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Abstract 
Acknowledging the increased levels of energy dependence of remote communities, 
relying almost exclusively on oil imports to cover their electricity needs, an alternative 
solution is currently proposed. Based on the scenario of natural gas introduction in 
island grids, development of a sizing algorithm for photovoltaic (PV)-based compressed 
air energy storage (CAES) systems is undertaken. To this end, a novel dual-mode CAES 
configuration is studied considering also areas of different quality solar potential, 
belonging to the broader region of the Aegean Sea. According to the results obtained, 
such configurations could provide high levels of energy autonomy under minimum 
natural gas consumption, even in areas of relatively low quality solar potential that in 
the case of the Aegean Sea corresponds to 1,300 kWh/m2.a. 
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1. Introduction  
Increased interest is recently noted in the concept of distributed generation (DG) (Ai et 
al., 2014; Bernardon et al., 2014), with renewable energy sources (RES) technologies 
called to play a critical role. At the same time, there are several remote areas across the 
globe that rely on electricity grids of small scale (micro-grids), normally employing oil-
fired power generation solutions (Kaldellis and Zafirakis, 2007a). On the other hand, in 
many of these regions one may encounter medium to high quality RES potential that 
encourages installation of solutions such as wind power and photovoltaics (PVs) 
(Kaldellis and Zafirakis, 2012). In this context, there are various energy storage 
technologies, either more mature or emerging (Kaldellis and Zafirakis, 2007b), that may 
interact with the primary RES energy source. Among the various solutions existing, 
grown interest is recently noted in compressed air energy storage (CAES). 
Acknowledging the fact that although CAES is considered as bulk storage it may 
equally well be downscaled so as to serve small-medium size applications, the current 
research study investigates the solution of an integrated PV-CAES solution used to 
serve remote communities. More precisely, a sizing methodology is developed, 
investigating the levels of energy autonomy offered to the remote community each time 
examined on the one hand and the annual fuel consumption required on the other. On 
top of that, two different system versions are studied; i.e. the conventional CAES cycle 
and the dual-mode CAES (DMCAES) cycle (Zafirakis and Chalvatzis, 2014; Zafirakis 
and Kaldellis, 2009; 2010), where the system may allow shift to the Brayton cycle when 
energy stores are not sufficient to cover energy demand. 

Ji í Jaromír Kleme�, Petar Sabev Varbanov and Peng Yen Liew (Editors) 
Proceedings of the 24th European Symposium on Computer Aided Process Engineering � ESCAPE 24 
June 15-18, 2014, Budapest, Hungary. Copyright © 2014 Elsevier B.V. All rights reserved. 



1136  D. Zafirakis et al. 

2. The PV-DM CAES solution   
Emphasizing on the need to achieve high levels of load demand satisfaction using non-
oversized CAES configurations, an alternative CAES solution is currently proposed. 
More precisely, the solution of a DMCAES plant is currently adopted. Such a plant has 
the ability to switch its operation from the CAES mode to the traditional gas-turbine 
cycle with the addition of a second compression system and the help of a clutch that 
may allow connection between the gas-turbine and the compressor. To this end, the 
proposed solution (see also Figure 1) comprises of the following components: 
 
 A PV park comprising of a number of PV panels (see also Figure 2 for the PV 

panel curves), with total capacity "NPV-t". 
 A CAES motor of rated power "Nm", used to exploit any PV energy surplus and 

feed the compressor under an efficiency of " m". 
 A multi-stage compressor, used in the CAES cycle to compress ambient air into the 

air cavern/tank, under a given pressure ratio "rc". Similar to the case of the motor, 
the compressor power "Ncr-CAES" is determined in relation to the maximum PV 
energy surplus appearing during daytime, i.e. "NPV-Nd", taking also into account 
any energy losses induced by the motor, with "NPV" representing the mean hourly 
PV park power output and "Nd" standing for the mean hourly load demand. 

 A second compression system, operated in the case of the DM cycle execution, i.e. 
when energy deficit appears and the combined PV-CAES system is not able to 
cover it, with its rated power being "Ncr-dual" and its pressure ratio being "r c". 

 A storage cavern or tank of maximum volume storage "Vss" and maximum depth of 
discharge "DODL", determined by the ratio of [(rc-rt)·rc

-1], where "rt" is the pressure 
ratio of the gas-turbine employed.  

