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Abstract This paper presents the thermal modelling and
performance predictions of high-temperature sensible heat
storage (SHS) models of 50 MJ capacity designed for solar
thermal power plant applications in the temperature range of
523-648 K. The SHS unit is a regenerator-type heat exchanger
which stores/releases the heat on passing hot/cold heat transfer
fluid (HTF) through the tubes embedded into it. A mathematical
model of cylindrical configuration with embedded multi-tube is
developed employing concrete and cast steel as the storage
media. The number of embedded charging/discharging tubes in
the storage model is optimized based on the charging time using
the finite element method-based simulation tool, COMSOL
Multiphysics. Numerically predicted results match well with
the data reported in the literature. Thermal performance
parameters of SHS bed such as charging/discharging time,
energy stored/recovered, charging/discharging energy effi-
ciency and overall efficiency have been evaluated. Axial vari-
ations of HTF temperature during charging/discharging cycle
are analysed, and the parametric studies are carried out by
varying the flow rate of HTF. For cast steel bed, the increase in
HTF velocity resulted in the proportional reduction in charging/
discharging time, while these effects in concrete were less
because of its low thermal conductivity.

Keywords Solar energy - Sensible heat storage - TES -
Tube optimization - Efficiency
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kg Thermal conductivity of solid-state SHSM (W/
m K)

ke Thermal conductivity of HTF (W/m K)

Ds Density of solid-state SHSM (kg/m3)

O Density of HTF (kg/m3)

u Dynamic viscosity of HTF (Ns/m?)

y Kinematic viscosity of HTF (mmz/s)

d Internal diameter of the charging tubes (m)

D Diameter of SHS bed (m)

L Length of SHS bed (m)

n Number of charging tubes

0 Heat storage capacity (J)

t Charging time (s)

Ten Volume average temperature of SHS bed at the
end of charging (K)

Tini Initial temperature of SHS bed (K)

Tintet HTF inlet temperature (K)

Touter  HTF outlet temperature (K)

Tatm Atmospheric temperature (K)

AT Charging temperature range (K)

il Velocity of HTF (m/s)

V. Volume of solid-state SHSM required (m%)

Va Actual volume of solid-state SHSM including
factor of safety (m3)

m Mass of solid-state SHSM (kg)

Men Charging energy efficiency

Naisch ~ Discharging energy efficiency
Noveran  Overall efficiency
Introduction

Recently, solar energy is accepted as one of the most
favourable alternative energy options to the conventional
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fossil fuels. However, the intermittent availability of solar
energy leads to an energy gap between demand and supply,
i.e. on sunny days, solar energy collected is usually more
than energy required for the direct use. Therefore, the
design and development of efficient and economical ther-
mal energy storage (TES) systems are of vital importance.
However, only very few solar thermal power plants in the
world have employed these TES systems (Gil et al. 2010).
Thermal energy can be stored in the form of sensible heat,
latent heat and heat of reversible chemical reactions.
Presently, liquid media storage is a well-known and com-
mercially adopted technology for high-temperature heat
storage applications. Solid media and phase change mate-
rial (PCM) can be substitutes for liquid media storage
system which eliminates high-temperature freezing and
also avoids the separation of hot and cold heat transfer fluid
(HTF). Though, the energy density of PCMs is higher,
sensible heat storage (SHS) scores some advantages when
compared to latent heat storage (LHS) at high temperature
including simplicity in design and construction, high
charging and discharging rates, ease of control and hence
lower cost.

