approximately equal to 

39GWh, 1.3% of the corresponding energy balance. 

Fig. 4 Annual wind power penetration distribution 

 

 

Next, Fig. 4 shows the distribution of daily maximum 

penetration rates for the year 2014 that vary from 10 to 

50%. 

Since the beginning of 2010, 1200 small PV plants, 

80kW each, have been installed and operated to date, with 

78MW in total. 

 

Fig. 5 WP  and PV daily generation 

According to recorded data by system operator, the 

contribution of PV units in the production system of 

Crete’s power system ranged from 10 to 600MWh, while 

the total annual production reached 123GWh. More 

precisely, the maximum daily generation occurred on 26
th

 

of May, with a total of 606.5MWh and a maximum power 

output equal to 69.6MW.  

Furthermore, in Fig. 5 both the daily wind power, and the 

corresponding PVs generation for the year 2014 are 

depicted, with dispersion percentage of 63% and 42%, 

respectively. 

Fig. 6 shows the corresponding share of wind and solar 

power in the island's energy balance. In this case, small 

scale RES installations are not included due to lack of 

procedures for monitoring or supervising. These 

installations contribute only to the load demand 

decrement. 

The annual energy consumption in Crete for 2013 was 

slightly over 3TWh. Till 2009, the annual increase of 

electricity consumption was significant high, varying 

between 4% and 6%. But during the previous years due to 

economic issues the corresponding rate has significantly 

decreased.  

 

 

Fig. 6 WP and PV energy share per month 

Thus, previous annual electricity demand evolution up 

to year 2020 has been re-estimated. The current 

estimation has taken into account both the corresponding 

population growth, the financial crisis and the energy 

saving that might be achieved (EU directive 2006/32) at 

Crete till 2020. In parallel, existing licenses approval will 

lead shortly to even higher wind power installation equal 

to 258MW in the near future, as it is shown in Table 1.  

Due to, Greek Legislation (L.3468/2006) that 

promotes electricity production from RES, a boom of PV 

plants integration in Crete power system has been 

recorded. This fact led to even higher RES generation and 

wider power dispersal. 

Thus, power system of Crete presents a representative 

model of island system for long term energy planning  

Fig.7 Simulation model 

estimation, due to significant high share of RES and its 

expected future prospects. More precisely, in this study 
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two basic assumptions (both separated and combined) 

have been investigated concerning previous mentioned 

further wind power utilization. The first case assumes 

pump energy storage systems operation of approximately 

250MW installed power (hydro generation power) in 

Crete [12] that will allow further expansion of wind 

power. The second case assumes the interconnection of 

the island using the so far proposed technologies. 

3 Pump Storage Units Simulation 

An analytical model of the examined power system 

has been implemented in PowerWorld Simulator as it is 

presented in Fig. 7 for the simulation of the transient 

operation of the examined power system, under several 

operating conditions. Future scenarios of even higher RES 

penetration with the contribution of pump storage units as 

it is shown in Fig. 8 are included in this final model.  

 

Fig. 8 One of the PSU that is about to be installed 

 

 

Fig. 9 Voltage variations 

In this case energy storage system consists of pump 

storage units (PSUs) which are considered in operation 

with nominal power up to 100MW. These units are used 

both as pumps and as hydro generator contributing to the 

operation planning and control of the examined power 

system. 

Extensive transient analysis studies are conducted in order 

to assess the dynamic behavior of the system under 

various disturbances. In case of significant and sudden 

wind power variability voltage and frequency variations 

are recorded. In Fig. 9 the variation of voltage at the main 

wind park substation, are shown. The frequency follows 

the wind power changes, while the voltage profile follows 

an opposite trend. It can be easily seen that in case of 

ultra-high penetration of RES the power system remains 

satisfactorily stable if PSUs are in operation. 

In Fig. 10 the frequency change in five different scenarios 

under the same disturbance is depicted. More precisely, 

the first three scenarios correspond to the three levels of 

RES penetration: (a) 7.5%, (b) 24.5% and (c) 43.7%. 

While in the next two scenarios the pump storage units 

are considered to operate (d) as hydro generators in their 

technical minimum and (e) as pumps that consume 

exclusively wind energy. The frequency behavior and the 

dynamic performance in general of the examined power 

system are clearly improved by the use of PSUs.  

 

 

Fig. 10 Frequency fluctuations in different operation scenarios 

Especially in case of PSUs operation as pumps the use of 

controlled load shedding enforce significant system 

stability. 

4 Conclusion 

The objective of this paper was to investigate and 

analyze the dynamic performance of a representative 

island system as power system of Crete with the 

assumption of even higher wind and PV power 

penetration levels. Review of several studies and 

corresponding results indicate that the re-dispatch strategy 

has an important impact on the transfer margin of a 

system, although it has an upper limit of contribution. It is 

well known that wind turbines and PVs are non-

dispatchable power sources with different operational 

characteristics than conventional power units. Thus, high 

levels of such power sources generation create issues of 

grid control, making percentage of PES penetration one of 

the most crucial parameters for the system stability.  
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In this study several simulations have been performed 

to investigate the stability of the power system with high 

percentage of RES power penetration (up to 45%). More 

precisely, frequent and significant disturbances of the 

system as short circuit, sudden disconnection of 

conventional power units as well as wind parks and strong 

wind velocity fluctuations have been simulated. As a 

second step the parallel operation of pump storage units 

have been analyzed in order to assess the level of their 

contribution to dynamic performance of the system. 

Results have shown that the deviations of the power 

system voltage and frequency remain acceptable under 

many examined perturbations without PSUs. However, 

the situation depends on the scheduling of the power units 

and the amount of allocated spinning reserve. In contrary 

the system remained stable in all the examined cases 

when PSUs have been considered in operation. 

Concluding although installation of a large amount of 

RES (mainly WTs and PVs) in an island such as Crete 

affect significant the transient stability of the power 

system, they should not considered as a principal and a 

main obstacle to an adequate secure and reliable 

operation. The stability of a power system can be 

maintained even if high penetration of wind and solar 

power exist by additional system measures, control 

enhancement, preventive actions and even more with 

energy storage systems. It is a fact that these issues of 

both additional system measures and energy storage 

systems are particularly important for the dynamic 

performance of the system; therefore their contribution 

should be further investigated and their exact benefits to 

be clarified. 
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