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a b s t r a c t

Solar radiation and wind provide the temporal temperature fluctuation for heating and cooling. 0.005La
eNa0.5Ba0.5TiO3-0.06BaTiO3-0.002Ta is found as the best suitable material for energy harvesting. The
voltage and power output are further improved by tuning operating frequency, load capacitance and
resistance. Maximum power of 6.7 mW is obtained at a frequency of 0.04 Hz, load capacitance of 1 mF and
resistance of 25 MU. A nonlinear electrical circuit based on parallel synchronized switched harvesting on
the inductor (PeSSHI) and hybrid synchronized switched harvesting on the inductor (HeSSHI) are used
to enhance the power. The power is increased by 54% and 34.6% under PeSSHI and HeSSHI, respectively.
However, HeSSHI was preferred for power-boosting because of the self-triggering process and low
energy losses. This work shows the potential of lead-free pyroelectric materials for solar energy har-
vesting with losses in the circuit.

© 2022 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction responsivity and current responsivity of pyroelectric FOMs are
The growing energy demand has forced researchers to move
towards self-powered, clean and renewable energy sources. In this
regard, solar, wind and tidal energies are considered the most
prominent renewable energy sources. Solar energy has already been
used for photovoltaic cells [1], thermoelectric generators [2] and
thermal power plants [3] to harness energy. However, in this
context, the heat energy obtained from the solar can be an abundant
and omnipresent energy source. Thus, pyroelectric materials that
convert temperature fluctuations into electrical energy can also be
employed for solar energy harvesting [4e7]. Materials with high
pyroelectric coefficients at room temperature and lowdielectric loss
are suitable for solar energy harvesting. Lead-free pyroelectric ma-
terials such as (1-x) Na0.5Ba0.5TiO3-xBaTiO3 [8,9], Ba0.85Ca0.15Zr0.1-
Ti0.9O3 [10,11], K0.5Na0.5NbO3 [12] are used due to their high
pyroelectric coefficient, superior figures of merit (FOM) and energy
storage capabilities. Several FOMs are defined for pyroelectric ma-
terial depending on the thermal and electrical circuit considered.
The pyroelectric performance of the materials is assessed using
these FOMs to maximize current or voltage for specific power input
applications like thermal imaging sensors. In this regard, the voltage
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defined as Fv ¼ p
cv erε0 and Fi ¼ p

cv [13], respectively, where p is a
pyroelectric coefficient, cv is volume-specific heat, ε0 is the
permittivity of free space, εr dielectric constant and tan d is the
dielectric loss. The pyroelectric FOM for infrared detection is

expressed as FC ¼ pffiffiffi
er

p , energy harvesting FOM is Fe ¼ p2

erε0
and high

detectivity-based FOM is Fd ¼ p
cv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
erε0 tan d

p [8,14,15]. The selection of

pyroelectric materials under a definite heat can be made based on

the modified FOM F*e ¼ p2

erε0c2v
, developed by Zebek et al. [15].

In this regard, Balakat et al. [16] utilized 0.005LaeNa0.5Ba0.5TiO3-
0.06BaTiO3-0.002Ta and obtained a pyroelectric coefficient (p) of
12.9 � 10�4 C m�2 K�1 and dielectric constant of 671. The FOM for
energy harvesting is comparable with commercial PbZrxTi1-xO3.
Further, (Ba0.84Ca0.15Sr0.01)(Ti0.90Zr0.09Sn0.01)O3 consists of an
excellent p of 11.16 � 10�4 C m�2 K�1 and is considered for the fre-
quency independent (100e2000 Hz) pyroelectric FOMs [17].
Moreover, Sharma et al. [11] have shown that Ba0.85Ca0.15Zr0.1Ti0.9O3
has a higher p of 8.6 � 10�4 C m�2 K�1 with a dielectric constant of
3125 can also be used for pyroelectric energy harvesting. Further,
water andairwereusedbySharmaet al. [18] as twodifferent cooling
mediums to provide rapid temperature fluctuations. However, a
continuous temperature gradient is a limitation of using these py-
roelectric materials. Therefore, Krishnan et al. [19] considered a
wind turbine-based chopper disc with speed-reduction gears to
modulate the solar radiation falling on the surface, leading to a
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temperature gradient. In this direction, a three-dimensional pattern
was implemented to enhance temporal fluctuations rates by
inducing lateral temperature gradients on the sidewall of the
responsive material [20]. These methods provide a basis for suc-
cessfully incorporating pyroelectric materials-based solar energy
harvesting systems.

