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A B S T R A C T   

Current study represents the thermodynamic modeling and exergy analysis of a compressed air energy storage 
system boosted with thermoelectric generator (CAES/TEG). To evaluate the studied system, a comparative 
analysis between compressed air energy storage system (CAES) with CAES/TEG has been done. Exergy, a 
powerful tool for analyzing energy conversion systems, is employed to determine the exergy destruction rate and 
exergy efficiency of the system as well as different related components. The results of exergy analysis indicates 
that the wind turbine with 35.28 kW (44.81% of total exergy destruction rate) has the highest exergy destruction 
rate and after that in the second and third places are combustion chamber and cavern. Findings indicate that 
with adding thermoelectric modules to the CAES system, the output power of Rankine cycle and organic Rankine 
cycle increase about 1.16 kW and 0.959 kW in comparison with CAES system, which these changes lead to 
increasing the net output power of the system in CAES/TEG system from 33.59 kW to 35.71 kW compare with 
CAES. Moreover, the influences of main parameters such as compressor mass flow rate, compressor pressure 
ratio, and combustion chamber outlet temperature and wind speed on the CAES/TEG performance are in
vestigated.   

1. Introduction 

Nowadays, due to the development of industries and dramatically 
increasing population, there is a need for more electrical energy. More 
energy consumption in communities, industrial sectors, and agri
cultural activities increases the environmental pollution that has long- 
term adverse effects on the environment [1]. An appropriate approach 
to mitigate such adverse effect is thermal performance improvement of 
energy conversion systems. A typical example is integration of different 
equipment to produce diverse products. This can be a useful approach 
to thermal efficiency enhancement. 

Combined heat and power (CHP) systems are a type of integrated 
system that uses energy of a prime mover to generate electricity and 
thermal energy. In these systems, dissipated heat can be used to gen
erate more electrical power by cycles such as Rankine cycle (RC) and 
organic Rankine cycle (ORC) or directly to generate hot water for re
sidential or industrial applications [2–4]. Zare V. and Hasanzadeh M.  
[5] studied a closed Brayton cycle integrated with a solar tower based 

on energy and exergy analysis. Their results showed that an exergy 
efficiency higher than 30% for the overall power plant could be 
achieved. In addition, it was reported that their proposed power cycle 
has a better performance than other investigated RC and supercritical 
CO2 systems. 

A promising option to achieve better performance in such systems is 
combination of CHP systems with renewable energies for further pol
lution reduction. Using solar collectors and wind turbines can be good 
options. The main problem with renewable energies is that they are not 
permanent and may only be available for limited hours of a day so an 
energy storage system is a necessity. Methods such as compressed air 
energy storage (CAES) or pumping water behind dams or flywheels can 
be useful in such systems. There are numerous researches on the in
tegrated systems with renewable energy to enhance the performance by 
introducing new combination of different systems. 

Cavallo Alfred [6] showed that the intermittent wind turbine power 
can be used in a CAES system. Osterle J. F. [7] analyzed CAES as an 
energy storage concept. Energy and exergy analyses for both charge and 
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discharge mode was applied. Moreover, an appropriate effectiveness 
based on exergy concept was defined and evaluated. Shafiee et al. [8] 
proposed a self-schedule plan for a CAES unit. They considered the 
thermodynamic limitations during the devising the operation schedule 
for having a more realistic model and subsequently a more realistic 
revenue. Their results shows that in case of participating in energy and 
reserves markets, the proposed approach led to less error compared to 
conventional approach. Jadidbonab et al. [9] evaluated the self 
–scheduling problem for a solar CAES system that was capable of re
covering the compression thermal energy based on the information gap 
decision theory (IGDT) approach. Their results showed higher benefit 
by around 10% for a risk-averse plant with thermal energy recovery 
unit compared the system without TER. Bagdanavicius A. and Jenkins 
N. [10] analyzed a compressed air energy storage system to examine 
the potential of using generated heat during compression stage. Two 
systems were studied including CAES, and compressed air energy sto
rage combined with thermal storage (CAES-TS). The maximum power 
output of both systems was 100 MWe and the thermal output of the 
latter case was 105 MWth. Their exergy and exergoeconomic analyses 
indicated that the CAES-TS system has the potential to be employed for 
both energy storage and heat source. 

Bosio F. and Verda V. [11] considered a mechanical energy storage 
include a compressed air energy storage integrated with a hybrid power 
plant (HPP). Their thermoeconomic analysis indicated that reducing 
operating hours and large variations in the electricity generation of the 
wind farm can make the HPP-CAES cost-effective only when it is op
erated with the goal of solving local imbalances of the grid. Szablowski 
L. et al. [12] performed energy and exergy analysis for an adiabatic 
CAES (A-CAES) system. The volume of CAES cavern was 310,000 m3 

and operating pressure of cavern was between 43 and 70 bar. The 
temperature of thermal oil for thermal energy storage in the hot and 
cold tanks were 300 °C and 80 °C, respectively. Simulations of loading 
and unloading CAES were examined and exergy destruction locations 
were determined. The results showed that the biggest exergy 

destruction rate occurs in the compressors (276.191 MWh/cycle in 
total) and turbines (190.394 MWh/cycle in total). 

