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Energy storage is a significant solution for the la-
ter or cheap usage of energy, when the energy so-

urce is unavailable or expensive. The main problem 
related to renewable energy utilization is the time 
difference between the energy demand and the avai-
lability of energy sources. The most common method 
for solving this mismatch problem is energy storage. 
Thermal energy storage (TES) is a common and ad-
vanced one among the energy storage methods [1, 2]. 
Basically, TES is to store the energy in a storage me-
dium by converting the energy sources to heat. TES 
is divided into two sections, which are sensible and 
latent TES. While sensible TES is to store the energy 
as heat by changing the temperature of the storage 
medium, latent TES is to store the energy as heat by 
changing the phase of storage medium. TES types 
and storage materials are selected according to the 
storage capacity, environmental condition, working 
condition, type of energy sources, etc. Sensible TES 
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systems are widely used in small and medium-sized 
solar energy cooling and heating applications. Water 
is a convenient storage medium because of its rea-
sonable physical features, relatively harmless, che-
apness and easy accessibility [3]. Either the water is 
kept as a big storage volume such as the tanks, vessels, 
solar ponds or in many small capsules that are held in 
a big storage tank. Thermal stratification is the most 
important issue for the thermal performance of sen-
sible thermal energy storage tanks. Thermal stratifi-
cation in sensible thermal energy storage tanks has 
been investigated by many researchers [4-8].

A typical TES system consists of three different 
processes, which are charging, storing and discharging 
periods. In the charging period, energy is charged to a 
storage medium when the energy source is active and/
or cheap. The charged energy is kept in an insulated sto-
rage container or tank with minimum loss during the 

A B S T R A C T

This study presents a theoretical investigation for determining the effect of bottle ar-
rangement on the stored energy amount in the solar heating system.  0.5-liter, 1.5-liter 

and 5-liter water-filled PET bottles, which are widely used in daily life, have been investi-
gated in the terms of thermal energy storage performance. The total energy storage volume 
is 1,500 liters. The effects of inlet velocity, inlet temperature, bottle volume and bottle 
arrangement on the stored energy amount have been researched theoretically. At the end of 
this study, it is determined that using the water-filled PET bottles in the sensible thermal 
energy storage system is a practical, easy and cheap way to storing solar energy for short 
period storage. Additionally, since PET bottles have behaved like energy storage capsule, 
heat exchanger for charging and discharging processes are not required. The working f luid 
(air) directly circulates over PET bottles in charging and discharging periods. It is observed 
that decreasing bottle diameter (volume) increased the amount of thermal energy storage. 
The highest energy storage amount of 8,5 MW is seen in SN=1.25d and SP=2d in-line ar-
rangement. Increasing inlet velocity and inlet temperature have increased the stored energy 
amount.
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et al. [26] have summarized various solar thermal energy 
storage materials and thermal energy storage systems. The 
properties of solar thermal energy storage materials are dis-
cussed and analyzed.

There are many capsule shapes for TES systems. The 
most of these shapes are basis on cubic, cylindrical and 
spherical. Cylindrical and spherical capsules are widely 
used in the term of heat transfer characteristics. Because 
cylindrical and spherical capsules supply better the avera-
ge heat transfer coefficient and lower pressure drop. Also 
Ismail and Henriquez [27] have emphasized that the plastic 
based material is useful for TES capsules in the terms of heat 
transfer and cost. The plastic-based material, such as PVC, 
PET etc., are widely used in TES system as capsule material, 
since they are enduring, easy-producing, relative harmless 
and cheap.

The use of water-filled PET bottles in solar thermal 
heating applications has been investigated by Altuntop et 
al. [28], Altuntop and Tekin [29] and Erdemir and Altun-
top [30]. Altuntop et al. [28] have presented an analytic mo-
del for determining the performance of a sensible thermal 
energy storage system which is used water-filled PET bottles 
as a TES unit. Altuntop and Tekin [29] have presented the 
experimental findings for the solar energy-based floor hea-
ting system. TES unit of the system consists of the number 
of 5,120 1.5-liter water-filled PET bottles. At the end of their 
study, it has been found that the indoor sports hall can be 
heated by solar energy and sensible TES system. Erdemir 
and Altuntop [30] have performed the energy and exergy 
analyses in order to evaluate the solar energy heating system 
which is an integrated sensible TES system consists of wa-
ter-filled PET bottles.