In this direction, researchers have deployed various methods for
energy harvesting using pyroelectric materials. Nguyen et al. [21]
used a Teflon chamber with a cylinder oscillating between hot
and cold sources using poly (vinylidene fluorideetri-
fluoroethylene)(P(VDF-TrFE) to generate energy. The maximum
energy density generated was 130 kJ m�3 at 0.061 Hz within a
temperature range of 342e360 K and electric field
(0.2e0.74 MV m�1). The pyroelectric energy harvester also shows
great potential for practical industrial application. Hybrid pyro-
electric energy harvesters can be used in various fields to increase
the energy conversionpotential. In this direction, Lee et al. [22] used
a nanogenerator consisting of piezo-pyroelectric micro-patterned
polyvinylidene fluoride polytrifluoroethylene with graphene
nanosheets (to increase thermal conductivity) and carbon nano-
tubes (to increase flexibility). This was used to harvest temperature
differences as well as mechanical stress. Further, pyroelectric har-
vesters are used for exhaust gas heat recovery [23], water splitting
for hydrogen generation [24], oscillating heat pipe [25] and wind-
driven [26] energy harvesters. The polymer-based pyroelectric de-
vice has a huge potential for wearable and implantable devices in
the human body. Further, Lee et al. [27] employed the Olsen cycle to
convert waste heat into electrical energy and P(VDF-TrFE) was
placed alternatively with a hot and cold source. Thus, generated
energy was 155 kJ m�3 at 0.066 Hz in the temperature range
(298e383 K) and electric field (0.2e0.35 MV m�1). Though the en-
ergy obtained was not very high, these were the initial steps in py-
roelectric energy harvesting. Later, Caudaras et al. [28], applied
heating and cooling cycles to generate a current of 0.1 mA, using
temperature fluctuation in the 300e360 K range. The current ob-
tained was rectified and stored in the capacitor of 1 mF. Zhang et al.
[29] incorporated solarmicro-energy andwindflow for pyroelectric
energy harvesting in PZT; temperature variation and power density
were obtained as 0.53 K/sec and 4.2Wm�3. Later, Sharma et al. [30]
used different types of pyroelectric materials to compute solar en-
ergy harvesting analytically. The maximum voltage, power gener-
ated and stored energy were 11.47 V, 4.9 mW and 576 mW,
respectively, for Sr0.5Ba0.5Nb2O6 across the load capacitance of
4.7 mW. However, Sharma et al. [30] assumed that the pyroelectric
current present in the circuit is rectified, resulting in overestimating
the voltage and power. Several power-enhancing circuits [31e34]
havebeenemployed in the caseof piezoelectricmaterial to scavenge
the vibrational/mechanical energy into electrical energy [35e37]; in
contrast, little work has been done for the pyroelectric material
[5,38]. Various researchers proposed and used solar energy har-
vesting using pyroelectric materials in this regard. However, they
did not focus on the high pyroelectric coefficient-based lead-free
material selection and execution of different electric circuits. Thus,
this work considers lead-free pyroelectric material with a high py-
roelectric coefficient anda lowdielectric constant in293e335K. The
temperature rangewas chosen based on themaximum temperature
of the material that can be reached by solar heating.

The work's novelty lies in the electrical circuits' modeling to
mimic the losses with real-world conditions and the adaptation of
power-boosting circuits to enhance the pyroelectric solar energy
harvesting capabilities. The paper's main goal was to ascertain
whether the energy harvested could be stored or used to create a
self-harvesting system. This work shows pyroelectric-based solar
energy harvesting with power-boosting circuits for self-powering
sensors and devices. The organization of the work is to proceed
2

with the finding of temperature and the corresponding current
profile from the solar radiation for the pyroelectric materials. The
most efficient material is chosen from the output voltage obtained
after the variation in load capacitance. Further, the voltage and
power are calculated based on the most efficient load resistance
and frequency. Finally, power-boosting circuits such as parallel
synchronized switch harvesting on an inductor (PeSSHI) and
hybrid synchronized switch harvesting on an inductor (HeSSHI)
are employed to enhance power output.

2. Materials and methodology

Initially, a heating and cooling cycle is used, incorporating ma-
terials properties, then converting the obtained temperature cycle
into the pyroelectric current. The obtained solar energy-based py-
roelectric current will be harvestedwith different electrical circuits.
Figs. 1 and 2 depict the schematic of solar energy harvesting
through pyroelectric material using a full-wave rectifier (FWR)
circuit, parallel synchronized switch harvesting on an inductor
(PeSSHI) and hybrid synchronized switch harvesting on an
inductor (HeSSHI), respectively.

