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Abstract
Electrocaloric heat pumps for cooling or heating are an emerging emission-free technology, which could replace vapor-
compression systems, harmful refrigerants, and mechanical compressors by a solid-state solution with theoretically even 
higher coefficient of performance. Existing electrocaloric ceramics could reach around 85% of the Carnot-limit, and existing 
electrocaloric polymers could enable a compact and high power density system. However, the performance of published sys-
tem demonstrators stays significantly below this performance, partly because of the external electronic charging loss (cyclic 
charging/discharging of electrocaloric capacitors). This work analyzes how the latest 99.74% ultra-efficient power electronics 
enables to maintain a high performance even at the system level. A first-principle analysis on material and system param-
eters also shows the effect of significantly different material properties of ceramics (PMN, PST) and PVDF-based polymers 
on system parameters. A system benchmark provides insight into system characteristics not covered by material analysis.

Introduction

Electrocaloric heat pumps offer cooling and heating with 
zero global warming potential [1]. While some known elec-
trocaloric materials (ceramics [2], polymers [3]) could out-
perform vapor-compression systems [4, 5], published dem-
onstrators still have significantly lower performance. This is 
partly due to losses from the charging electronics, required 
to cyclically charge/discharge the electrocaloric capacitors. 
This paper discusses latest research of ultra-efficient power 
electronics, and how it enables to transfer the high material 
performance to the system level.

Methods

Material and system coefficient of performance 
(COP) limits

The achievable material COP relative to the ideal Carnot-
COP, called relative material COP in the following,

is below the limit COP
R
= 1 = 100% due to non-reversible 

dielectric (hysteresis) loss, where � = 1∕4 for Carnot-like 
cycles, or up to � = 1 for cycles with temperature regenera-
tion by ΔTAD . The term “Carnot-like” is used in this work to 
describe a thermal cycle in a system without heat regenera-
tion, where half of the electrocaloric temperature change is 
used to actively overcome the temperature difference in each 
stage, and only the remaining half is then available for useful 
cooling/heating. Furthermore, the term “Carnot-like” is used 
to state that the heat flow from the electrocaloric element to 
the sink/source (or next/previous stage) is approximately iso-
thermal, and thus the most efficient heat transfer, compared 
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to for example Brayton cycles. Details on this Carnot-like 
cycles for electrocaloric systems are discussed for example 
in [6–9]. FOM is a material figure-of-merit from [9] (the 
ratio of reversible temperature change ΔTAD to non-reversi-
ble temperature change ΔTHYST during one adiabatic cycle), 
similar to analyses in [6, 10, 11] based on the equivalent 
permittivity �TR and dissipation factor DFTR of the electro-
caloric dielectric (which condense the voltage-dependent 
permittivity and dissipation factor each into just one equiva-
lent value, as described in [6]) with density � and heat capac-
ity cP , operation temperature T, and the electric field change 
ΔE which causes an electrocaloric and adiabatic temperature 
change of ΔTAD . The dissipative heat per cycle and volume 
(see also [9, 12]) can be calculated from the electrical equiv-
alent values as qDISS =

��TRΔE
2DFTR

4�
 . The dissipation factor 

can also be expressed as a loss tangent tan(�) = DFTR which 
is typically used for sinusoidal signals. However, to con-
dense the non-linear capacitance and loss data to just one 
equivalent value each, this work uses a dissipation factor to 
emphasize the ratio of dissipative electrical energy to stored 
energy which is also well-defined for non-sinusoidal signals. 
Possible origins for the dissipative heat in (electrocaloric) 
dielectrics are for example dipole relaxation [13], domain 
wall motion [14], defects [15] or molecular chain dynamics 
[16] (in polymers), and these effects are temperature, electri-
cal field and frequency dependent. Only the hysteresis loss 
is considered here as an equivalent time-related dissipation 
factor, and series-resistances and leakage current related 
losses can be neglected if the system frequency is carefully 
selected. The system frequency should be sufficiently high 
that the static (independent from system frequency) leakage 
current related power loss is much smaller than the dynamic 
(proportional to system frequency) hysteresis loss. At the 
same time, the system frequency (proportional to the charg-
ing current) should be sufficiently low such that series-resist-
ance losses not yet dominate the hysteresis losses. The fre-
quency where the series-resistance losses starts to dominate 
can be adjusted (and thus increased) by changing the geom-
etry or material of the electrodes.