It is observed from the literature survey that using 
water-filled PET bottles in a sensible TES system is an 
easy, cheap and ready to use solution for the short period 
storage of solar energy. Also, there is no clear study related 
to determining in different working and design conditions 
the thermal performance of sensible TES unit which con-
sists of water-filled PET bottles. In this study, the effects of 
bottle volume, bottle arrangement, inlet velocity and inlet 
temperature on the thermal performance of sensible TES 
system which is consisted of water-filled PET bottles have 
been researched theoretically. 0.5-liter, 1.5-liter and 5-liter 
PET bottles have been used in in-line and staggered arran-
gements.  Different inlet velocity and inlet temperature have 
been studied. Consequently, in the present study, both the 
design of system and working conditions have been investi-
gated for the sensible TES unit which consists of water-filled 
PET bottles.

storing period. In the discharging period, the stored energy 
is used when the energy source is not active and/or expensi-
ve. Thus, energy storage systems continue to provide energy, 
when energy sources are inactive or expensive. For example, 
in solar energy water and volume heating systems, energy is 
charged to a storage medium (water, salt, rock bed, etc.) du-
ring the daytime hours. The charged energy is stored until 
the time it is needed. The stored energy is then used to heat 
up the water or volume. Thermal energy storage (TES) is 
one of the most advanced and mature among energy storage 
types.

Kologirou [9] has investigated different solar collectors 
and their applications. Stinner et al. [10] have determined 
the performance of building which is integrated sensible 
TES system. Li [11] has performed the performance evalu-
ation for sensible TES systems over the energy and exergy 
calculations. Navarro et al. [12, 13] have published two re-
view studies related with active and passive TES systems. 
Caliskan et al. [14] have performed energy and exergy analy-
ses for evaluating the system performance in building he-
ating system which is consists thermo-chemical material 
and sensible TES. Anderson et al. [15] have researched the 
packed bed TES system. In their TES system, air is used as 
heat transfer fluid and alumina is used as storage medium. 
Cabeza and Or [16] have researched the performance of TES 
systems in heating and cooling applications for renewable 
energy sources. Dincer et al. [2] have conducted a study to 
determine the thermal performance for the sensible ther-
mal energy storage systems. Tian and Zhao [17] have publis-
hed a detail review study about solar collectors and thermal 
energy storage applications. Omu et al. [18] have developed 
a mixed integer programming for fascinating the design of 
solar domestic hot water system. Nkhonjera et al. [19] have 
prepared a review study about thermal energy storage de-
signs, heat storage materials. Pintaldi et al. [20] have develo-
ped an approach for energetic evaluation of thermal energy 
storage options for high efficiency solar cooling systems. 
Ozturk [21] have performed the experimental study for 
investigating the daily storage of the solar energy by using 
the volcanic material as the sensible TES material. Rao et 
al. [22] have presented the theoretical investigation of heat 
storage characteristics and transient behavior of a sensib-
le heat storage module of 10 MJ storage capacity designed 
for discharging the heat in the high temperature range for 
solar power plant applications. Mulane and Havardar [23] 
have carried out a review study on rock bed thermal energy 
storage system for thermal stratification and heat extraction. 
Rezaie et al. [24] have modeled and analyzed the transient 
behavior during charging and discharging of a fully mixed 
open TES. Kumar et al. [25] have researched rock bed solar 
thermal storage system for space heating applications. Alva 
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MATERIAL AND METHODS

Details of the System and PET Bottles

The schematic view of the solar energy heating system, 
which has the TES system consisted of water-filled PET 
bottles, is shown in Fig. 1. Solar energy heating system 
consists of solar collectors, fan, storage unit, water-fil-
led PET bottles and installation equipment. The fans are 
used for cycling the working fluid air. Air is the working 
fluid in this study. This system works in three different 
periods.