The entire process of solar energy harvesting can be divided into
three sections: (a) temperaturefluctuations, (b) electrical equivalent
circuit of pyroelectricmaterial, and (c) power electronics toutilize or
store energy, as shown in Figs. 1 and 2. The heating of pyroelectric
material was brought by solar radiation falling on the material's
surface. The mean solar radiation (700Wm-2) is considered as heat
source [30]. Natural convection and solar radiation losses were also
taken in this heating process. The material was shielded from sun-
light and forced convective air in the form of environmental wind
flow was used to cool the material. However, an external source of
forced convection is required at a higher frequency to cool material
due to a short time interval. A similar modulation mechanism
consisting of a chopper disk and speed-reduction gears powered by
wind energy has already been used [19]. It is challenging to incor-
porate the thermal variation available in the environment, as the
random fluctuations in the environment cannot be simulated with
fixed boundary conditions. However, the thermal parameters under
considerationwere taken to be the lower side of the fluctuations. In
this regard, Caudaras et al. [28] showed that the difference in ther-
mal variation under environmental conditions and laboratory can
be balanced with the increases in the volume of the pyroelectric
material. Hence, the volume of material under consideration was
similar to the work done by Caudaras et al. [28] to incorporate
environmental fluctuations. The pyroelectric material's thickness
(bm) and surface area (Am)were taken as 1�10�4mand5�10�4m2,
respectively. The samples' top and bottom surfaces are assumed to
be silver electrodes for charge conduction. Norkus et al. [39] study
shows that a surface paintedwith a silver black coating not only acts
as an electrode but also enhances a (absorptivity) to be greater than
0.93. Further, as the entire study was conducted at the thermal
equilibrium condition, the e (emissivity) of the material can also be
assumed to be increased. Further, Sharma et al. [30] work has
assumed the a and e as 0.8; thus, the same has been adopted in the
present work. The temperature fluctuations solar heating provides
on pyroelectric materials generate electric potential and result in
current/voltage flow when a circuit is connected at the two ends.
This leads to the second section of the system, where pyroelectric
material represents an electrical source; see Figs. 1 and 2. The
electric circuit consists of a current source, material resistance (Rm)
and capacitance (Cm) connected in parallel as equivalent pyroelec-
tric material [28]. The last part (as depicted in Figs. 1 and 2) would
deal with different power circuits, PeSSHI and HeSSHI to boost and
rectify the obtained voltage from the pyroelectric material. The
PeSSHI and HeSSHI are used with FWR in the present analysis.



Fig. 1. Schematic of the solar energy harvesting based electrical equivalent circuit of pyroelectric material for full-wave rectifier circuit (FWR) path A and parallel synchronized
switch harvesting on inductor (PeSSHI) with FWR path B.

Fig. 2. Schematic of the solar energy harvesting based electrical equivalent circuit of pyroelectric material for hybrid synchronized switch harvesting on inductor (HeSSHI) circuit
with full-wave rectifier circuit (FWR).
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In the present work, the temperature fluctuations are kept in the
temperature range of 293e335 K for energy harvesting. The pyro-
electric properties used for the present work are specific heat ca-
pacity (Hm), density, thermal conductivity (km), pyroelectric
coefficient (p), dielectric constant (ε), volume resistivity and Curie
3

temperature provided in Table 1. The materials chosen for the
present analysis include 0.005LaeNa0.5Ba0.5TiO3-0.06BaTiO3-
0.002Ta (La-NBT-BT-Ta) [16], (Ba0.84Ca0.15Sr0.01)(Ti0.90Zr0.09Sn0.01)O3
(BCSTZS) [17], Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT) [11,40,41],
0.98(0.98Bi0.5Na0.5TiO3-0.02BiAlO3)-0.02(Na0.5K0.5)NbO3 (BNT-BA-



Table 1
Lead-free pyroelectric materials properties were used for analysis.

Materials La-NBT-BT-Ta [16] BCSTZS [17] BCZT [11,40,41] BNT-BA-0.02KNN [42,43] KNN [44e46] SBN [30]

Specific heat capacity x106 JK�1 m�3 2.8 2.33 2.11 2.8 2.47 2.34
Thermal conductivity W m K�1 3 2.2 2.2 3 2.4 1.1
Pyroelectric coefficient x10�4 C m�2 K�1 12.92 11.16 8.6 8.04 3.38 5.5
Dielectric constant e 671 3500 3125 880 2017 2000
Volume resistivity x 109 U m 1.32 5.60 5.60 0.305 2.00 2.00
Density kg m�3 5800 5400 4600 5840 4500 4982
Curie temp C 61.3 80 83 80 340 70
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0.02KNN) [42,43], 0.96 (K0.5Na0.5NbO3)-0.04Bi0.5Na0.5ZrO3 (KNN)
[44e46] and SBN [30], see Table 1. These materials are selected
based on their p (high p provides a higher pyroelectric current) and
ε (lower ε reduces the material capacitance) from the latest litera-
ture. The previous results [30,47] show SBN to be best performing
lead-free material than popular pyroelectric materials such as TGS
(Triglycine sulphate), LiTaO3 and PMN-PT(68PbMg1/3Nb2/
3O3e32PbTiO3) crystals. Thus, SBN is considered along with other
lead-free pyroelectric materials in the preset work. It should be
noted that the present work considers BaTiO3, Na0.5Ba0.5TiO3 and
K0.5Na0.5NbO3-based composition with maximum p. These lead-
free families are well known and explored for their pyroelectric
application point of view.