Zhao P. et al. [13] investigated a compressed air energy storage 
system combined with humid air turbine (HAT) to recover the gener
ated heat in compression process during the charge and waste heat 
carried in turbine exhaust during discharge. It was reported that the 
expansion train power can be improved by about 26% compared with 
conventional CAES system. They also carried out an optimization based 
on particle swarm optimization (PSO) to determine the maximum 
power and exergy efficiency. 

To assess the combination of wind energy with combined cooling, 
heating and power generation system research was conducted by 
Mohammadi A. et al. [14]. It was reported that the suggested system 
under design condition could generate 33.67 kW electricity, 2.56 kW 
cooling and 1.82 ton per day hot water with round trip efficiency of 
53.94%. It was also showed that the gas turbine parameters have sub
stantial effects on the performance of system. 

There are other studies, which integrated different systems with 
CAES. Nouri M. et al. [15] developed a thermodynamic model for CHP 
system integrated with wind turbine and compressed air energy storage 
system. In another study, Sadreddini A. et al. [16] analyzed and opti
mized a combined cooling, heating and power system composed of an 
air energy storage system and ORC unit. They reported that the system 
could produce 34 kW power, 25.5 kW heating and 0.3 kW cooling with 
68% round trip efficiency. In addition, the optimization of the system 
revealed that the round trip efficiency could increase up to 71.87%. 

Thermoelectric generator (TEG) is a solid component that converts 
heat into electrical energy. Unlike conventional heat engines with 
moving parts, thermoelectric generator has no moving components and 
is completely silent. Thermoelectric generators are less efficient than 
conventional heat engines, but on small scales, they can be very useful 
because they are compact, simple, inexpensive, and scalable. Adding 
TEG modules to the other energy system can improve the waste energy 
recovery. Literature review shows that there is no study on the 

Nomenclature  

AC After cooler 
ASU Air storage unit 
CAES Compressed air energy storage 
EES Electrical energy storage 
HHV High heat value 
HWS Hot water system 
LHV Low heat value 
ORC Organic Rankine cycle 
RC Rankine cycle 
TEG Thermoelectric generator 

Symbols 

A area 
Cp Turbine coefficient 
Ex exergy (kJ/kg) 
H enthalpy 
K thermal conductivity 
m Mass flow rate 
q Heat transfer rate (kW) 
R Universal gas constant 
S Entropy (kJ/kg K) 
S Seebeck coefficient 
T Time 
V Wind velocity (m/s)/ volume (m3) 
W Work rate (kW) 
Wt wind turbine 

Z Figure of merit 

Subscripts and super scripts 

B Brayton 
C Cold 
Cc Combustion chamber 
Ch Chemical 
Ch Charge 
comp Compressor 
D Destruction 
dis Discharge 
En Energy 
evap Evaporator 
Fc Fuel cell 
H Hot 
I Inlet 
IC intercooler 
O Outlet 
pH physical 
rp Pressure ratio of compressor 
tur turbine 

Greek symbols 

η Efficiency 
ρ Density of air 
σ Electrical conductivity   
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combination of thermoelectric modules with CAES. In the current 
study, a compressed air energy storage integrated with organic Rankine 
cycle, Rankine cycle and domestic hot water system integrated with 
TEG modules is investigated. Since there are considerable energy waste 
in the condensers of ORC and RC systems, the TEG modules with low 
operation temperature is appropriate option to enhance the thermal 
efficiency. To better review the studied system in the field of waste heat 
recovery and CAES integrated system, a summary of the carried out 
works in this field are presented in the Table 1. 

In summery the main novelties and contributions of the current 
work can be listed as follows:  

• Develop a thermodynamic simulation of two arrangement of a CAES 
system.  

• Employing exergy analysis as powerful tool to determine exergy 
destruction and exergy efficiency of components.  

• Comparative analysis for both systems with and without TEG 
modules based on energy and exergy analysis  

• Parametric analysis to determine the effect of pressure ratio (Rp), 
compressor mass flow rate, and combustion chamber outlet tem
perature on the CAES/TEG system. 

• The effect of employing TEG system on the CAES system perfor
mance is determined 

In the Section 2 the operation principle of conventional and sug
gested system are described. In Section 3 the mathematical modeling of 
the system including thermal simulation of different subsystems as well 
as exergy analysis and appropriate expression to system assessment are 
developed. In Section 4, after validation, the results of thermal mod
eling and parametric analysis are expanded. Finally, the concluding 
remarks and main findings are presented in the conclusion section. 

2. System description 

Fig. 1 represents the schematic diagrams of integrated compressed 
air energy storage system (CAES) with and without thermoelectric 
generator unit. In the studied systems, a wind turbine is employed to 
convert wind kinetic energy into electrical energy. The generated 
electricity supplies to the air compressors. Two compressors are used to 
feed the pressurized air required for the compressed air storage unit 
(ASU). The compressed air unit is at ambient temperature and two in
termediate coolers are used after each compressor unit to bring the 
compressed air temperature to the ambient temperature then the air 
enters the compressed air tank. 