 A combustion chamber where the required amount of compressed air is burned with 
natural gas for the production of gases, that will then be used to operate the gas-
turbine under a maximum permitted temperature of "Tcc". 

 A natural gas tank, used for the storage of fuel, with the latter being determined by 
the respective calorific value "Hu".  

 A gas-turbine of power output "Ngt-f", determined after considering the maximum 
appearing deficit in the case of both the CAES "Ndef" and the DM "N def" cycle, that 
is connected to an electrical generator responsible for the delivery of electrical 
energy to the demand side. 
 

In this regard, the main problem variables currently taken into account include the PV 
capacity and storage volume, while the main problem inputs require detailed solar 
irradiance and ambient temperature-pressure measurements along with the hourly 
electricity load demand of the system under investigation. At the same time, the 
technical characteristics of the main system components are also required (see also 
Table 1), while to simulate operation of similar systems, a sizing algorithm has been 
developed (see also Fig. 3 and (Zafirakis and Kaldellis, 2010) for the DMCAES 
governing equations). In this context, the operation scenarios of the proposed 
configuration include the following: 
 
 In case that PV energy production is sufficient to cover energy demand, solar 

energy is fed directly to the local consumption and any appearing energy surplus is 
used to compress air inside the cavern/tank, provided that the latter is not full.  
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Figure 1.  The proposed PV-DMCAES 
system. 

Figure 2.  Current-voltage curves of a 
commercial PV panel under standard day 
conditions. 

Table 1: CAES Characteristics 

Parameter Value 

Compressor isentropic efficiency 0.85 

Gas turbine isentropic efficiency 0.88 

Compressor mechanical efficiency 0.98 

Gas turbine mechanical efficiency 0.98 

Motor efficiency " M" 0.98 

Electrical generator efficiency " gen" 0.98 

Storage temperature (K) 300 

CAES compressor pressure ratio "rc" 75 

DMCAES compressor pressure ratio "r c" 32 

Gas turbine pressure ratio "rt" 30 

Specific heat capacity of air (J/kg/K) 1,004.5 

Specific heat capacity of gases (J/kg/K) 1105 

Air to fuel ratio 4 

Air mass for stoich. combustion (kg/kgNG) 15 

Gas turb. maximum operating temp. (K) 1,200 

Air constant (J/kg/K) 287 

Calorific value of natural gas "Hu" (MJ/kg) 47 

Figure 3.  The PV-DMCAES sizing 
algorithm. 

 
 In case that PV energy production is not sufficient to cover the load demand, the 

required amount of compressed air and fuel are used to operate the gas-turbine. 
 In case that both PV energy and energy stores are not able to cover load demand, 

the appearing energy deficit is covered by the DM system, i.e. the gas-turbine is 
clutched to the DM compressor, under a different heat rate in comparison to CAES. 

 
As a result, given a PV capacity value, the hours of load rejection per year are recorded 
under a fixed storage volume, while to obtain minimum hours of rejection the storage 
capacity is gradually increased within a predefined range of variation. Furthermore, in 
the case that energy autonomy is not achieved, the PV park capacity is also increased, 
up to the point that 100 % energy autonomy is obtained on the basis of using the PV-
CAES solution. At the same time however, results obtained also include the 
complementary energy (fuel consumption) required by the DMCAES cycle in case that 
100 % energy autonomy is not achieved by the original PV-CAES system. 
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3. 
For the application of the proposed solution, the area of the Aegean Sea has been 
selected as case study. The specific region is located on the east-side of the Greek 
mainland and comprises of hundreds of scattered islands. Furthermore, the entire area is 
favored by high quality solar potential (PPC, 1986) (ranging between 1,300 kWh/m2.a 
to 1,800 kWh/m2.a) that stimulates application of solar-based configurations. In this 
context, by acknowledging the need to increase RES contribution at the national level 
(e.g. target of 40 % of the national gross electricity consumption covered by RES by 
2020) (Kalampalikas and Pilavachi, 2010) and the fact that up till now non-
interconnected island regions of the Aegean Sea rely heavily on oil imports that entail 
high electricity production costs and strong environmental considerations (Kaldellis and 
Zafirakis, 2007a), the scenario of introducing RES power and natural gas comes with 
multiple benefits, facilitating at the same time application of RES-based CAES 
schemes. In this regard, the proposed solution is accordingly applied to two different 
solar potential areas, capturing the entire range of solar potential variation in the Greek 
territory. In this context, the annual solar potential of the two representative areas 
corresponds to 1,365 kWh/m2.a and 1,760 kWh/m2.a respectively. At the same time, a 
typical, average ambient temperature profile is adopted, being representative of the mild 
climate met in the island region of Aegean. Furthermore, the hourly load demand profile 
of a typical small-medium scale island for an entire year is given in Fig. 4, with the peak 
load demand reaching 2 MW and the respective minimum load demand dropping to 400 
kW, while the annual energy demand exceeds 7.5 GWh. 