Several materials with high FOMs exist, for example lead 
magnesium niobate (PMN), lead scandium tantalate (PST), or 
barium titanate (BT)-based ceramics and polyvinylidene fluo-
ride (PVDF)-based (ter-)polymers. However, such high system 
COPs have not yet be reached, because the external charging 
circuit loss reduces COPR,MAT to the lower relative system COP

with a material figure-of-merit FOMEC [6] independent 
from DFTR (the factor �

4
 is justified in [6]), and non-ideal 

charging efficiency 𝜂DC < 100% . The material figure-of-
merit FOMEC,MAT

 [6] which includes the material’s dissipa-
tive loss was adapted in [9] to an improved figure-of-merit 
FOM = 4FOMEC,MAT

 which does not include the factor of 
four any more, because it is now included as a factor � inde-
pendent from FOM. The factor of four related to the thermal 
cycle is also discussed in [8, 9, 17]. Eqn. 2 shows that the 
charging circuit loss ( 1 − �DC ) reduces the system COP addi-
tionally and similarly as DF. Rearranging Eqn. 2 as

highlights that a high material FOM is not sufficient, but 
also a high efficiency �DC in relation to DFTR is required for 
systems. For the material FOM only the product �TRDFTR 
is relevant, but for systems the trade-off between �TR and 
DFTR becomes important, which was noticed in [6]. For two 
materials with the same FOM (same material COP limit) 
and given charging efficiency �DC , it is easier to achieve a 
high system performance, if the permittivity is reduced in a 
trade-off for DFTR.

In any case, a high electrical charging efficiency is 
required [2] to transfer the high material performance to the 
system level, which motivates research on charge recovery 
circuits for electrocalorics.

Ultra‑efficient power electronics as charge recovery 
circuit

In 2018, E. Defay et al. [18] proposed the charge recovery 
by a resonant circuit for electrocalorics, demonstrating up 
to 86% efficiency, charging ceramic capacitors in a system 
demonstrator. In 2020,  Meng et al. [19] used a resonant 
circuit for a polymer-based system, reporting efficiencies of 
70% and a measured COPR,SYS = 12% , the highest measured 
electrocaloric system COP known to the authors, which, 
however, is still significantly below the material limit. As 
stated in the supplementary materials of [19], the prototype 
which achieved COPR,SYS = 12% used polymer material with 
a performance limit which is below other published poly-
mer data (e.g. [20]), such that that system performance is 
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limited not only by the charge recovery efficiency of the used 
resonant-circuit, but also by the material and the thermal 
cycle (Brayton without heat regeneration). In the supple-
mentary materials of [19], a relative system performance of 
44% is predicted if an improved polymer material was used. 
In 2022, M. Almanza et al. [17] used a Marx modulator 
for electroactive polymers and reported charging efficien-
cies of 88%. In 2022, Moench et al. [6] proposed to use a 
switched-mode power electronics approach, achieving 99.2% 
efficiency. In 2023, S. Mönch et al. [21] demonstrated a par-
tial power processing power electronics shown in Fig. 1 with 
99.74% efficiency, continuously charging/discharging 10 μ F 
by 317 V at 19 Hz. This circuit only has 0.26% losses, a 
50-times reduction compared to the initial resonant circuit 
approaches previously used for electrocaloric demonstrators. 
Application of such highly-efficient electronics to electroca-
loric heat pump demonstrators will significantly improve the 
system COP, and could also enhance electrocaloric energy 
harvesting [22].

In [6] an electrocaloric PMN ceramic fabricated as in 
[23] by the authors from Fraunhofer IKTS, was measured, 
and driven with offset voltages. Offsets avoid the high per-
mittivity at low voltages, as observed in [18], resulting in 
a calculated FOM = 28.6 , low DFTR = 0.06% and high 
COPR,MAT ≈ 87.7% for Carnot-like cycles [6].