3. Model analysis

The temperature fluctuation (heating of pyroelectric material)
provided by solar radiation can be given as [19,30],

Hm �Volm � dT
dt

¼ Qpyro � Qconv � Qrad (1)

where Volm is the volume of the material, dT
dt is the temperature

gradient with time. Qpyro ¼ a� Am �Wsolar is the thermal energy
falling on the surface of the pyroelectric material due to solar ra-
diation, where a is the absorptivity of the material and Wsolar is
solar radiation falling on the material's surface (taken as 700 W/

m2). Qconv ¼ Ti�T0
rcondþrconv

is the effect of natural convection and con-

duction losses arising from the surface of the pyroelectric material,
Ti is the instantaneous material temperature and T0 is the ambient

temperature, rcond ¼ bm
kmAm

and rconv ¼ 1
haAm

where ha is the convec-

tive heat transfer coefficient of the air. Qrad ¼ e� s�Am � ðT4
i �T4

0 Þ
is the energy loss due to thermal radiation as all body radiates at all
temperatures, where e is the material's emissivity,
s ¼ 5.87 � 10�8 W m�2 K�4. Thus, Qconv and Qrad are the losses
considered during the heating cycle. The lumped heat transfer with
a Biot number lesser than 0.1 was assumed to obtain the transient
temperature profile. The cooling is obtained by preventing solar
radiation from falling on the surface using a disc and environmental
wind/airflow. It is assumed that the wind flows at 2e4 m s-1. The
disc can also be operated using wind energy and synchronized with
speed-reduction gears for the heating/cooling cycle. The cooling of
the material can be given as

Hm �Volm � dT
dt

¼ �QFconv � Qrad (2)

where QFconv is the heat loss due to the forced convection and
expression is the same as discussed for the heating cycle. The wind
velocity is applied for forced heat convection. In the heating cycle,
the material is heated from room temperature to T and the cooling
cycle cools the material from T to room temperature, as shown in
Fig. 3(a). The temperature profile attained from heating and cooling
4

cycle was used to obtain a temperature gradient. It was further
employed to calculate pyroelectric current (Ip) by [48]

Ip ¼Am�p�
�
dT
dt

�
(3)

where
�
dT
dt

�
is the temperature gradient obtained from the

heatingecooling cycle. The pyroelectric current (Ip) is used as a
source for the equivalent electric circuit, as shown in Figs. 1 and 2.
The equivalent pyroelectric circuit consists of low capacitance and
high resistance (obtained from material dielectric loss and volume
resistivity) combined with the source current. The Ip obtained for
all the materials considered in the present work is depicted in
Fig. 3(b).

The Ip and voltage generation can be extracted using an external
circuit. However, the current/voltage would be alternating due to
the alternative heating/cooling cycle. Hence, to obtain a unidirec-
tional flow, it is essential to use an FWR (see Fig. 1 path A). The
diodes D1 and D3 allowed the flow of charges in the heating cycle,
whereas diodes D2 and D4 restricted the reverse flow of charges.
Though diodes D2 and D4 allowed the current flow during the
cooling cycle, D1 and D4 restricted the backward flow of current, as
shown in Fig. 1 path A. Further, a load capacitor (CL) is used to store
the charge and the voltage after the nth cycle in CL can be given as
[28,30].

VðnÞ¼ Q
Cm þ CL

þ Vðn�1ÞCL � Cm
CL þ Cm

(4)

where Q is the charge stored after rectification in one cycle.
Moreover, the voltage across the load resistor (RL) connected in
parallel with the material can be found using Kirchhoff's equation
for the FWR (Fig. 1 path A) as [30],

C
dVo

dt
þVo

R
¼ IP (5)

where C ¼ Cm þ CL and 1
R ¼ 1

Rm
þ 1

RL
, the voltage (Vo) is measured

across Rm. Since the losses around the diodes are considered, the
voltage across the pyroelectric material (Vm) can be given as

Vm ¼Vo þ 2*Vd (6)

Fig. 1 (path A) shows the standard FWR circuit connected with a
capacitor (CL) to smooth current flow through RL. The efficiency of
the power output from the FWR circuit is similar to that obtained
from directly connecting the load resistor across the pyroelectric
material. However, this arrangement can help store the charge for
later use. In order to enhance power, a nonlinear switched charge
extraction approach is used, which is extensively employed for
piezoelectric energy harvesting [31e34]. Thus, similar circuits are
also considered in the present work. Fig. 1 (path B) and Fig. 2 show
the nonlinear switch energy harvesting based on PeSSHI and
HeSSHI circuits, respectively. Further, in the case of PeSSHI, Ip and



Fig. 3. (a) Temperature as a function of time profile and (b) Current versus time plots for all the pyroelectric materials and (c) Variation of temperature gradient (dT/dt) with time
and current for La-NBT-BT-Ta.

Table 2
Electrical properties of the circuits [50].

Properties FWR PeSSHI HeSSHI

Diode drop 0.53 V 0.53 V 0.53 V
L e 10 mH 5 mH
C1 e e 10 pF
C2 e e 1 nF
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voltage across the pyroelectric material (Vm), when the switch is
on, can be expressed as (see Fig. 1(a) path B) [49],

Ip¼Cm
dVm

dt
þ iL þ

Vm

RL
(7)

where

Vm ¼ L
diL
dt

(8)

where L is the inductance and iL current flows through the inductor.
The PeSSHI works on the principle that L and Cm form parallel
tuned circuits when the switch is turned on. The time of the trigger
is defined by [5]

t¼p
ffiffiffiffiffiffiffiffiffi
LCm

p
(9)