1. The heated air in the solar collector is sent to in-
door directly when the building needs heating

2. The heated air in the solar collector is sent to TES 
unit in order to store the solar energy when the building 
doesn't need heating

3. The stored energy is used, when solar energy not
active and building needs heating

In this study, 0.5-liter, 1.5-liter and 5-liter PET bottles, 
which are widely used in daily life, have been used as the 
energy storage capsule in TES system. In addition to being 
used as energy storage capsules, PET bottles act like heat 
exchangers. So, the heat exchanger for charging and disc-
harging periods is not required in the system. Air (working 
fluid) circulates directly over the PET bottles. The views and 
dimensions of PET bottles are seen in Fig. 2. TES perfor-
mance of PET bottles has been investigated by placing PET 
bottles in different arrangements (in-line and staggered) 
and positions (SN and SP). Also, different inlet temperatures 
and inlet velocities have been studied in order to determi-
ne system behavior in different working conditions. Heat 
transfer analyses have been performed theoretically. Some 
empirical equations have been applied to the system for de-
termining the amount of stored energy. During the calcula-
tions, PET bottles have been assumed as cylinders that have 
a diameter (d) and the height (H) given, shown in Fig. 2.

Details of Storage Unit and Heat Transfer 
Analysis

The schematic view of the storage unit is given in Figu-
re 1. 0.5-liter, 1.5-liter and 5-liter PET bottles have been 
placed to the storage unit in in-line and staggered arran-
gements, respectively. The total storage volume is 1500 
liters. PET bottles have been placed with 10 x 10 arrange-
ment on horizontal plane. Namely, there are10 bottles in 
columns and rows on the horizontal plane. The bottle ar-
rangement on the horizontal plane has been considered 
as constant because the arrangement on the horizontal 
plane had a significant effect on heat transfer analysis. So, 
the bottle arrangement in the horizontal plane has been 
taken as same for all bottle types, in order to compare in 
the term of heat transfer and storage performance.

Figure 1. The schematic view of the system

Figure 2. The views and dimensions of PET bottles

Figure 3. The arrangements of PET bottles a) in-line, b) staggered
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The number of bottles in the vertical direction has been 
changed for different bottle arrangements in order to set 
the total storage volume of 1500 liters. In the present study, 
there are 30 arrays for 0.5-liter bottle, 10 arrays for 1.5-liter 
and 3 arrays for 5-liter in the vertical plane. Total numbers 
of 0.5-liter bottles are 3000 pieces, 1.5-liter bottles are 300 
pieces and 5-liter bottles are 300 pieces. The arrangements 
in the horizontal plane of PET bottles are seen in Fig. 3. PET 
bottles have been placed in two different arrangements in 
the horizontal plane. These are in-line (Fig. 3.a) and stag-
gered (Fig. 3.b). The distance between the bottles has been 
taken as 1.25d, 1.50d and 2.00d in rows and columns. It is 
considered that there is no distance between the bottles in 
the vertical direction. Besides the bottle arrangement, the 
effects of air inlet velocity and inlet temperature on TES 
performance have investigated.

Heat transfer analysis for heated air flow across the PET 
bottles array has been calculated by equations, which is pre-
sented by Grimson [31] and situated in Holman [32]. The 
average heat transfer coefficient in tube banks (PET bottles) 
can be calculated as follows:

)
/

(
1

,
3

f

n
d f d fNu C Reh Prd

k
= = (1)

where C and n are constant coefficients taken from 
the table which is situated in [32]. During the flow across 
the tube bank, the maximum velocity in tube banks umax 

must be calculated for determining the maximum Reynolds 
number Red,max. umax for in-line and staggered arrangements 
are given below, respectively:

( )( )max /n nu u S S d∞= − (2)
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/ 2
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After calculating umax, the maximum Reynolds number 
(Red,max) can been calculated by Eq.4.