The predicted system performance however was reduced 
to 28.6% when using the 99.2% efficient electronics [6], and 
it was calculated that �DC ≥ 99.71% is needed to maintain 
at least COPR,SYS ≥ 50% (Carnot-like cycles). The 99.74% 
efficient converter from [21] thus is now sufficiently efficient 
and marks a milestone to transfer high material COPs to the 
heat pump system performance.

Carnot‑like cycles using field variation

The thermal cycle influences the heat pump performance. 
Demonstrators (reviews: [24, 25]) typically use Brayton-
cycles, less efficient [7] than the previously analyzed Carnot-
like cycles. Initial resonant circuits [18, 19] allowed energy 
recovery, but only square-like voltage waveforms (with 
sinusoidal-like transitions), resulting in Brayton-cycles.

The power electronics approach now also allows arbitrary 
voltage variation, for example four-step voltage waveforms 
(the charging and discharging transitions are split into a fast 
and slow half) for Carnot-like cycles, experimentally dem-
onstrated in [26] with a two-stage cascaded system dem-
onstrator, inspired by [18, 27]. Since the power electronics 
approach (compared to a resonant circuit) decouples the 
charging time from the inductor value and electrocaloric 
load capacitance, it allows varying charging/discharging 
speeds by burst-mode operation within one cycle. This burst-
mode operation has additional switching transitions from 
standby-phases (between the bursts) and the standby-phases 
cause the static leakage currents to contribute more to the 
total losses. A 10:1 charging speed ratio reduced the meas-
ured charging efficiency slightly from 99.2% to 98.9% in 
[26]. Advanced circuit topologies could solve this issue, for 
example by multi-phase charging of several individual EC 
loads with just one converter, such that the converter is oper-
ated all the time (zero standby phases), and the individual 
EC loads are connected and disconnected several times as 
needed during each cycle. Otherwise, the slightly reduced 
charging efficiency will reduce the system COP slightly, 
according to Eq. 3 (also visible in the later presented Fig. 3. 
It is estimated that the slight reduction of charging efficiency 
due to the burst-mode operation for Carnot-like cycles still 

Fig. 1  99.74% efficient partial-
power processing charging cir-
cuit for electrocaloric capacitive 
loads. Figure from [21]
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results in a higher system COP than for a Brayton-cycle 
(compared in [7]) where the burst-mode operation is not 
required (maximum electrical charging efficiency). In the 
meantime, a ten-stage demonstrator was built, shown in 
Fig. 2, demonstrating scalability.

Results and discussion

Material and system benchmarking

The effect of material and system parameters on COP is ana-
lyzed for three materials (four cases): (1) PMN ceramic [6] 
fabricated by Fraunhofer IKTS, with offset E0 and (2) without; 
data from [6]. (3) PST ceramic [28] MLCC [29] by Hirose 
(muRata); measured data by the authors. The selected oper-
ation point is at a slightly elevated temperature, where the 
hysteresis loss is significantly reduced, while the measured 
adiabatic temperature change is only slightly reduced from 
the measured maximum at the same electric fields but lower 
temperature, resulting in an better material performance (the 
optimal material performance is not necessary at the tempera-
ture of maximum adiabatic temperature change). (4) PVDF-
based terpolymer by Qian; data from [20].

The authors clearly state that this work primarily is a 
guidance to benchmark electrocaloric systems in general, but 
the selected materials and operation points are just an exam-
ple snapshot. Other and improved materials, and operation 
conditions were published and are part of ongoing research. 
For example, PMN data by Plaznik [2] could result in even 
higher performance. PST could be operated at higher fields 
[29, 30], improving the power density but possibly also 
reducing the coefficient of performance because the gain of 
additional electrocaloric temperature change might be lower 
than the additionally required electrical charging power 
(and associated losses) [30]. Increased B-site ordering [29] 
will further increase the adiabatic temperature change and 
performance. Also, lead-free ceramics are researched [31, 
32]. PVDF-based nanoparticle-filled composite polymer-
based materials [33] and hysteresis reduction is currently 
researched, improving the performance. This work aims for a 
general performance benchmark and method, also unveiling 

system level parameters often overlooked and not covered 
by pure material characterization.