Various candidate materials for high-temperature SHS
systems have been studied (Khare et al. 2013). The main
difficulty in using solid media for SHS is the large size of
storage bed. However, this can be minimised by using high
heat capacity storage material and allowing high-temper-
ature swing. Transient behaviours of SHS system have
been investigated using magnesia as sensible heat storage
material (SHSM) and air as HTF (Sragovich 1989). A by-
product from potash industry has been tested for its suit-
ability as a SHSM (Mir¢ et al. 2014). Performance evalu-
ation has been carried out using alumina as SHSM and
compressed air as HTF (Anderson et al. 2014). Castable
ceramic and concrete could be used as SHSM for high-
temperature heat storage applications (Tamme et al. 2004).
Ceramic and concrete have been investigated for a maxi-
mum storage temperature of 663 K and a storage capacity
of 350 kW. It was concluded that concrete is the more
preferable storage material although ceramic is having
20 % higher-storage capacity and 35 % more conductive
(Laing et al. 2006). Concrete and castable ceramic-based
storage modules have been reported as low cost (25-30 $
kWh) and durable SHS systems (Nandi et al. 2012). It has
been observed that heating the concrete at increased tem-
peratures causes certain reactions and transformations
occur due to the presence of voids which influence their
thermo-physical properties. The compressive strength
decreases by about 20 % on heating the concrete to 673 K
(Gil et al. 2010). However, such problems can be mini-
mized by the addition of filler materials such as steel
needles and reinforcement to improve the mechanical and
thermal strength. After exposure to 10 thermal cycles from
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Table 1 Thermo-physical properties of HTF at different temperatures

T (°C) Pr Cot k¢ b u (Pas)
(kg/m*)  (kIkgK) (W/mK) (mm%s)

40 860 2.0818 0.1314 20.00 0.017200
100 823 23062 0.1238 3.82 0.003144
150 790 2.4932 0.1175 175 0.001383
200 755 2.6802 0.1119 0.90 0.000680
250 717 2.8672 0.1049 0.69 0.000495
300 678 3.0542 0.0985 0.50 0.000339

ambient temperature to 723 K, concrete bed has main-
tained more than 50 % of their mechanical properties (John
et al. 2011).

It is seen from the reported works that most of the
researchers emphasized on the use of high-temperature
concrete as SHSM. However, there is a lack of research
works on the optimization of number of charging/dis-
charging tubes used in the solid SHS systems based on the
charging/discharging time. Hence, in the present work, the
thermal storage performances of solid-state SHS systems
are investigated by using a high-conductivity material cast
steel and a low-conductivity material concrete. Hi-Tech
Therm 60 has been selected as the HTF. Number of
charging tubes is optimized based on the charging time of
SHS bed using the simulation tool COMSOL Multiphysics.
The thermal storage characteristics of the selected SHS
models are predicted considering the energy storage
capacity as 50 MJ.

Design of sensible heat storage bed

The design of SHS bed includes fixing the diameter of
storage bed and charging tubes, number of charging tubes
and length of storage bed. The minimum volume of SHSM
required for storing 50 MJ is calculated using Eq. 1.

0 = p Vi Cp AT (1)

In the present case, charging temperature range has been
fixed as 100 K. Concrete and cast steel are selected as
SHSM based on the thermo-physical properties (Tian and
Zhao 2013), cost effectiveness (Khare et al. 2013; Nandi
et al. 2012) and easy availability. Moreover, these storage
materials are modular in nature and can easily be extended
for higher-storage capacity. The actual volume of SHSM
with charging/discharging tubes is estimated using Eq. 2.
The diameter and length of storage bed are chosen as 0.60
and 1.20 m for concrete and 0.50 and 0.70 m for cast steel.
Tube diameter of 0.0125 m with wall thickness 0.0015 m
is selected for both cases. Hi-Tech Therm 60 has been
selected as the HTF which flows through the charging/
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Fig. 1 Optimization of number 6500 T
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Table 2 Thermo-physical properties (Tian and Zhao 2013) and
estimated mass of SHSM

S.  Storage Ps Cps ks vV, V. m

no  material (kg/m®)  (J/kgK) (WmK) @) @) (kg
1 Concrete 2,200 850 1.5 0267  0.320 705
2 Caststeel 7,800 600 40 0.107 0.128 1,000

discharging tubes exchanging heat with the storage bed.
The thermo-physical properties of the HTF at different
temperatures have been given in Table 1.

v= [0 -na) )