max
,maxRe f

d
f

u dρ
µ

= (4)

The average heat transfer coefficient can be calculated 
by writing Red,max in Eq.1. The working fluid has been assu-
med as incompressible. Physical properties of the fluid have 
been taken as depended on temperature. Also, heat loss has 
not been taken into consideration. Stored energy amount 
can be defined as below:

( ),stored t sur sur bulkQ A T T= − (5)

where Tsur is the surface temperature of PET bottles 
and Tbulk is the bulk fluid temperature. Also, stored energy 
amount, storedQ  is equal to charged energy amount argch edQ

, 

given in Eq.6.

( )arg ,ch ed p f in outQ mc T T= −



The outlet temperature of air from storage unit can be 
calculated by considering ( ) / 2bulk in outT T T= −  and 

argch ed storedQ Q=  . Also, Tsur can be taken as water temperature
inside the bottle.

RESULTS AND DISCUSSION

In this study, the amount of the stored heat in the wa-
ter filled PET bottles has been investigated theoretically. 
PET bottles have been placed to a storage tank in in-line 
and staggered arrangements, respectively. The distances 
in columns and rows between the PET bottles have been 
taken as 1.25d, 1.50d and 2.00d. Additionally, the effect 
of inlet temperature and inlet velocity on thermal energy 
storage performance have been researched. The parame-
ters used in the present work are summarized in Table 1.  
As seen from Table 1, 2700 different cases have been in-
vestigated. A program code has been developed by using 
MATLAB 2015a in order to analyze heat transfer in the 
storage unit.  The effect of parameters given in Table 1 
on the amount of stored energy has been calculated with 
this code.

The Influence of Bottle Volume and Dimensions

0.5-liter, 1.5-liter and 5-liter PET bottles, which are wi-
dely used in daily life, have been used in the present study. 
Because the arrangement and number of bottles in hori-
zontal plane are significant effect on heat transfer in the 
storage unit, PET bottles have been placed to horizon-
tal plane in 10 x 10 arrangement. 1500 liters of the total 
storage volume has been considered. So, the number of 
bottles in the vertical plane is different. The number of 
bottles in the vertical plane has not important effect on 
the heat transfer analysis.  Also, it has been considered 
that there is no distance between the PET bottles in the 
vertical position. The effect of PET bottle volumes on 
the stored energy amount (Qstored) for different 12 cases 
are seen in Fig. 4. As seen from Fig. 4, the stored energy 
amount has decreased with the increasing bottle volume, 
because the diameter of bottle increases with increasing 
bottle volume. So, the maximum Reynolds number has 
increased with increasing bottle diameter. Higher Rey-
nolds number has caused the higher Nusselt number and 
average heat transfer coefficient. Although the average 

Table 1. Studied parameters 

Parameter Value
Bottle volume, liter 0.5, 1.5, 5

Arrangements in-line, staggered
SN 1.25d, 1.5d, 2d
SP 1.25d, 1.5d, 2d

Inlet velocity, u∞ , m/s 0.5, 1, 1.5, … , 9, 9.5, 10
Inlet temperature, Tin,oC 50, 70, 80, 90
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heat transfer coefficient has increased with increasing 
bottle diameter, the stored energy amount has decreased. 
Because, the total heat transfer surface area for the bott-
les has decreased with the increasing bottle diameter.

The Influences of Air Inlet Velocity and 
Temperature

The stored energy amount changing with the inlet ve-
locity is seen in Fig. 5 for the case, which is SN=1.25d, 
SP=1.25d and Tin=70 oC for 5-liter bottle. The treatment 
seen in Fig. 5 is same for the all cases. Red,max, Qstored, Nu 
and h have increased with increasing inlet velocity. Be-
cause, the turbulent effect in storage unit has increased 
with increased inlet velocity. So, the stored energy amo-
unt has increased with increasing inlet velocity.