This work neglects that the thermal connections in the 
cascade have to be practically realized with some system 
approach, and also neglects that the actuation and additional 
thermal resistance and capacitance of these connections can 
limit the achievable system frequency and also can reduce 
the system performance compared to the simplified calcu-
lations used in this work. Several thermal control devices 
are reviewed in [34]. The high system frequency of 10 Hz 
assumed in this work seems possible because up to 20 Hz 
was predicted using simulations for a thermal switch capaci-
tor in [35] and for a ferrofluidic thermal switch in [36]. A 
high frequency of 20 Hz using mechanical check valves in 
a magnetocaloric heat pipe heat pump was experimentally 
achieved in [37]. Even though such check valves in a heat 
pipe-based heat pump system are opened and closed by the 
pressure change in the heat pipe, and thus do not have to 
be actively controlled, there will still be a non-zero pres-
sure drop (or temperature drop) in each stage related to the 
minimum opening pressure, possibly reducing the system 
performance. Also, thermal switches typically have a low 
thermal contrast ratio (investigated for example in [38]), 
because typically also in the off state of the thermal switch 
there exist parallel heat flow paths through the mechani-
cal structure, limiting reducing the useful cooling/heating 
power.

For simplicity, this work assumes the same material 
performance as from one measured temperature point over 
the complete heat pump temperature range, even though it 
is well known that the usable temperature range of some 
electrocaloric materials is limited. The limited temperature 
range of some electrocaloric materials is not considered in 
this work, such that the calculated relative performance of 
the benchmark system (with a large temperature span) is 
the same as that of just one individual stage with low tem-
perature span. In [39] the temperature span where the elec-
trocaloric effect maintains 90% of the maximum ΔTAD is 
discussed for several electrocaloric materials.

Table 1 lists extracted and calculated material and sys-
tem parameters for a benchmark heat pump systems (cool-
ing with cold site temperature T). As benchmark system a 
cascaded heat pump was selected because it allows high 

Fig. 2  Ten-stage electrocaloric 
heat pump demonstrator
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system frequencies [37]. However, so far only simple cas-
cades without heat regeneration have been demonstrated. 
Therefore, a Carnot-like cycle ( � = 1∕4 ) is selected as refer-
ence case. From the time-related, large-signal permittivity 
�TR and dissipation factor DFTR , the adiabatic temperature 
change ΔTAD (at electric field change ΔE on top of the off-
set E0 ), the heat capacity cP and density � of the electroca-
loric material, and the figure-of-merit FOM are calculated. 
The material’s relative COP limit COPR,SYS is calculated 
from Eq. 1 for a Carnot-like cycle ( � =

1

4
 ), and for an ideal 

regenerative cycle ( � = 1 ). The available entropy change 
ΔSISO,MAX ≈

ΔTAD

T
cP is estimated, and the thermal hysteresis 

ΔTHYST follows from FOM and Eq. 1. The non-reversible 
dissipation qDISS ≈ ΔTADΔSISO,MAXFOM

−1 is estimated 
from DFTR . It should be mentioned that only the hysteresis 
loss related to DFTR is considered in the calculations. It was 
assumed that leakage current losses and series-resistance 
losses are negligible compared to the hysteresis loss. While 
for the investigated PMN and PST MLCCs this assumption 
is justified, for polymers a more detailed analysis should be 
carried out based on measured leakage currents.

As benchmark system, a heat pump with PTH,C = 1 kW 
thermal cooling power, TSPAN = 30K temperature span, 
and fSYS = 10Hz system frequency (feasible if a heat-pipe 
system approach from magnetocalorics [37] is adapted to 
electrocalorics).