Optimization of number of charging tubes in storage
bed

Increasing the number of charging tubes reduces the charg-
ing time significantly but also reduces the storage capacity
marginally. In order to optimize the number of charging
tubes, the charging time for different configurations of
charging tubes assembly is shown in Fig. 1. It is seen from
Fig. 1 that there are three ranges where the charging time
does not change significantly with the increase in number of
charging tubes. First range falls between 29 and 31 tubes
where the difference in charging time is 182 s, second range
is between 33 and 35 tubes where the charging time differ-
ence is 249 s and third range occurs between 37 and 39 tubes
where the difference in charging time is 67 s. It is also seen
that after 39 tubes, the charging time decreases continuously
with increase in number of charging tubes and no such range
is found. Also increasing the number of tubes beyond 49
tubes will not be practically feasible for the given diameter of
the SHS bed and also it will lead to manufacturing difficul-
ties. Hence, 37 number of charging tubes is selected for the

31 33 35 37 39 41 43 45 47 49 51
No of charging tubes

(b)

Fig. 2 Schematic diagram of SHS bed a physical model b sectional
view

SHS bed and the estimated mass of SHSM with a factor of 1.2
is given in Table 2.

Thermal modelling of storage bed

The physical model and sectional view of the SHS bed with
embedded charging/discharging tubes are illustrated in
Fig. 2a, b. The storage unit is a regenerative-type heat
exchanger which absorbs/releases heat energy by passing the
hot/cold HTF, respectively, through the charging tubes.
During the charging/discharging cycle, HTF at high/low
temperature, respectively, is supplied to storage bed from one
end and it exits from the other end, thus exchanging the heat.
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Governing equations

The thermal model of SHS bed is developed based on the
following assumptions:

The inlet velocity profile of HTF is fully developed.
No axial conduction in HTF.

The SHSM is isotropic.

External surface of the SHS bed is adiabatic.

The continuity and Navier—Stokes equations are solved
concurrently to simulate the behaviour of the HTF flowing
inside the charging tubes of the SHS bed. The energy
equation (Eq. 5) is solved using the velocities found from
the solutions of Eqs. 3 and 4 to simulate the heat transfer
from the HTF to the wall of the pipe. The material deriv-
ative term D7/Dt of Eq. 5 takes care the effect of con-
vection heat transfer. The heat conduction equation (Eq. 6)
is solved for accounting the heat transfer from the charging
tubes to the SHSM. The continuity, Navier—Stokes and
energy equations have been solved with an accuracy of
10~ using the PARADISO solver. The simulations have
been carried out with a time stepping of 0.1 s.

Fluid flow:

V-v=0 (3)
Dv -
—— = —VP +uV? 4
P Do +uVo (4)
Convection: solid—liquid interface:
DT
pe Cor gy = k2T (5)
Conduction: solid region:
oT
PCos g = k72T (6)

Initial and boundary conditions

e Initially, there is no flow of HTF through the tubes, and
all the domains are at constant temperature of 523 K/
623 K during charging/discharging.

e Charging/discharging is initiated by specifying a con-
stant temperature of 648 K/523 K followed by a
constant HTF velocity.

e OQuter surfaces of the SHS bed are insulated except inlet
and outlet.

e There is no slip between the SHS bed and the flow of HTF.

Mesh formation

Free tetrahedral mesh has been adapted to assure that rel-
atively smaller geometries are discretized with sufficient
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Fig. 3 Meshed geometry of cast steel SHS bed

Table 3 Grid size and number of mesh elements in concrete and cast
steel SHS beds

S.no  Storage Grid size (cm) Total number
material of mesh
Storage bed HTF elements
Min Max Min  Max
Concrete 2.1 9.9 1.2 3.9 95,944
2 Cast steel 1.75  8.25 1 3.25 1,00,405

number of elements. The grid size of HTF taken is smaller
than the storage bed as it constitutes lesser dimensions
when compared to the storage bed. The total number of
elements of SHS bed model varies with the configurations
of the bed. Meshed geometry of cast steel storage bed is
shown in Fig. 3, and total number of elements are given in
Table 3 for concrete and cast steel SHS beds.

Performance parameters
Charging time

It is the time taken for the SHS bed’s volume average
temperature to reach a definite rise in temperature
AT. When the volume average temperature of SHS bed
reaches 623 K, the storage bed is said to be completely
charged.