The most important use of these types of systems is for peak-duty 
mode. During the peak hours, the compressed air intake is used to drive 
the gas turbine. Furthermore, before the gas turbine, there is a com
bustion chamber, which increases the enthalpy of compressed air and is 
used to generate power in the gas turbine. The waste heat in the gas 
turbine outlet and intercoolers are employed to generate more power in 
the Rankine cycle and the organic Rankine cycle (ORC). In order to 
enhance the system performance, two thermoelectric generator mod
ules are used to recover energy from RC and ORC condensers. The 
working fluid in the CAES (point 1 to point 10) is air, in the ORC (point 
11–18) is carbon dioxide (CO2) and in the RC (point 19–22) is water. 

To clear the work principles of the system, the operation of the 
CAES system presented in Fig. 1(a) is described here. The ambient air in 
condition 1 enters compressor I and in intercooler section the thermal 
energy of stream 2 exchanges with the working fluid of ORC. In the next 
section, the air is compressed in compressor II. In point 4, in the 
aftercooler, the thermal energy of air gives to the stream of 13, which 
feed the ORC. Then the air stream in state 5 enters the ASU. On the 
output of ASU the compressed air in the combustion chamber burns 

Table 1 
A summary of reviewed studies in literature.     

Author Configuration Remarks  

Zare V. and Hasanzadeh M. [5] A closed Brayton cycle, two Organic Rankine cycle • Exergy efficiency of 30% 
• Better performance compared to other conventional systems 

Cavallo Alfred [6] Wind Turbine, CAES • Coping with intermittent behavior of wind energy through coupling 
with CAES 

Osterle J. F. [7] CAES • Found the exergy variation more meaningful than energy changes 
Bagdanavicius A. and Jenkins N. [10] Configuration Ι: CAES 

Configuration ΙΙ: CAES+ thermal energy storage (CAES-TES)+ 
district heating network 

• During the compression of air 289GWh/year of heat was generated 
that used for district heating 
• Energy efficiency improved from 48% (CAES) to 86% (CAES-TES) 
• Exergy cost of generated electricity: 
CAES: 13.89c/kWh 
CAES-TES: 11.2c/kWh 

Szablowski L. et al. [12] Adiabatic CAES power plant • Highest exergy destruction:  
Compressors: 276.191 MWh/cycle 
Turbines: 190.394 MWh/cycle 
• Round trip efficiency: 50% 

Zhao P. et al. [13] CAES, Humid Air Turbine (HAP) • Expansion train power: improved up to 26% 
• Round trip efficiency (RTE): 67.23% 
• 2nd law efficiency: 48.74% 
• Optimization:  
Expansion train power: 472MW 
RTE: 64.64% 
Exergy efficiency: 49.69% 

Mohammadi A. et al. [14] Wind, CAES, CCHP • Generated electricity: 33.67kW 
• Generated cooling: 2.56kW 
• Generated hot water: 1.82 ton/day 
• Round trip efficiency: 53.94% 

Nouri M. et al. [15] CHP, CAES • Increasing compression ratio led to riding in irreversibility 
• Irreversibility and output power had a linear trend with air mass flow 
rate 

Sadreddini A. et al. [16] CAES, ORC, ejector system • Generated Power: 34 kW 
• Generated Heating: 25.5 kW 
• Generated Cooling: 0.3kW 
• RTE: 68% 
• Optimization: 
RTE: 71.87% (5.7% higher than base case) 
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with fuel and high temperature combustion products drive gas turbine 
unit and generates power. To enhance the performance of the system a 
Rankine cycle is used to recover energy from gas turbine output stream. 
In addition, a hot water system (HWS) is used in the system before 
stack. Additionally, in the new arrangement in the condenser of RC and 
ORC two thermoelectric units (TEG I and TEG II) are used to recover 
more thermal energy. 

3. Mathematical modeling 

In this section, the governing equations in mathematical modeling 
of the suggested systems are presented. To carry out energy and exergy 
analyses of the studied system, each component is considered as a 

control volume. To simplify the governing equations the following as
sumptions have been made:  

• All processes in the Brayton cycle, Rankine cycle, organic Rankine 
cycle, and hot water heating systems are in uniform flow and steady 
state condition.  

• The combustion chamber products and air are assumed as ideal gas.  
• The fuel used in the combustion chamber is methane. 
• The outflow condition for Rankine and organic Rankine cycle con

densers are saturated liquid.  
• The heat losses for all control volumes are considered negligible. 