A factor � is used to describe the thermal cycle and addi-
tional heat regeneration, e.g. � = 1∕4 for Carnot-like cycles 
in a simple cascade without heat regeneration (half the adi-
abatic temperature change is used to overcome the optimal 
temperature difference per stage, and then only half of the 
thermal energy is available for cooling/heating, thus a fac-
tor of 4), or � = 1 for a system with heat regeneration where 
a temperature change of ΔTAD per stage is overcome by an 
additional heat regenerator, which is twice that of a Carnot-
like cycle, and the full (twice compared to the Carnot-like 
cycle) thermal energy from the electrocaloric effect is then 
still available for cooling/heating. An example for such a 
heat regeneration system in an electrocaloric system is found 
for example in [40].

In addition to relative system parameters (such as the rela-
tive material and system COPs from Eqs. 1–3) which are 
independent from the actual sizing of a heat pump (at least 
within the simplifications used by his work), some further 
absolute system parameters are also calculated, which ena-
bles an assessment of whether such a system could be real-
ized in practice with justifiable use of materials: For a Car-
not-like cycle ( � = 1∕4 ), a number of NCASC = 2

TSPAN

ΔTAD
 

series-cascaded stages is required because the electrocaloric 
temperature change of known material is smaller than the 

desired heat pump temperature span ( ΔTAD ≪ TSPAN ). The 
compactness depends on the active electrocaloric volume 
Υ = 2

NCASCPTH,C

fSYSΔTAD�cP
 (equivalent cube-length: lΥ =

3
√

Υ ) and 
weight  m = �Υ  .  The average charging power 
PCHARGE = �0�TRΔE

2ΥfSYS , cycling within the system, 
depends on the permittivity. Exemplary for V = 400V oper-
ation voltage (typical for single-phase electronics) the equiv-
alent capacitance C = �0�TR

(

ΔE

V

)2

Υ is calculated. In this 
work an operation voltage of V = 400V was arbitrarily cho-
sen, because high electrical charging efficiencies of 99.2% 
and 99.74% (used for later system calculations) were 
achieved in [6] and [21] (for ideal almost lossless non-elec-
trocaloric reference capacitors) with 600 V transistors, 
which have typical operation voltages around V = 400V . 
Also, a 400 V dc voltage can be efficiently generated by 
power-factor-correction circuits (e.g. bridgeless totem-pole 
PFC) from the typical ac grid voltage of up to 230 V) Fur-
thermore, for the ceramic materials investigated, the required 
electrical fields in combination with the permittivity of the 
electrocaloric material lead to typical layer thicknesses of 
several 10 s of micrometers if dimensioned for 400 V, which 
is a feasible layer thickness for MLCC fabrication. For 
example, PST-based MLCCs published in [29] use 38 μ m 
layer thickness, such that the electric field from the electron-
ics can provide up to 10 V/μ m, sufficient to cause the electri-
cal fields for ceramics considered in this work. For polymers 
with higher electric fields, either thinner films should be 
used, or the power electronics has to be dimensioned for a 
higher operation voltage, either by using higher-voltage tran-
sistors (e.g. 1.2 kV or 1.7 kV), or by using advanced circuit 
topologies (e.g. high-voltage modular multilevel converters 
other Marx-generators [17]). The average charging current 
is ICHARGE = PCHARGE∕V (continuous charging waveforms), 
and is possibly increased to higher peak charging currents if 
standby-phases (current reduced to zero) are used during 
hea t  t ransfe r.  The  s to red  e lec t r ica l  energy 
WSTORE =

1

2
�0�TR(E0 + ΔE)2Υ within the system is signifi-

cantly higher than the thermal energies per cycle. All previ-
ous characteristics are reduced (halved) if regenerative 
cycles are used ( � = 1).

For selected charging efficiencies �DC (0%: no recovery, 
50%: as in resistive charging, 99.2%: conventional power 
electronics, 99.74% ultra-efficient power electronics), the 
best-case COPR,SYS is calculated (Carnot-like and regenera-
tive cycles).