Energy stored

The amount of thermal energy stored in the different
storage materials at their corresponding charging times is
calculated using Eq. 7. Volume average temperature 7(¢) is
a function of time. As time increases, the temperature also
increases during charging through which energy is getting
stored in the SHS bed.
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0= PsVanS(T(I) — Tini) (7)

Charging energy efficiency

This is the efficiency which outlines the capability of
SHSM to gain thermal energy from HTF and is primarily
based on the first law of thermodynamics. Charging energy
efficiency is the ratio of actual energy stored by storage
material to maximum energy available as input to storage
material (Haller et al. 2009). The charging energy effi-
ciency at the respective charging time is calculated using
Eq. 8.

T(t) B Tini
Tinlet - Tini

(8)

Nen =
Discharging time

The time taken by the SHS bed to attain a volume average
temperature of 523 K is the complete discharging time of
storage bed. But after a certain time, the decrease in storage
bed temperature is not significant especially when its
temperature approaches to 523 K. Thus, effective dis-
charging time of storage bed is taken as the time till the
temperature drop is significant, provided the energy
recovered from the storage bed is within the design limit
(i.e. at least 50 MJ).

Energy recovered

The amount of thermal energy recovered from storage bed
of different materials at the particular discharging time is
calculated using Eq. 9. As time increases, the temperature
also decreases during discharging through which energy is
getting recovered from the SHS bed.

0= psVans(Tch - TO)) (9)

Discharging energy efficiency

This efficiency explains the ability of SHSM to exchange
heat with the HTF. Discharging energy efficiency is the
ratio of actual energy recovered from storage bed to
maximum energy that can be recovered. The discharging
energy efficiency at the corresponding discharging time is
calculated using Eq. 10.

‘ . Tch — T(I)
MNdisch = T

10
ch — Tinlet ( )

Overall efficiency

It is the ratio of energy recovered from the storage bed
during discharging cycle to the total energy input to storage
bed which is given by the Eq. 11. The total energy input is
the sum of energy supplied to heat the storage bed from an

673

668

663

Bed temperature (K)

+++--- Tamme et al. 2004 --=--Current model

0 600 1200 1800 2400 3000 3600
Time (s)

Fig. 4 Validation of the current numerical model of SHS unit

atmospheric temperature of 303 K to 523 K and energy
stored in the bed during charging.

Tch - T(t)
= —-—> 11
Noverall Tch — Tatm ( )

Validation of the numerical model

To validate the current numerical model of SHS unit, the
results obtained for the charging time of SHS bed at dif-
ferent values of thermal conductivities have been compared
with the charging time reported in Tamme et al. (2004).
The physical model chosen for the numerical validation,
thermo-physical properties of the SHSM and initial and
boundary conditions of the model are taken from Tamme
et al. (2004). It is evident from Fig. 4 that the current
numerical results showed a good agreement with the results
reported in Tamme et al. (2004). There is a small deviation
at the initial period of charging time which may be due to
the assumption of neglecting axial conduction in HTF.

Results and discussions
Charging time

Charging of storage bed is initiated by supplying HTF
through the charging tubes at a high temperature of 648 K.
The temperature of storage bed varies with time and space.
Charging of concrete and cast steel beds is illustrated in
Fig. 5 and 6 through the temperature contours at different
intervals of charging cycle. The temperature of storage bed is
averaged over the entire bed volume, and hence, it is a
function of time only. Variation of volume average bed
temperature with time is shown in Fig. 7a for concrete and
cast steel beds. Itis seen from Fig. 7a that initially, the rise in
the volume average temperature of storage beds is rapid and
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Fig. 5 Temperature contours of concrete SHS bed during charging at different time intervalsat = 0s,bt=360s,¢c7r=720s,d7 = 1,080 s,

et=2160s, fr=3,600s

Fig. 6 Temperature contours of

cast steel SHS bed during

charging at different time

intervals, a t = O s,
btr=360s,¢ct=720s,

dr=1,080s 620
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decreases with time. This is because of higher driving
potential available for conduction during initial period of
charging cycle, and this driving potential reduces with time
as the storage bed gains the heat of HTF. The charging rate of
concrete bed is slow as compared to cast steel bed due to the
high heat capacity and low thermal conductivity of concrete.
The concrete bed takes about 3,650 s for complete charging,
whereas cast steel gets completely charged within 683 s.
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Thermal energy stored