The effect of air inlet temperature on the stored energy 
amount, Qstored, is seen in Fig. 6.  Different five cases are given 
in Fig. 6. All cases in the present study have showed same 
behavior with the five cases seen in Fig. 6. As can be seen 
from Fig. 6, the stored energy amount has increased with 
higher inlet temperature. Because higher inlet temperature 
has caused to higher temperature difference between the 
bottle surface and the bulk temperature. Besides that, the 
rate of increase of Qstored is not same with the temperature 
increasing rate. While the inlet temperature has increased 
from 50 to 90 oC, Qstored increased 27, 21, 17, 14%.

The Influence of PET Bottle Arrangement

Flow over the PET bottles located in the first row is simi-
lar the flow over the single PET bottle. When downstre-
am rows are considered, flow conditions depend strongly 
on the PET bottle arrangement. In in-line arrangement, 
the pipes stayed back side of the first row are under the 
higher turbulent affect. With the decreasing SP, the heat 
convection coefficient increases due to turbulence ef-
fects. In general, the overall heat transfer coefficient for a 
row increases up to fifth row. After fifth row, significant 
changing in heat transfer characteristic does not occur 
depending on flow conditioning. In staggered arrange-
ment, the path of main flow is more complicated than 
in-line arrangement, so turbulence affects in storage unit 
is higher. Generally, in low Reynolds numbers (ReD<100) 
the overall heat transfer coefficient in staggered arrange-
ment is higher than in-line arrangement. However, the 
difference in overall heat transfer coefficient between 
in-line and staggered arrangements decreases with the 
increasing Reynolds number. The difference in the heat 
transfer characteristics for the PET bottle arrangements 
is based on umax and Red,max. These values change with the 
arrangements. As can be seen from Fig. 5, in-line arran-
gement shows better heat transfer performance in the 
same inlet velocity. In the present study, the air inlet velo-
city has been taken as input parameter. Although the air 
inlet velocity has been taken same, maximum air velocity 
in the storage unit and also Reynolds number has chan-
ged with the PET bottle arrangement. So, the maximum 
Reynolds number (Red,max) has been used for comparing 
the arrangements of PET bottles.

The stored energy amount changing with (Red,max) in 
in-line and staggered arrangements is seen in Fig. 7 for the 
case which is SN=1.25d, SP=1.25d, Tin= 70 oC for 5-liter PET 
bottle (the same case with Fig. 5). As can be seen from Fig. 7 
there is no significant difference between in-line and stagge-
red arrangements in the terms of heat transfer characteris-
tic and the stored energy amount. Because Reynolds num-

Figure 4. The effect of PET bottle volume on the stored energy amount

Figure 5. The effect of inlet velocity on the thermal performance of 
sensible TES

Figure 6. The effect of inlet temperature on the thermal performance 
of sensible TES
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ber is high in this study. As emphasized before, the overall 
heat transfer coefficient has affected from the arrangements 
in low Reynolds number (ReD<100). All cases studied in the 
present study showed similar behavior with the case given 
in Fig. 7.

The Influences of SP and SN Distances between 
PET Bottles

In this study, the effects of distances between the PET 
bottles, which are vertical to flow direction (SN) and pa-
rallel to flow direction (SP), on the stored energy amount 
have been investigated. SN and SP have been taken as 
1.25d, 1.50d and 2.00d. The stored energy amount Qstored 
changing with SN and SP for in-line and staggered arran-
gements are seen in Fig. 8 and Fig. 9, respectively. The se-
lected case for Fig. 8 and Fig. 9 is u∞=5 m/s, Tin=90 oC and 
0.5-liter PET bottle. The effects of SN and SP on the ther-
mal performance are same with this selected case. As can 
be seen from SN Fig. 8, in in-line arrangement, the stored 
energy amount has decreased substantially with the inc-
reasing SN. Because, the turbulent effect has decreased 
with the increasing SN distance, the heat transfer bet-
ween air and water filled PET bottles also has decreased. 
Therefore, closer PET bottle placement in the direction 
vertical to flow direction has increased the stored energy 
amount. The effect of SP on thermal energy storage per-
formance is also seen in Fig. 9 for in-line arrangement. 
There is no significant effect of SP on the thermal per-
formance of system in the same SN. When SN increases 
from 1.25d to 1.50d, Qstored has reduced a small amount. 
After 1.50d, Qstored has increased a small amount. When 
all results considered for in-line arrangement, the lower 
SN and lower SP have supplied higher stored heat amount. 
The effects of SN and SP for the staggered arrangement 
on the system performance is seen in Fig. 9. In the stag-
gered arrangement, in contrast with in-line arrangement, 
Qstored has increased with increasing SN. Because the tur-
bulent effects has increased with increasing SN in storage 
unit. Consequently, Nusselt number and the overall heat 
transfer coefficient have increased with the increasing SN. 
Additionally, the stored heat decreased with the increa-
sing SP, since the turbulent effects have decreased. Con-