Thus, the discharge through the inductor L leads to inversion
and enhancement of Vo. Though, due to the losses in the electric
circuit, the inversion is not perfect. Fig. 2 presents HeSSHI [50],
where the heating/cooling and rectification remain the same as the
FWR and PeSSHI. However, the HeSSHI circuit has two additional
capacitors (C1 and C2) compared to PeSSHI, which are employed to
detect the negative and positive peaks applied for self-switching.
The electric circuits' properties are defined in Table 2, such as the
voltage drop across the diode, inductance (L) and capacitance used.
Further, HeSSHI consists of transistors, as shown in Fig. 2; the
5

advantage of using them is that it requires low power and less
switching time [50]. NPN and PNP transistors along with capacitors
(C1 and C2) are employed. The HeSSHI makes the switching pro-
cess automatic, using power from the circuit and reducing the
dependency on external triggering. The rest of HeSSHI circuit
working remains identical to PeSSHI. The entire process of voltage
amplification can be divided into four modes for HeSSHI. In the
first mode, Vm ¼ Vo þ 2Vd, where Vm is the voltage across the Cm, Vo
is the voltage across the load resistor (RL) and Vd is the voltage drop
across the diode. Hence, the voltage across C1 is positive, making
transistors PNP1 and NPN2 off as PNP1 requires negative voltage to
switch on. Further, NPN1 is turned on but unable to switch on PNP2
due to positive voltage requirements. As a result, all transistors
would be turned off, causing the circuit to behave like an FWR. The
second mode Vm < Vo þ 2Vd is the period of voltage flipping from
positive to negative. Here, diodes in FWR will be off due to the low
voltage. However, slowly changing the voltage across C1 from
positive to negative. This reversal turns on PNP1 as soon as Vbase

(voltage required to conduct transistor) is achieved and further



Fig. 4. Variation of (a) temperature and (b) current with time for SBN at 0.01 Hz for present work and Sharma et al. [15].
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turns on NPN2. Ip will flow through the LC circuit and voltage
flipping occurs due to the current reversal (onset cooling cycle).
This process occurs until the current flowing through the inductor
becomes zero or the voltage flipping has been done. Consequently,
turning off the PNP1 and NPN2 transistors and taking the circuit to
the initial position where no diode is conducting and all transistors
are off. Therefore, building the flipped voltage to - (Voþ2Vd). In
modes 3 and 4, operations would be similar to modes 1 and 2; only
the current flow through the inductor would be reversed because of
the voltage flip from - (Voþ2Vd) to (Voþ2Vd). The equations (1)e(9)
were used to solve the heating/cooling temperature profile, current
profile and power circuits using MATLAB's SIMULINK/SIMSCAPE
model.

4. Results and discussions

Initially, the heating/cooling cycle was considered at 0.04 Hz,
where pyroelectric material was heated 40% of the time and cooled
60% of the time, as shown in Fig. 3(a). The heating and cooling cycle
duration was obtained considering solar radiation and forced
convection by the wind as fixed parameters, respectively. The
maximum increase in temperature was observed for BCZT as
314.8 K. However, a significant temperature variationwas not found
in all pyroelectric materials, as seen in Fig. 3(a). This is due to the
material's thermal heat capacity, which remains almost the same
for all materials used in this study.

Further, the timederivative temperature profilewas employed to
obtain current and the results are shown in Fig. 3(b). The maximum
current of 1.74 mA was found for BCSTZS, whereas La-NBT-BT-Ta
consists of the maximum p as given in Table 1. Though the specific
heat capacity effect is not much for the maximum temperature
attained, this may affect the heat transfer process and decrease the
dT/dt as in the case of the La-NBT-BT-Ta (Hc ¼ 2.8) and BCSTZS
(Hc ¼ 2.33). Fig. 3 (b) shows a sharp increase in the current due to a
rapid decrease in surface charges at ambient temperature under the
appliedheatflux. If the temperature gradient is dT/dt>0, the level of
spontaneous polarization decreases as the orientation of the dipoles
within the material is lost due to thermal vibrations. Hence, the
open-circuit current during the heating cycle decreases with time,
as observed in Fig. 3(b). Similarly, in the cooling dT/dt < 0, the
orientation of the dipoles is regained and spontaneous polarization
increases. Thus, the current reversal is obtained as the free charges
are again attracted to the surface. Fig. 3(c) shows the variation of
6

temperature gradient and current with time for La-NBT-BT-Ta.
Considering equation (3), Ip can be directly proportional to the dT/
dt, which can also be observed in Fig. 3(c). Further, the dT/dt cor-
responding to the maximum current of 1.42 mA is 2.20 K/s.

The simulated temperature and current profiles are validated
with Sharma et al. [15] work, as shown in Fig. 4. For this purpose,
SBN is considered for the solar energy harvesting system because of
the best performing material in their study. The results show that
the present work accurately predicts the temperature (Fig. 4(a))
and current (Fig. 4(b)) under similar boundary conditions. Thus, it
can be said that the present work results are in line with the
literature.