4. Application Results  
Results obtained from the application of the proposed algorithm are given in the 
following figures, considering also variation of the PV park capacity as well as of the 
employed storage volume (i.e. NPV-t = 2-15 MW, Vss = 1,000 - 20,000 m3). The energy 
autonomy levels achieved by the proposed solution are first examined. More precisely, 
in Figs. 5-6 the solution of a PV-CAES scheme is investigated. According to the results, 
parallel increase of PV power and storage volume is gradually reducing hourly load 
rejections. In this context, the selected range of variation of input parameters fails to 
produce energy autonomous PV-CAES configurations for the low solar potential. On 
the other hand, PV park capacity of 15 MW along with the maximum storage volume of 
20,000 m3 leads to a total of only 105 h of load rejection per year. At the same time, 
critical PV capacity (i.e. the PV capacity that leads to 100 % energy autonomy) is found 
to decrease as the solar potential quality improves. On top of that, as it may be seen, 
storage volume of Vss=1,000 m3 is unable to support energy autonomous configurations,  

 
Figure 4. Load demand variation of the typical island 
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Figure 5. Energy autonomy achieved by the 
PV-CAES system (low solar potential). 

Figure 6. Energy autonomy achieved by the 
PV-CAES system (medium solar potential). 

independently of the PV park capacity and the solar potential each time investigated. 
Besides, what is also critical to note is that according to the figures, employment of 
storage volume that is larger than 5,000 m3 entails minimum increase of energy 
autonomy levels for all cases examined. Next, in Figs. 7-8, the total natural gas 
consumption is presented for the same configurations, considering also contribution of 
the DM cycle. As one may see from the figures, low PV capacity implies that 
contribution of the DM cycle is more important, and thus total fuel consumption 
increases considerably. Accordingly, influence of the local solar potential gradually 
fades out, as the capacity of the PV park increases and thus DM operation minimizes, 
eventually leading to similar numbers concerning the total fuel consumption regardless 
of the solar potential quality (i.e. in the order of 400-450 t/y of natural gas). As one may 
see, contribution of the DM cycle reduces with the increase of the PV capacity and is as 
expected zeroed once 100 % energy autonomy is achieved (encountered only in the 
cases of high solar potential). The above conclusions are better demonstrated in the 
following set of figures, i.e. Figs. 9-10.  

 
Figure 7. Total fuel consumption (low solar 
potential). 

Figure. 8. Total fuel consumption (high solar 
potential). 

 

Figure 9. Fuel consumption breakdown (low 
solar potential). 

Figure 10. Fuel consumption breakdown 
(medium solar potential). 
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5. Conclusions 
Based on the development of an appropriate sizing algorithm, the solution of DMCAES 
combined with PV power was currently examined for isolated island regions expecting 
introduction of natural gas in the forthcoming years. To this end, the area of the Aegean 
Sea was selected as case study, with two different quality solar potential areas used in 
order to capture the entire range of solar variation across the Archipelagos. According to 
the results obtained, influence of the local solar potential implies significant difference 
in terms of both energy autonomy achieved and fuel consumption required, that is 
however becoming inconsiderable once PV power increases to extreme values, i.e. 
above 10 MW.  
 
Furthermore, according to the results, employment of storage larger than 5,000 m3 
implies no actual benefit for the system performance, with 1,000 m3 on the other hand 
failing to provide energy autonomy even for the highest PV capacity examined. Overall, 
according to the results of this study, appreciable quality of solar potential across the 
entire Greek territory is found to stimulate similar projects not only for the island 
territory, but also for the Greek mainland, where use of CAES configurations coupled 
with considerable PV power could serve night-time peak loads and thus relieve the main 
grid from the operation of strictly thermal-based peak power units. 
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