Fig. 1. Schematic diagram of studied systems (a) CAES system (b) CAES/TEG system.  
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3.1. Energy analysis 

The employed wind turbine in this study has a horizontal shaft with 
five blades. These blades are facing wind, and wind turbine power and 
wind energy can be estimated as follows [14]: 

=W
C A V

2wt
p

3

(1)  

=W A V
2wind

3

(2)  

Where Cp denotes the turbine power coefficient, V represent the 
wind velocity and ρ indicates the air density. The wind turbine power 
transmits to the compressors to maintain a determined mass flow rate of 
compressed air. The additional power of wind turbine directly feed to 
electrical grid to supply the external users. The compression ratio of 
each compressor unit is related to the ratio of intake air pressure to the 
air storage outlet pressure as follows: 

= =r r Rp p p1 2 (3)  

Which Rp is the pressure ratio of the air feeds to the CAES unit to 
the pressure of intake air of compressor I. Given that, in the heat ex
changers the pressure loss are considered negligible, using the mass 
flow rates in Brayton cycle and applying energy equation, the mass flow 
rates of streams in the intercooler and aftercooler and other heat ex
changers can be obtained as follow: 

=m h h m h h( ) ( )2 3 2 14 14 16 (4)  

=m h h m h h( ) ( )4 5 4 15 13 15 (5)  

=m h h m h h( ) ( )20 21 20 8 8 9 (6)  

In addition, in the hot water system and condenser the governing 
equation can be written as [17]: 

=m h h m h h( ) ( )23 24 23 9 9 10 (7)  

=q m h h( )coldside1 25 26 25 (8)  

=q m h h( )coldside2 27 28 27 (9)  

Where m denotes the mass flow rate. A part of rejected heat in the 
condensers via TEG modules converts to the electrical output and re
main parts are rejected to the environment by cooling medium. 

=q Q Wcoldside elegant TEG (10)  

Here Qelegant is the supplied heat to the TEG modules form the hot 
side and WTEG is the output power of TEG unit. Furthermore, to calcu
late the fuel mass flow rate, the energy equation can be applied for the 
combustion chamber control volume as follow [18]: 

=m h h m LHV( ) fuel comp6 7 6 (11)  

Where ηcomp is the combustion chamber efficiency and LHV re
presents the lower heating value of supplied fuel. For the mixing and 
splitting units, the following relations can be used. 

= +m m m17 16 15 (12)  

+ =m h m h m h15 15 16 16 17 17 (13)  

= +m m m12 13 14 (14)  

The charge and discharge times of the compressed air storage 
system directly related to the size of storage system. With determined 
volume of compressed air storage system the charge and discharge time 
are presented as follows [14]: 

=t
V
m

( ).
3600.charge

storage5 6

5 (15)  

=t
V
m

( ).
3600.discharge

storage5 6

6 (16)  

Here, Vstorage shows the volume of storage system and ρ indicates the 
density of air. 

3.2. Thermoelectric generator 

Thermoelectric effect means direct conversion of temperature dif
ference to electricity and vice versa. At the atomic scale, a temperature 
gradient charges the charge carriers and penetrates from the hot side to 
the cold, like the classic gases that expand when heated and generate 
heat flow. Thermoelectric effects can be used to generate electricity and 
measure temperature. 

The thermoelectric include three effects:  

• Seebeck effect  
• Pletier effect  
• Thomson effect 

The thermoelectric system was founded in 1843 based on the Pletier 
effect. The other two effects are linked using simple relationships. The 
Pletier effect is based on the connection point, but the other two effects 
are considered in semiconductors. 

In engineering, the competency factor is often defined for specific 
materials and equipment. In trading, such parameters are used as 
marketing tools. The Figure of merit coefficient for thermoelectric is 
defined as follows: 

=Z S
K

2

(17)  

Here σ is electrical conductivity, K denotes thermal conductivity, 
and S is Seebeck coefficient. This parameter multipled by mean tem
perature of hot and cold sides of thermoelectric convert to a di
mensionless parameter. 

For thermodynamic modeling of TEG modules, the mean tempera
ture of hot and cold side can be calculated as follow: 

=
+

T
T T

2h
in hotside out hotside, ,

(17)  

=
+

T
T T

2c
in coldside out coldside, ,

(18)  

Thermal efficiency of thermoelectric can be calculated from Carnot 
efficiency and Figure of merit as follow [17,19]: 

= +
+ +

ZT
ZT

(1 ) 1
(1 )TEG

m

m
T
T

carnot

0.5

0.5 c
h (19)  

= T
T

1 c

h
carnot (20)  

The net output power of the thermoelectric module is a fraction of 
absorbed heat from hot side and it can be calculated as follow: 

=W Q.TEG TEG elegant (21)  

=Q m h h. ( )elegant hotside in hotside out hotside, , (22)  

3.3. Exergy analysis 

Exergy is the maximum obtainable work from a system when it 
undergo a process from a specific state to the environment condition. 
Specific exergy of a steam can be divided into two parts as follows [20]: 

= +ex ex exph ch (23)  

Where exph and exch are physical and chemical exergies, which can 
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be calculated as follows [21]: 

=ex h h T s s( ) ( )ph o o o (24)  

Here ∘ represents the condition of the reference environment. In 
addition, the exergy of a mixture of an ideal gas are computed from the 
following relation [20]: 

= +
= =

ex y x RT y ye ln( )ch
i

N

i i
ch

i

N

i i
1

o
1 (25)  

Where yi is the mass fraction of each component in the mixture and 
xe i

ch is the standard chemical exergy of each component. The exergy of 
the consumed fuel is calculated from [20]: 

=
ex
LHV

fuel
(26)  

Here ξ is a constant for each hydrocarbons fuel and its value is near 
1.03. 