Further, selecting the most appropriate pyroelectric material is
challenging, considering the current profile. Thus, the voltage
across different load capacitance (CL) of 0.1 mF, 1 mF, 25 mF and
100 mF at 0.04 Hz frequency is measured for 300 s, presented in
Fig. 5(a) and (b), (c) and (d), respectively. The voltage decreases
with the increasing CL from 1 mF to 100 mF. It is because the charge
generated on the material's surface is constant for a given fre-
quency, regardless of the load capacitance. As a result, charging a
capacitor with a large CL takes longer, resulting in a lower voltage at
the end of 300 s. Further, it is observed that at 0.1 mF and 1 mF the
voltage saturation takes place at 25 s and 150 s, respectively.
However, with the increased CL (25 mF and 100 mF), saturation is not
attained till 300 s. This is due to low CL where a small charge is
needed; hence less time is required to saturate than high CL.
Additionally, the ripples produced in the voltage at low CL are
higher and decrease with the increase in capacitance. The voltage
ripples are inversely proportional to the capacitance and frequency;
thus, it is minimized at higher capacitance [38]. Fig. 5 shows that
La-NBT-BT-Ta is the best pyroelectric material (giving a maximum
output voltage of 35 V) at an optimum load capacitor of 1 mF. It is
important to note that 0.1 mF and 1 mF load capacitors provided
almost similar voltage output; however, the ripples in 0.1 mF are
more, leading to higher power wastage, noise and distortions. La-
NBT-BT-Ta is the best pyroelectric material for energy harvesting
because of its higher pyroelectric coefficient at room temperature.
The pyroelectric results are strongly affected by the La3þ and Ta5þ

concentrations in the pure NBT-BT ceramics due to morphotropic
phase boundary is shifted either to the BT-rich end (if La replaces
Na and/or Bi and Ta replaces Ti) or the BT-poor end (if La replaces
Na and/or Bi and Ta) (La replaces Ba and Ta replaces Ti) [51]. La-
NBT-BT-Ta has the largest value of c/a ratio, which means that it



Fig. 5. Voltage as a function of time for (a) 0.1 mF, (b) 1 mF, (c) 25 mF and (d) 100 mF load capacitor at zero load resistance.
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has a more tetragonal unit cell which contributes to an enhanced
pyroelectric response. The La-NBT-BT-Ta have lower εr with higher
p than the materials under consideration; thus, the pyroelectric
FOMs increases. The simulated results are in good agreement with
the experimental observation.

Thus, La-NBT-BT-Ta is further used to study the effect of different
frequencies (0.5, 0.16, 0.08, 0.04, 0.02, 0.013 and 0.01 Hz) on the
temperature and current output, as shown in Fig. 6. Fig. 6(a) and (b)
show the temperature obtained for different heating/cooling cycle
frequencies. The maximum temperature attained was inversely
proportional to frequency; as heating time increases, the frequency
decreases. The highest temperature attained was for the 0.01 Hz
frequency as 327.5 K. Further, the corresponding current profiles for
the same frequency are shown in Fig. 6(c) and (d). The maximum
current during the heating cycle remains almost the same, ~1.42 mA
for all the frequencies.However, the peak value of the current during
the cooling cycle was obtained as 2.78 mA for 0.01 Hz frequency. The
peak current value for the cooling cycle was increased with a
decrease in frequency. It is because as frequency decreases, the
cooling time also decreases. Hence, the temperature gradient for
lower frequency increases during the cooling cycle, resulting in
increased peak current, as seen in Fig. 6(d). The frequency analysis
shows the maximum temperature and current obtained but does
not provide the basis for choosing theworking frequency for further
studies.

In this regard, the output voltage at constant RL (35 MU) and CL
(1 mF) under different frequencies is presented in Fig. 7(a) to obtain
an optimum frequency value. The output voltage (Vo) increased
with the increasing frequency till 0.04 Hz, then decreased. It is
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because voltage ripple decreases with an increase in frequency,
which could be given as [52],

Vripple ¼
Idc

2� f � CL
(10)

where Vripple is the voltage ripple, Idc is the rectified voltage, and f is
the heating and cooling cycle frequency. Thus, the voltage ripple
increases and the corresponding voltage across the RL decreases if
the frequency decreases. Hence, the frequency should be chosen in
such a way that it maximizes voltage and power output. Thus,
0.04 Hzwas suitable for low voltage ripple and expected to enhance
power output. Moreover, finding the optimum RL at which Vowould
be maximum is essential. Fig. 7(b) shows the voltage at variation of
RL under 0.04 Hz and CL (1 mF). It shows that with the increase in RL
output voltage (Vo) increases and beyond 55 MU (Vo ¼ 18 V), the
increment in voltage is not significant. Thus, it can be concluded
that obtaining amaximal Vo, CL of 1 mF, RL of 55MU and frequency of
0.04 Hz is required.

The above-discussed results are based on the FWR circuit; hence
the validation of the simulation model of the FWR circuit is needed.
Thus, the developed simulation model of FWR circuit is validated
with the experimental work of Kumar et al. [53]. The experimental
results are given for BCZT; hence, the same material is used to
validate the simulation work. Fig. 8 (a) shows the open-source
voltage of pyroelectric material when no circuit is connected. The
results obtained from the simulation work agree with the experi-
ments. However, there was a delay in the voltage phase as time
increased. The experimental results cannot be perfectly sinusoidal



Fig. 6. Plot for La-NBT-BT-Ta temperature variation versus time and current versus time (a), (c) at high frequency (0.5, 0.16, 0.08 Hz) (b), (d) at low frequency (0.04, 0.02, 0.013,
0.01 Hz), respectively.