sequently, in order to supply higher stored heat amount 
in staggered arrangement, SN should be higher, and SP 

should be lower.

CONCLUSION
This study presents a determination of the effect of bottle 
arrangements on sensible thermal energy storage for the 
storage unit which is consisted of water-filled PET bott-
les. Also, different PET bottle volumes, which are widely 
used in daily life, 0.5-liter, 1.5-liter and 5-liter are stu-
died. The effect of operating conditions which are inlet 
temperature and inlet velocity also researched. The total 
volume of the storage unit is 1500 liters. PET bottles are 
easy-produced, cheap and recycling materials. Also, they 
are ready to use. In the present study, the availability of 
PET bottles using as a thermal energy storage capsule has 
been investigated theoretically in solar heating system 
applications. Previous studies have shown that water-fil-
led PET bottles are suitable for low temperature sensible 
thermal energy storage capsule. The heat exchangers for 
the collector and building cycles are not required when 
PET bottles (capsules) have been used in the thermal 
energy storage unit. In order to supply higher the amo-
unt of stored heat, lower volume water-filled PET bott-
les should be used in the system. There is no significant 

Figure 7. The effect of PET bottle arrangements on the thermal 
performance of sensible TES

Figure 8. The effects of SN and SP on the amount of stored heat for the 
in-line arrangement

Figure 9. The effects of SN and SP on the amount of stored heat for the 
staggered arrangement
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difference between in-line and staggered arrangements 
in terms of the stored energy amount in the higher Rey-
nolds number. Additionally, while lower SN and SP should 
be preferred in the in-line arrangement, higher SN and 
lower SP should be used in the staggered arrangement. 
The amount of highest stored energy of 8,5 MW is seen 
in SN=1.25d and SP=2d in-line arrangement. Ultimately, it 
has been observed that using water-filled PET bottles as a 
sensible thermal energy storage capsule is an easy, cheap, 
ready to use and high-performance solution.

NOMENCLATURE

Abbreviations
TES Thermal energy storage
PET Polyethylene terephthalate

Symbols
At,sur Total surface area of PET bottles (m2)
cp,f Specific heat for fluid (kJ/kg K)
d The diameter of the PET bottle (m)
h Heat transfer coefficient (W/m2 K)
H The height of the PET bottle (m)
kf Heat conduction coefficient for fluid
N Number of rows
Nud,f Nusselt number
P Number of columns
Pr Prandtl number

storedQ The amount of the stored energy (W)

argch edQ The amount of the stored energy (W)

Re Reynolds number
SP The distance parallel to the flow direc-

tion (m)
SN The distance normal to the flow direc-

tion (m)
Tbulk Bulk temperature (°C)
Tout Outlet temperature (°C)
Tsur Surface temperature (°C)
Tin Inlet temperature (°C)
umax Maximum velocity in the tube bank 

(m/s)
u∞ Inlet velocity (m/s)
uout Outlet velocity (m/s)

Greek Letter
Ø The diameter of the PET bottle 
ρf The density of the working fluid
µf The viscosity of the working fluid
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