The exergy analysis help to find the components with higher exergy 
destruction rate. Using thermodynamic properties of different points, 
the exergy balance for each control volume in the steady state can be 
written as follows [22,23]: 

+ = + +Ex m ex Ex m ex ExQ i i w e e D (27)  

Where, ExQ, Exw and ExD are exergy of heat, work and exergy 
destruction rate for correspond control volume. The exergy destruction 
rate and exergy efficiency of main components of the CAES/TEG system 
are listed in Table 2. 

3.4. System assessment 

For the CAES/TEG system, the net output power of Brayton cycle, 
ORC and RC are considered as follows: 

= +W W W W Wnet B GT wt compI compII, (28)  

= +W W W Wnet ORC ORC tur ORC pump TEGI, , , (29)  

= +W W W Wnet RC RC tur RC pump TEGII, , , (30)  

= + +W W W Wnet total net B net RC net ORC, , , , (31)  

The first law efficiency of Brayton and the CAES system can be 
expressed as follows: 

=
+

W
q WI B

net B

cc wt
,

,

(32)  

=
+

+
W m h h

q W
( )

I tot
net total

cc wind
,

, 23 24 23

(33)  

Here, qcc is the amount of heat energy of the fuel that is supplied into 
the system and it can be calculated as follows: 

=q m LHV.cc fuel (34)  

To evaluate the considered system from the thermodynamic point of 
view, various output parameters of the CAES/TEG can be defined. 
Exergy efficiency of the system is a suitable indicator, which shows how 
much of the input exergy convert to the useful output in the term of 
exergy. The exergy efficiency of the CAES/TEG system can be expressed 
as follows: 

=
+

+
W m x x

Ex W
(e e )

II
net total

fuel wind

, 23 24 23

(35)  

Where Wnet is the net output power. The total utilized products in 
term of energy and exergy (TUPen) and (TUPex) can be defined as: 

= +TUP W m h h( )en net total, 23 24 23 (36)  

= +TUP W m ex ex( )ex net total, 23 24 23 (37)  

3.5. Economic analysis 

Various economic indicators can be applied to the economic as
sessment of a project, including the simple payback (SP), the net pre
sent value (NPV), the internal rate of revenue (IRR) and the discounted 

Table 2 
Exergy destruction rate and exergy efficiency of different components of the CAES/TEG system [24].     

Component Equation 
Exergy destruction rate Exergy efficiency  

Compressor I = +Ex Ex Ex WD comp I compI, 1 2 =compI
Ex Ex

WCI
1 2

Intercooler = +Ex Ex Ex Ex ExD IC, 2 3 14 16 =IC
Ex Ex

Ex Ex
16 14

3 2
Compressor II = +Ex Ex Ex WD compII comp II, 3 4 =compII

Ex Ex
WCI
1 2

After cooler = +Ex Ex Ex Ex ExD AC, 4 5 13 15 =AC
Ex Ex

Ex Ex
15 13
5 4

Air storage unit =Ex Ex ExD ASU, 5 6 = 1ASU
ExD ASU

Ex
,

5
Combustion chamber = +Ex Ex Ex ExD CC fue, 6 7 ; =CC

Ex Ex
Exfuel
7 6

Gas turbine =Ex Ex Ex WD GT GT, 7 8 =GT
WGT

Ex Ex7 8
RC evaporator = +Ex Ex Ex Ex ExD RC evap, 8 9 20 21 =RC evap

Ex Ex
Ex Ex

21 20
8 9

RC Pump = +Ex Ex Ex WD RC pump RC punmp, 19 20 =RC pump
Ex Ex
WRC pump

20 19

RC turbine =Ex Ex Ex WD RC tur RC tur, 21 22 =RC tur
WRC tur

Ex Ex20 21
ORC pump = +Ex Ex Ex WD ORC pump ORC punmp, 12 13 =RC pump

Ex Ex
WORC pump

12 11

ORC tur =Ex Ex Ex WD ORC tur ORC tur, 17 18 =ORC tur
WORC tur

Ex Ex17 18
Hot water system = +Ex Ex Ex Ex ExD HWS, 9 10 23 24 =HWS

Ex Ex
Ex Ex

24 23
9 10

TEG I = +Ex Ex Ex Ex Ex WD TEGI TEGI, 18 11 25 26 =TEGI
WTEGI

Ex Ex18 11
TEG II = +Ex Ex Ex Ex Ex WD TEGII TEGII, 22 19 27 28 =TEGII

WTEGI
Ex Ex22 19
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payback time (DPT). The SP method can give an easy approach to es
timate the time of investment return. The SP represents the number of 
years it takes the cash flow to be equal to the total investment and is 
calculated as: 

=SP
CF

Investment cost of TEG modules
(38) 

where CF represents the annual cash flow that is gained from sold 
electricity generated via TEG modules and it can be calculated as 
follow: 

=Cash flow WC TEGelec (39)  

Where is the cost of electricity and WTEG is the total generated power 
by thermoelectric modules. 