Fig. 7. Variation of output voltage for La-NBT-BT-Ta (a) at different frequencies under constant load resistance (RL) of 35 MU and load capacitance (CL) of 1 mF (b) at different RL at a
constant frequency of 0.04 Hz and CL of 1 mF.
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as there may be some delay during the heating and cooling cycle,
which was not incorporated in the present model. Fig. 8(b) shows
the power output at different values of load resistance. The power
output also gives a good approximation in the RL range of 5e20MU.
8

The maximum power output of 0.07 mW is obtained at RL of
17e18 MU, similar to experimental work. Thus, it can be said that
the simulation model can be used for the other pyroelectric ma-
terials' voltage and power analysis.



Fig. 8. Validation of FWR circuit simulation model for (a) open-circuit voltage versus time and (b) power output at different load resistance (RL) with the experimental results of
Kumar et al. [53].
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The peak and mean power output for different RL and constant
CL of 1 mF are shown in Fig. 9(a) and (b), respectively. The mean
power was calculated to obtain the actual power available at the
load resistance, considering the mean of the power ripple. The
maximum peak power (6.7 mW) and mean power (5.3 mW) were
obtained for 0.04 Hz, RL of 25MU and 35MU, respectively. The peak
power was obtained at RL 25 MU, compared to the highest Vo at RL
55 MU under 0.04 Hz and 1 mF. The shift of maximum power at low
Fig. 9. (a) Peak power and (b) mean power for different load resistance and frequency, (c)
versus time at different CL for La-NBT-BT-Ta.
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RL is because; it is inversely proportional to resistance. Further,
power varies with frequency due to its dependency on the Vo and
RL. The voltage ripples are high at a lower frequency, whereas low
Vo is obtained at a higher frequency, leading to low power gener-
ation. Thus, the maximum peak and mean power output were
obtained at 0.04 Hz.

Fig. 9 (c) shows the peak and mean power variation with fre-
quency at a constant RL of 55 MU. The peak andmean power output
Power output versus frequency at constant CL of 1 mF and (d) Capacitor stored energy



Fig. 10. Validation of the PeSSHI circuit (a) simulated power and voltage across the material capacitance (Cm) and (b) experimental voltage waveform (Hong et al. [54]) for Vm and Vo
at Cm and CL, respectively.

Fig. 11. Peak power output versus load resistance (RL) at constant CL of 1 mF and fre-
quency of 0.5 Hz for different power-enhancing circuits.
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increase with frequency to a maximum of 6.17 mW and 5.06 mW,
respectively, till 0.04 Hz and with further increase in frequency,
power decreases. The solar energy harvested by pyroelectric ma-
terial can also be stored in a small battery or capacitor for later use.
If a capacitor is employed for energy storage (E), then it can be
expressed by [13],

E¼1
2
CLVO

2 (11)

The energy stored in the capacitors after 300 s for 0.1, 1 and
100 mF capacitance is shown in Fig. 9 (d). The maximum E of 250 mJ
is obtained for the CL of 100 mF. Though the maximum E is obtained
for 100 mF, the open-circuit voltage (as seen in Fig. 5 (d)) and power
output are low at the same capacitor. Thus, the most optimum CL is
in line with the results from the previous conclusions 1 mF as a
comparable E of 175 mJ is obtained along with high Vo and power
output.

In order to further enhance the power, PeSSHI and HeSSHI
circuits are used. The PeSSHI circuit is validated with the litera-
ture and then employed for analysis. Thus, the results obtained
from simulation for PeSSHI were verified with the theoretical and
experimental work done by Hong et al. [54]. They have shown the
voltage and power output for the piezoelectric materials consid-
ering higher frequency (15 Hz). The results were obtained using the
present PeSSHI model and Hong et al. [54] are shown in Fig. 10(a)
and (b) for similar input conditions andmaterials. It can be said that
the present simulation model correctly validates the previous
simulation and experimental work. However, ripples in the power
output were present in this work due to voltage fluctuations. The
PeSSHI circuit voltage Vm and Vo are obtained across Cm and CL,
validated with experimental work, as depicted in Fig. 10 (b). The
maximum experimental Vm and Vo were obtained as 12 V and
12.2 V, and the simulated values were obtained as 11.9 and 13.2 V.

The PeSSHI circuit used for pyroelectric energy harvesting
considers the frequency of 0.5 Hz. The peak power output from
FWR, PeSSHI and HeSSHI employed at different RL is shown in
Fig. 11 at 0.5 Hz and 1 mF. The maximum peak power for FWR is
found as 0.78 mW at 10 MU, whereas PeSSHI circuit shows ~54%
improvement in peak power 1.2 mW (RL ¼ 15 MU). However,
PeSSHI is required a power source to trigger the switch for the LC
circuit, leading to the use of an auxiliary/external power supply.
Thus, it is not easy to use due to precise time and consumes the
energy generated from the materials to trigger the circuit. In this
regard, a self-powered power circuit was required, which led to the
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consideration of HeSSHI. The HeSSHI used in this work is dis-
cussed in Fig. 2 and the power output is shown in Fig. 11. The
maximum power of 1.05 mW is obtained at 15 MU, which is ~12.5%
less than PeSSHI. However, this can be an effective technique
because no external power source is required, and automatic trig-
gering of the LC circuit can be done.