For practical considerations, the absolute COP is also 
evaluated, to compare to the Carnot limit COPCAR.
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Discussion of benchmark results

Offset fields (PMN ceramic)

Comparing PMN without and with offset (here 75% of a 
common maximum field) shows that the offset improves 

the COP. Using just the 99.74% efficient power electron-
ics, but no offset fields, and Carnot-like cycles, only a 
COPR,SYS ≈ 24.2% is predicted. Only when using the offset, 
the analyzed PMN reaches an improved (doubled) system 
COP of 52.3% . The offset reduces the material utilization. 
While the average permittivity �TR and dissipation factor 

Table 1  Calculated material, 
system and heat-pump (cooling) 
benchmark system parameters

PMN PMN (offset) PST Polymer

Temperature (cold) T [K] 300 300 312.52 300
Rel. permittivity �TR∕�0 [1] 4000 725 4827 53
Density � [kg/m3] 7950 7950 8750 1800
Heat capacity cP [J/kg/K] 326 326 308 1500
Electric field change ΔE [V/μm] 8 2 5.26 50
Electric offset field E0 [V/μm] 0 6 0.00 0
Adiabatic temp. change ΔT [K] 1.138 0.2 1.74 8
Dissipation factor DFTR [1] 0.16% 0.06% 0.76% 9.15%
Figure-of-merit FOM [1] 3.93 28.56 3.68 6.83

Material limit ( � =
1

4
) COPR,MAT [1] 49.5% 87.7% 47.9% 63.1%

Material limit ( � = 1) COPR,MAT [1] 79.7% 96.6% 78.6% 87.2%
Max. entropy change ΔSISO,MAX [J/kgK] 1.24 0.22 1.71 40.00
Thermal hysteresis ΔTHYST [K] 0.290 0.007 0.473 1.171
Disspation density qDISS [J/kg] 0.358 0.002 0.812 46.837

Benchmark system
Cooling power PTH,C [W] 1000
Temperature span TSPAN [K] 30
System frequency fSYS [Hz] 10

Evaluation of benchmark system for Carnot-like cycle COPR,SYS(� =
1

4
)

No. of stages (cascade) NCASC [1] 52.7 300.0 34.5 7.5
Volume (EC material) Υ [m3] 0.003575 0.115754 0.001471 0.000069
Length of cube (EC mat.) lΥ [m] 0.153 0.487 0.114 0.041
Weight (EC mat.) m [kg] 28.42 920.25 12.87 0.13
Electr. charging power PCHARGE [W] 81040 29722 17412 815
Elec. capacitance C(400V) [F] 0.05065 0.01858 0.01088 0.00051
Charging current ICHARGE [A] 202.6 74.3 43.5 2.0
Stored energy in C WSTORE [J] 4052 23778 871 41

Rel. system COP, Carnot-like cycle COPR,SYS(� =
1

4
) [1]

Rel. COPR,SYS �DC = 0% 0.1% 0.3% 0.5% 10.3%
�DC = 50% 0.2% 0.7% 1.1% 17.7%
�DC = 99.2% 11.8% 28.4% 28.3% 60.6%
�DC = 99.74% 24.2% 52.3% 39.1% 62.2%

Abs. COPSYS �DC = 99.74% [1] 2.4 5.2 4.1 6.2
Rel. system COP, regeneration-cycle COPR,SYS(� = 1) [1]

Rel. COPR,SYS �DC = 0% 0.5% 1.3% 2.1% 31.4%
�DC = 50% 1.0% 2.6% 4.2% 46.2%
�DC = 99.2% 34.8% 61.4% 61.2% 86.0%
�DC = 99.74% 56.1% 81.4% 71.9% 86.8%

Abs. COPSYS �DC = 99.74% [1] 5.6 8.1 7.5 8.7
Carnot limit Abs. COPCAR [1] 10 10 10.4 10
Data source [6] [6] [9, 29 and 

own 
meas.]

[20]
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DFTR are both reduced, reducing the required charging 
power (from 81 kW to 29.7 kW) and current (from 203 A to 
74 A), the required mass/volume is significantly increased 
(32-times, from 28 kg to 920 kg), because more elements 
have to be cascaded. The offset also increases the stored 
energy (6-times, from 4 kJ to 24 kJ).