The TES rates for the concrete and cast steel beds are
shown in Fig. 7b. The amount of thermal energy stored in
the storage materials at their respective charging times is
calculated using Eq. 7. Thermal energy stored in concrete
and cast steel beds are 62.39 and 62.85 MJ at their
respective charging times.
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Charging energy efficiency

The variation of charging energy efficiency of concrete and
cast steel beds is illustrated in Fig. 7c. Charging energy

efficiency of SHS bed is initially zero when the heat input
is not given. Once the HTF is passed through the charging/
discharging tubes, it increases due to the heat absorption
from the HTF. This rate of increase in charging energy
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Fig. 8 Axial variation of HTF (a) 650
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efficiency for the cast steel SHS bed is higher than that of
concrete bed. This is due to the higher rate of temperature
increase in cast steel bed because of its high thermal con-
ductivity. Since the charging energy efficiency is the
function of volume average temperature of the storage bed,
it varies in the same manner as the rate of charging of the
SHS bed. The charging energy efficiency of concrete and
cast steel SHS beds is 0.8 at their respective charging
times.

Axial temperature variation in HTF during charging

In order to show the HTF temperature variation along the
storage bed, HTF temperature is estimated along the length
of the storage bed at a constant axial distance of 10 cm at
different intervals of time, viz. 1, 5, 15, 30, 60 and 75 min
for concrete bed shown in Fig. 8a and 1, 5, 15, 20 and
25 min for cast steel bed shown in Fig. 8b. The tempera-
ture drop of HTF is dominant during the initial period, and
after certain time, its value is almost constant and no
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Storage bed length (cm)

further drop in temperature is noticed as storage tempera-
ture itself rises with time, and as a result, the driving
potential for conduction is retarded. The temperature drops
of HTF are 39 K for concrete and 113 K for cast steel bed
during 1 min of charging cycle. The temperature drop
decreases with time, and its value is 3 K at 75 min of
charging time for concrete bed, while for cast steel bed, the
HTF outlet temperature approaches the inlet condition
within 25 min of charging time.

Effects of HTF velocity on charging time

The effects of velocity of HTF on charging time for con-
crete and cast steel beds are shown in Fig. 9a, b, respec-
tively. Increasing the HTF velocity increases the overall
heat transfer coefficient enabling faster exchange of heat
which reduces the charging time. For concrete and cast
steel beds, the decrease in charging time of storage bed
with HTF velocity of 0.25 m/s as compared to 0.1 m/s is
higher than the decrease in charging time of storage bed
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Fig. 9 Effects of HTF velocity
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with HTF velocity of 0.5 m/s as compared to 0.25 m/s. It
can be seen that increasing HTF velocity beyond 0.5 m/s
will not have any significant reduction in the charging time.
Charging time of concrete storage bed for HTF velocity of
0.1, 0.25 and 0.5 m/s are 4,493, 3,650 and 3,379 s,
respectively, while for cast steel, the corresponding values
are 1,400, 683 and 430 s.

Discharging time

Figure 10a shows the discharging time of concrete and cast
steel storage beds. It can be noticed that the temperature
drop of storage bed is rapid for first 7,200 s due to high
driving potential for conduction and the slope of dis-
charging curve becomes flat as the time progresses beyond
7,200 s. Therefore, 7,200 s can be taken as effective dis-
charging time for concrete storage bed provided the energy
recovered from the storage bed at 7,200 s is at least 50 MJ.
Being high conductive material, cast steel reaches the inlet

1500 2000 2500

Time (s)

1000 3000

temperature of HTF in short time span and cast steel bed
can be discharged completely. The complete discharging
time of the cast steel bed is 1,820 s.