However, from a frequency point of view, there are certain re-
strictions to using power-enhancing circuits for pyroelectric energy
harvesting. The PeSSHI or HeSSHI circuits work well above 0.5 Hz
only. It is because, below 0.5 Hz, the heating/cooling cycle time
increases and current is obtained in a considerable period, making
it difficult for SSHI to switch. Thus, SSHI circuits reduce the power
output below 0.5 Hz at a lowamplitude of temperature and current.
Guyomar et al. [5] work also show that power output is affected by
temperature amplitude, frequency of heating/cooling and volume
of material. It suggests that a higher frequency and amplitude for
maximum power output are needed for SSHI circuits. Thus, in the
low-frequency region, a higher temperature amplitude is required
for power-enhancing via SSHI. It makes the SSHI circuit practically
challenging to use with solar heating-based energy harvesting.
Hence, a further detailed investigation is required to ponder the use
of low frequency for pyroelectric energy harvesting using SSHI
circuits.
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A number of other energy harvesting techniques are also
available for the small devices. In this direction, the energy har-
vesting approach based on vibrations has been an active area of
research; thus, Wei et al. [55] studied the three most prominent
vibration-to-electricity conversion mechanisms: piezoelectric,
electromagnetic and electrostatic [55]. The maximum power
output of energy harvesters utilizing three distinct approaches
ranges from 2.45 � 10�5 mW to 2.7 � 104 mW. Electromagnetic
energy harvesters perform a low-cost feature compared to piezo-
electric energy harvesters. However, electromagnetic energy-
collecting components often take up more space within the gad-
gets. The piezoelectric energy harvesters work with high-frequency
ambient vibrations and a power output of up to 1.8 mW was
attained [56]. Further, pyroelectric and piezoelectric show the
6.17 mW and 1.8 mW energy harvesting, respectively, where the
power obtained from pyroelectric energy harvesting is low. How-
ever, from the practical application point of view, obtaining a fre-
quency of 2580 Hz under environmental conditions is impossible
[56], whereas pyroelectric energy harvesting for the present anal-
ysis under environmental conditions. Further, in this direction
Tabbai et al. [57] presented the thermal phenomena occurring in a
brake disc in use (heat flow produced by friction, strong thermal
gradients, temperature rise, and the speed of rotation of the disc)
were described. The maximum energy density harvested was 8.4 mJ
cm-3. Though a novel methodology is used for energy harvesting,
the recovered voltage is limited by decreased pad thickness and
increased speed [57]. The pad thickness and design would be a
safety risk for its application in a real-time environment. The most
widely used thermal harvesting method is thermoelectric genera-
tors (TEGs). TEGs are solid-state, non-moving-parts devices. How-
ever, thermoelectric generator is limited by the lower efficiency as
in the case of pyroelectric energy harvesting. In a low-temperature
regime, DT < 100 ◦C, pyroelectric generators seem to have better
power density than thermoelectric generators [58]. Photovoltaic
(PV) technology is yet another intriguing and effective energy
conversion method. The short wavelength photons of solar irradi-
ance separate the electrons in the PV semiconductor, producing
electrical current [59]. On the other hand, long-wavelength pho-
tons from the solar spectrum cannot excite electrons for separation
and are instead converted to heat. The heat generated causes the
temperature rise of the PV panel, which lowers the conversion ef-
ficiency. However, the efficiency of solar PV is much higher than
pyroelectric energy harvesting but is restricted by heat generation
[59]. In this direction, the solar photovoltaic may be embedded
with pyroelectric materials to enhance energy harvesting. Thus,
pyroelectric generators may not be an efficient technique for en-
ergy harvesting considering their peers but may be embedded with
any other mechanism in a thermal gradient environment to
enhance the power output.
5. Conclusions

The current study evaluates various lead-free pyroelectric ma-
terials for solar energy harvesting. Solar radiation was employed as
a heat source, while natural airflow rate produced the necessary
heating and cooling operations. La-NBT-BT-Ta is the most effective
pyroelectric material providing a maximum voltage of 35 V at CL of
1 mF under no-load conditions. The effect of frequency, load resis-
tance, and capacitance were analyzed on La-NBT-BT-Ta to obtain
maximum Vo (18 V at RL ¼ 55 MU) and power (6.17 mW at
RL ¼ 25 MU) under 1 mF and 0.04 Hz frequency. The solar energy
harvesting stored in a capacitor is obtained as 175 mJ for CL of 1 mF.
Nonlinear electrical circuits PeSSHI and HeSSHI enhanced the
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power by 54% and 42%, respectively, compared to FWR at 0.5 Hz.
Thus, these approaches can potentially enhance the effectiveness of
pyroelectric materials-based solar energy harvesting materials.
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