The use of offset fields is analyzed here only for the 
PMN ceramic, which is known to have a very non-linear 
capacitance-voltage characteristic. In literature, a similar 
improvement was demonstrated for BT-based materials [18]. 
Other materials, including other ceramics, and especially 
also polymers, could also be analyzed with respect to offset 
fields, but are not expected to yield such high improvements 
due to other dielectric properties.

This work investigates the effect of offset fields only for 
PMN ceramics where such data is available in literature. The 
effect of offset fields for other electrocaloric materials (PST 
ceramic, polymers,...) should be investigated in future works.

Choice of material

When comparing PST and PMN (without offset) ceram-
ics, both have similar material performance limits 
COPR,MAT ≈ 50% . However, on the system level the PST 
ceramic is beneficial because of a higher ΔTAD per stage, 
and higher DFTR despite similar COPR,MAT , making it easier 
to reach high system COPs with the same external charging 
efficiency.

With PST, compared to PMN, only around half the 
material is required. Also the charging power is reduced 
to around a fifth. The calculated 17 kW electrical charging 
power seem still practically feasible for a 1 kW heat pump. 
Due to the different material parameters a higher system 
COP is reached. Here, with the 99.74% efficient electron-
ics, a COPR,SYS ≈ 39.1% is predicted for Carnot-like cycles.

The properties of polymers fundamentally differ from 
ceramics, for example up to 100-times lower �TR , but 10 
to 100-times higher DFTR , and high adiabatic temperature 
changes were reported. Nevertheless, the material limit 
( COPR,SYS ≈ 63% for Carnot-like cycles) of the polymers is 
surprisingly still similar to the ceramics without offset, and 
even lower than PMN with offset. However, on the system 
level other improved system parameters follow: The required 
mass/volume of the polymer is much lower (up to 100-
times). Lower requirements for the electronics follow: Only 
8 cascaded stages are sufficient (30-300 with the ceramics), 
and a mass of 0.13 kg. The reactive charging power 815 W 
(charging current 2 A) is now well-balanced to the thermal 
power. The stored energy is also significantly reduced. The 
sensitivity on the electrical charging efficiency is low, a con-
ventional 99.2% efficient electronics is sufficient to reach 
COPR,SYS ≥ 60.6% close to the material limit.

A high number of cascaded stages is not desired, because 
each stage requires thermal valves, complicating the system 
and possibly leading to lower system reliability due to the 
increased number of parts. While this work carries out a 
best-case analysis, in real systems there might be a minimum 
absolute temperature (or pressure) drop per stage reducing 
the material performance, which is more significant if the 
temperature (or pressure) change per stage is low. In a real 
system, such a constant temperature drop results because at 
least a small temperature difference between the electroca-
loric element and heat sink/source is required for heat trans-
fer (a true isothermal heat transfer would mean infinitely 
slow cycle times and thus very low power density). In a 
heat pipe heat pump system, a small pressure drop can result 
from the operation principle of passive check valves [37]. 
Nevertheless, a high number of stages (several 10 s to 100 s) 
could in general be engineered in a system. In other domains 
(e.g. electrical) cascading of many stages is also successfully 
used, for example series-connecting 100 s of low-voltage 
battery-, fuel- or photovoltaic-cells to high voltage systems.

Electrical charging power requirement within the system

For a given thermal power, the material volume is inversely 
linked to the cycle frequency ( Υ ∼

1

fSYS
 ). Increasing cycle 

frequency thus reduces the required material. However, the 
average electrical charging power is not linked to the cycle 
frequency. A doubling of cycle frequency halves the required 
material, but this has to be charged twice as often, not reduc-
ing the charging power. This means, that increasing the fre-
quency does not reduce the size (mass and cost) of the elec-
tronics. The relation between the reactive charging power 
(within the system boundaries) and the thermal power is 
estimated as PCHARGE

PTH,C

≈
1

�

TSPAN

ΔTAD

�0�TRΔE
2

ΔTAD�cP
 , which is the ratio of 

electrical energy storage density to thermal electrocaloric 
heat density, multiplied by the required number of cascade 
stages and a factor for the thermal cycle. Compared to the 
COP ≈

PTH,C

PEL,IN

 which only describes the COP observed at the 
system boundaries, the approximate ratio PCHARGE

PTH,C

 describes 
how much reactive charging power has to be provided within 
the system compared to the thermal cooling power. From 
this considerations it directly follows that materials with 
very low dissipation factor but similar FOM require very 
high electrical charging powers within the system, even if 
outside the system boundaries this is not visible from the 
thermal power and electrical (loss) input power.