4. Results and discussion 

4.1. Validation 

For studied CAES/TEG system, the considered assumptions and 
input parameters are summarized in Table 3. In the current section, a 
validation of developed code in the EES software with the reported data 
in literature is presented and compared. 

Thermodynamic characteristics of the selected points are compared 
with those of Mohammadi A. et al. [14] and Nouri et al. [15] works. As 
it is evident from Table 4, there are small difference between present 
study and the data reported by Mohammadi A. et al. [14] and Nouri M. 
et al. [15]. 

In addition, to show the accuracy of the model, the charge and 
discharge times are compared in Fig. 2. As the results reveal there is a 

reasonable difference between current work and reported data by 
Mohammadi A. et al. [14]. The calculations show that the relative er
rors of present work with reference [14] for charge and discharge times 
are 1.66% and 1.58%, respectively. 

Also, Fig. 3 illustrates the main obtained numerical value of output/ 
input parameters of the studied system and gives a comparison between 
them and presented data by Mohammadi A. et al. [14]. A review of the 
results shows that the maximum error take place for compressor II input 
power with 5.05%. In other parameters, namely the compressor I input 
power, the gas turbine output work and the combustion chamber input 
relative errors are 3.18%, 4.66%, and 2.51%. 

Table 3 
Input parameters using in the thermodynamic modeling of CAES-TEG [14].     

Parameter Unit Value  

Ambient temperature K 298 
Ambient pressure bar 1.01 
Number of wind turbines _ 1 
Average wind speed m/s 4.8 
Power coefficient for wind turbine _ 0.45 
radius of turbine Blade m 17.68 
Volume of air cavern m3 300 
Cavern inlet mass flow rate kg/s 0.096 
Cavern outlet mass flow rate kg/s 0.06 
Pressure of air cavern bar 7.07 
total pressure ratio of compression train _ 10 
Compressor isentropic efficiency % 85 
Gas Turbine isentropic efficiency % 85 
Combustion chamber efficiency % 95 
Gas Turbine inlet temperature K 1073 
Gas Turbine expansion ratio _ 7 
LHV of fuel kJ/kg 48,000 
Intercooler outlet temperature K 313 
Aftercooler outlet temperature K 313 
Heat exchanger outlet temperature after GT K 361.4 
Heat exchanger outlet temperature in HS K 298 
RC condenser Pressure bar 0.65 
RC turbine inlet temperature K 711.6 
RC pump outlet pressure bar 30 
RC turbine isentropic efficiency % 91 
RC pump isentropic efficiency % 88 
ORC condenser Pressure bar 70 
ORC pump outlet pressure bar 100 
ORC turbine isentropic efficiency % 90 
ORC pump isentropic efficiency % 90 
Heating system pressure bar 2 
Inlet water temperature K 298 
Outlet water temperature K 313 
Condensers cooling water pressure bar 2 
Condensers cooling water inlet temperature K 298 
Condensers cooling water outlet temperature K 303 

Table 4 
Comparison of thermodynamic properties of different points of current work 
with data reported in literature.       

Point Parameter Present study Mohammadi A. et al.  
[14] 

Noori M. et al.  
[15]  

2 P 3.194 3.19 3.2  
T 433.8 434.73 433.9  
m 0.096 0.096 0.096 

4 P 10.1 10 10.1  
T 455.4 457.44 455.6  
m 0.096 0.096 0.096 

6 P 7.07 7 7.07  
T 313 313 313  
m 0.06 0.06 0.06 

8 P 1.01 1.04 1.01  
T 714 735.8 711.6  
m 0.061 0.061 0.061 

Fig. 2. Comparison of charge and discharge time of cavern for present work and 
Mohammadi A. et al. [14]. 

Fig. 3. Comparison of main input/output power to the system in present study 
and Mohammadi A et al. [14]. 
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4.2. Thermodynamic results 

A simulation code in Engineering Equation Solver (EES) has been 
developed to analyze the system. Since the storage and expansion 
process do not take place simultaneously, the inlet mass flow rate of air 
in cavern is different with that of the outlet. In the following section, 
the thermal analysis of the CAES and CAES/TEG systems including 
comparative analysis and parametric study are presented. 

4.2.1. Comparison of suggested systems 
To compare the performance of two considered systems, different 

outputs are illustrated and described here. As it is depicted in Fig. 4, the 
exergy destruction percentage of different components for the CAES are 
higher than those of CAES/TEG. Furthermore, it can be found that the 
wind turbine, cavern, and combustion chamber have the highest exergy 
destruction percentage in both systems. The calculations indicate that 
the exergy destruction of wind turbine is 35.28 kW in both CAES and 
CAES/TEG systems. 

The output power of two systems are compared in Fig. 5. The 
generated power in the Brayton cycle are the same in both studied 
systems because the main parameters of the Brayton cycle in CAES and 
CAES/TEG are similar. On the other side, the organic Rankine cycle and 
Rankine cycle output power in the CAES/TEG system show the incre
ment about 1.16 kW and 0.959 kW compared with the CAES due to 
additional generated power of TEG modules. In addition, the net output 
power for the CAES and CAES/TEG are 33.59 kW and 35.71 kW. 