Thermal energy recovered

The rate of thermal energy discharged from concrete and
cast steel storage bed is shown in Fig. 10b. The amount of
thermal energy recovered from storage bed of different
materials at their respective discharging time is calculated
using Eq. 8. The thermal energy discharged is 59.78 MJ
for concrete bed in an effective discharging time of
7,200 s, whereas cast steel storage bed discharges
62.75 MJ in complete discharging time of 1,820 s.

Discharging energy efficiency

Discharging energy efficiency of concrete and cast steel beds
is presented in Fig. 10c. For cast steel SHS bed, it is about
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Fig. 10 Discharging
characteristics of concrete and
cast steel beds a discharging
time, b rate of energy recovered
and c¢ discharging energy
efficiency

100 % because the volume average temperature of cast steel
SHS bed attains the value of inlet temperature within its
discharging time, the average bed temperature does not reach
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the inlet temperature within the due to its low thermal con-
ductivity. The discharging energy efficiency of concrete
SHS bed is about 95.8 % at its discharging time of 7,200 s, as



High-temperature sensible heat thermal energy storage system

511

Fig. 11 Axial variation of HTF (a) s60
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the average bed temperature does not reach the inlet tem-
perature because of its low thermal conductivity.

Axial variation of HTF temperature during discharging

Discharging of charged storage bed is initiated by passing
HTF at lower temperature of 523 K. HTF receives the heat
from the charged storage bed resulting in the decrease of
the storage bed temperature and increase of HTF temper-
ature along the bed. It is seen from Fig. 11a, b that the
temperature rise of HTF is dominant during the initial
period of discharging time, and after certain duration, its
value is almost constant. For example, during 1 min of
discharging, the temperature rise of HTF is 31 K for con-
crete bed and 90 K for cast steel bed. The temperature rise
decreases with time and its value is 2 K for 75 min of
discharging time of concrete bed, while for cast steel bed,
the HTF outlet temperature approaches the inlet condition
within 30 min of discharging time.

30 40 50 60

Storage bed length (cm)

20 70

Effects of HTF velocity on discharging time

The effects of velocity of HTF on discharging time for
concrete and cast steel beds are shown in Fig. 12a, b,
respectively. The discharging time of concrete storage bed
for the HTF velocity of 0.1 m/s is 8,460 s and it decreases
14.89 % with 0.25 m/s and 15.13 % with 0.5 m/s HTF
velocity. Thus, further increase in HTF velocity beyond
0.5 m/s will not change the results significantly. The dis-
charging time for cast steel is 2,602 s with 0.1 m/s HTF
velocity, and it decreases 30.10 % with 0.25 m/s and
56.30 % with 0.5 m/s HTF velocity.

Overall efficiency
The energy is degraded in the process of storage since it is
extracted at a temperature lower than that it was previously

stored. The overall efficiency of storage beds is evaluated
using Eq. 9. Overall efficiency variation with bed
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Fig. 12 Effects of HTF
velocity on discharging time
a concrete and b cast steel

Fig. 13 Variation of overall

efficiency with bed temperature
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temperature difference during discharging cycle is shown
in Fig. 13. Since concrete bed does not reach Tj,, (i.e.
AT = 100 K) during discharging, its overall efficiency is
slightly lesser than cast steel bed. The overall efficiencies
are 29.94 and 31 % for concrete and cast steel beds at their
respective charging and discharging times.

Conclusions

Thermal models for predicting the charging and discharg-
ing characteristics of concrete and cast steel SHS units
have been developed. The number of charging tubes has
been optimized based on the charging time of the SHS bed.
The predicted results matched well with the data reported
in the literature. The charging and discharging time of
concrete bed were much higher than that of cast steel bed.
This suggests that concrete and cast steel bed can be used
in line to reduce the overall charging and discharging time
of industrial scale SHS system. The axial variation of HTF
during the charging and discharging of SHS beds were
analysed. The effect of HTF velocity on charging and
discharging time of storage beds has been analysed, and it
was observed that the charging and discharging time can be
reduced significantly by increasing the HTF velocity up to
certain limits (0.5 m/s). For cast steel bed, the increase in
HTF velocity resulted in the proportional reduction in
charging/discharging time, while these effects in concrete
were less because of its low thermal conductivity.
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