Fig. 6 presents the first and second law efficiencies of different 
subsystems of the CAES and CAES/TEG systems. As it can been ob
served, adding TEG modules to the system increase the efficiency of all 
subsystems and total energy and exergy efficiencies of the CAES/TEG 
unit. Due to that the additional power of TEGs do not have effect on the 
Brayton cycle in the CAES and CAES/TEG systems, the efficiency of this 
subsystem remain constant on 32.8% for both systems. 

To further assess the two systems, the total useful product energy 
(TUPen), exergy of the total useful product (TUPex) and total exergy 
destruction rate are compared in Fig. 7. It can be observed that the total 
useful output of the CAES/TEG system based on energy and exergy are 
higher than the values of CAES system. This is because the TEG output 
power is added to the total useful output in the CAES/TEG. Ad
ditionally, the total exergy destruction rate of the CAES and CAES/TEG 

Fig. 4. The exergy destruction percentage for each component of CAES and CAES-TEG system.  

Fig. 5. The net output power of the various subsystems of the CAES and CAES/ 
TEG systems. 

Fig. 6. Energy and energy efficiencies of different subsystems of both CAES and 
CAES/TEG systems. 
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are 78.73 kW and 81.14 kW, respectively. 

4.2.2. Parametric analysis of caes/teg 
The results of comparative analysis indicated that the CAES/TEG 

system show a better performance than the CAES system. Hence, more 
detailed parametric analysis are carried out on the main parameters of 
CAES/TEG system. Here the influence of compressor pressure ratio, 
compressor mass flow rate, and combustion chamber outlet tempera
ture on the CAES/TEG system has been investigated. 

4.2.2.1. Compressor pressure ratio (Rp). Compressor pressure ratio is a 
parameter, which has a significant influence on the performance of all 
subsystems. For this reason this parameter is changed between 8 and 14 
and the variation of main system outputs are investigated. The range of 
this parameter are selected based on the available commercial 
compressor. Fig. 8 shows the influence of the compressor pressure 
ratio on the CAES/TEG efficiency and outputs. As it is seen the 
compressor pressure ratio enhancement leads to the decrement in 
the TUPen, TUPex, Brayton cycle efficiency and output power. The 
main cause of this behavior is enhancing the input power of 
compressor with increasing compressor pressure ratio (Fig. 9). 
Furthermore, it can be observed that the ORC energy efficiency 
shows a positive trend with increasing Rp. 

It is found that due to the increment of Rp, the exergy destruction 
rate in the compressors and the compressed air storage system increase. 
An increment of the total exergy destruction rate of 7.84% by in
creasing the pressure ratio from 8 to 14 imposed to the CAES/TEG 
system. Due to the increased density of air, the amount of air that can 
be stored in the compressed air storage unit increases therefore both 
charging and discharging times increasing about 5.86 and 9.37 h, re
spectively (Fig. 10). 

4.2.2.2. Compressor mass flow rate. In coolers, the main target is that 
the absorbed heat by air is given to the ORC and the output temperature 
reach a desired value. The inlet flow rate of compressor directly affects 
the performance of the cycles that are connected to the Bryton cycle, so 
increasing the inlet flow rate of air increases the flow rate of the ORC. In 
other words, when the inlet flow rate rises, it transfers more energy to 
the ORC, thereby the turbine and thermoelectric generated power 
increase. In addition, simultaneously the consumed power by 
compressors increase, which decrease the total useful output (TUPen 

and TUPex) of the system as, illustrated in Fig. 11. 
Furthermore, these changes enhance the consumption of ORC 

pumps, which results in trivial change in the net produced power of 
ORC, and its curve almost remains unchanged. 

The net output power and efficiency of the Brayton cycle also de
creased because of increased compressor power consumption, and the 

efficiency reduces from 36.64% to 31.94% and net output power de
creases by 4.22 kW. 

As it is seen from Figs. 12 and 13, since compressor input power is 
more than the generated power in the ORC and thermoelectric gen
erator, with increasing compressor mass flow rate, the overall energy 
and exergy efficiency decrease by 2.92% and 3.24%, respectively. In 
addition, the total exergy efficiency is about 3.24%, and TUPen and 
TUPex experience decrement. 

Furthermore, the charging time is reduced by approximately 30 min 
as the tank fills up more quickly. However, the discharge time does not 
change since it is independent of the compression and inlet flow stages. 
Due to the increment of exergy destruction rate of compressors, CAES, 
intercooler and aftercooler, the total exergy destruction rate of system 
increases by 3.77 kW as it is depicted in Fig. 12. 

4.2.2.3. Combustion chamber outlet temperature. The combustion 
chamber outlet temperature is the highest temperature in the studied 
system that have substantial influence on the system performance. The 
range of this variable is chosen based on the metallurgical limitation 
and material of gas turbine blades. Fig. 14 shows that increasing the 
inlet temperature of the gas turbine results in increasing the gas turbine 
output by about 3.17 kW. However, the output power in the Brayton 
cycle show an enhancement, the efficiency remains almost constant 
because more fuel is burned at the same time in the combustion 
chamber. 

Increasing the temperature at the inlet of the turbine also increases 
the temperature at the output of the gas turbine. This creates a higher 
temperature difference in the heat exchanger located after the gas 
turbine, which results in more heat input to the Rankine cycle. Finally, 
this enhancement leads to an increase in the turbine and thermoelectric 
output power by 1.8 kW. 

It can be observed in Fig. 15 that due to the increment in the outlet 
temperature of combustion chamber, the exergy destruction rate in the 
combustion chamber is enhanced by 4.72 kW. With increasing the 
outlet temperature of combustion from 1000 K to 1130 K, the overall 
energy efficiency enhancement of 1.54% and exergy efficiency incre
ment of 1.73% can be obtained, which is slight increment. 

Even though the energy efficiency of the CAES/TEG system ex
perience an increment with enhancement of combustion chamber outlet 
temperature, the main subsystems performance do not experience se
vere change (Fig. 16). In spite of that the increment of combustion 
chamber outlet temperature enhances the output power in the gas 
turbine, Rankine turbine and its thermoelectric (TEG I). The fuel con
sumption increment has a negative influence on the Brayton cycle ef
ficiency. 

4.3. Economic assessment 

Economic analysis and assessment is an important part of any en
gineering design. To show the effectiveness of suggested system from 
economic point of view an economic assessment is conducted to show 
the benefit of suggested system. Since the main difference of systems is 
addition the TEG modules, a suitable economic assessment can be done 
based on generated power of TEGs and investment cost. Fig. 17 in
dicates the annual cash flow and simple pay back rate for different Teg 
module costs. As it is seen the payback strongly depends on the specific 
cost of TEG. For instance with the cost of 2 $/W for TEG module, the 
payback time is the reasonable value of 2.8 years. Additionally, the 
annual cash flow is constant 1530 $/year. For different values of TEG 
cost the paybacks can be found and usefully predict the benefit cost of 
investment for suggested system. 

5. Conclusion 

The current research focuses on the thermodynamic modeling and 
assessment of a CAES/TEG system. A thermodynamic code in the 

Fig. 7. Comparison of different useful outputs of both studied systems.  
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Engineering Equation Solver (EES) is developed and appropriate in
dexes are defined to precisely evaluate the suggested systems. A com
parative analysis is developed to determine the effects of adding TEG 
modules to a CAES system. The value of net generated power, energy 

efficiency, exergy efficiency, and exergy destruction rate are compared 
in two suggested system namely CAES and CAES/TEG. The main find
ings of this study can be summarized as follows: 

Fig. 8. The change of compressor pressure ratio on the exergy efficiency and 
CAES/TEG system output. 

Fig. 9. The effect of Rp on the compressor input power and efficiencies.  

Fig. 10. The change of charging and discharging times and exergy destruction 
rate with variation of Rp. 

Fig. 11. The effect of compressor mass flow rate on the outputs of the system.  

Fig. 12. The change of compressor mass flow rate on the exergy efficiency, 
exergy destruction rate, charge, and discharge times. 

Fig. 13. The change of the compressor mass flow rate on the efficiency of 
different subsystems. 
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• The results of exergy analysis represent that in both CAES and 
CAES/TEG systems wind turbine, combustion chamber and cavern 
have the highest exergy destruction rate.  

• The generated power in CAES and CAES/TEG systems are 33.59 kW 
and 35.71 kW which difference of 2.12 kW is related to the TEG 
modules output power.  

• The output power of ORC, RC, and Brayton cycle are 1.51 kW, 
5.69 kW, and 26.38 kW for CAES and 2.68 kW, 6.65 kW, and 36.38 
for CAES/TEG, respectively.  

• The first law analysis indicates that the total efficiency of CAES/TEG 
system is about 1.84% higher than CAES system. In terms of total 
exergy efficiency, the system with TEG has higher efficiency of 
about 1.81% than the CAES system.  

• The compressor pressure ratio increment has a negative effect on the 
total exergy destruction rate and the charge time has a positive in
fluence on the discharge time.  

• Although increasing the air mass flow rate of compressor has an 
unfavorable effect on the TUPen and TUPex of the CAES/TEG system, 
the increment of combustion temperature show a favorable influ
ences on these parameters for the CAES/TEG system. 

The results of present study can help designer and researcher to 
create new integrated system with better performance. It is essential to 
mention that the use of thermoelectric generator in CAES system can 
appropriately improve the system performance. 
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Appendix 

In Tables A.1 and A.2, the thermodynamic properties of different states of CAES and CAES/TEG are presented. 

Fig. 14. The effect of combustion chamber outlet temperature on the system 
outputs. 

Fig. 15. The effect of combustion chamber outlet temperature on the energy 
efficiency, exergy efficiency, and exergy destruction rate. 

Fig. 16. The effect of combustion chamber outlet temperature on the efficiency 
of different subsystems. 

Fig. 17. The annual cash flow and simple payback rate for applied TEG mod
ules in the CAES/TEG system. 
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