Hazardous stored electrical energy

The stored energy in the electrocaloric capacitors is a pos-
sible hazard. Eletrocaloric capacitors are designed to have 
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negligible series resistance and high pulse current capability, 
which allows rapid discharge of the complete stored energy. 
The stored energy in the range of 41 J (polymer) to over 
20 kJ (ceramic with offset), is beyond the energy limit of 1 J 
[41] typically considered as a threshold at 400 V operation 
voltage, before serious shock injuries are expected, in case 
the energy is accidentally discharged through a human. Sys-
tem-level safety and protection measures are thus required. 
However, they seem manageable, compared to the risk of 
refrigerants (harmful to the environment) in conventional 
vapor-compression heat pumps which is technically less 
manageable.

Choice of thermal cycle

The thermal cycle (Carnot-like, Brayton, Ericsson, Otto,...) 
influences the system performance, but, since it is a univer-
sal approach not limited to electrocalorics, it is only briefly 
discussed. Most electrocaloric system demonstrators use less 
efficient Brayton-cycles. A more efficient Carnot-like cycle 
can be realized for example by a two-step voltage waveform 
as previously discussed. Thermal regeneration can further 
improve the performance. Exemplary, temperature regenera-
tion of ΔTAD per stage is considered as a regenerative cycle, 
such that the full field and electrocaloric entropy change 
is still available on the hot/cold site (factor � = 1 or 1/4 in 
the analysis). Such a regenerative cycle can be realized for 
example by a rotary solid-to-solid heat exchanger as in [40]. 
The effect of systems with no heat regeneration (simple cas-
cade) and ideal regeneration (ideal regenerator) is analyzed 
in [9] using figure-of-merits and described in more detail.

For a regenerative cycle with the 99.74% efficient elec-
tronics, a COPR,SYS ≈ 72% − 87% is predicted in Table 1.

Effect of charging efficiency on system performance 
for different materials

Figure 3 plots the best-case COPR,SYS depending on charging 
efficiency �DC (Eq. 2, data from Table 1).

The different sensitivity of COPR,SYS from �DC , when 
comparing ceramics and polymers, cannot be explained only 
by the material FOM, but depends on the ratio between �TR 
and DFTR . Two materials with same FOM , and consequently 
the same material limit COPR,MAT , can still show signifi-
cantly different system performance for 𝜂DC < 100% . Espe-
cially if �TR is very high and DFTR very low (e.g. < 0.1% 
such as in PMN ceramics, and DFTR ≪ (1 − 𝜂DC) , then 
on the system level now the product �TR(1 − �DC) , and the 
external charging loss instead of the material hysteresis loss, 
dominates the system COP. This also means that for materi-
als of comparable FOM , on the system level it is easier to 
transfer the high material performance to the system level 
because a lower external charging efficiency 𝜂DC < 100% 
is sufficient to reach comparable COPR,SYS < COPR,MAT . In 
Fig. 3 this effect is clearly visible, where for the polymers 
a lower requirement for the charging efficiency is present, 
whereas for the ceramics (especially PMN) ultra-high exter-
nal efficiencies are required to come close to the material 
limit.

Conclusion

High performance electrocaloric materials theoretically ena-
ble highly efficient and high power density cooling or heat-
ing through heat pumps with zero global warming poten-
tial. The heat pump system performance is reduced from 
the material limit due to additional losses of the charging 
electronics. Different electrocaloric materials (e.g. ceram-
ics and polymers) result in significantly differing heat pump 
system parameters related to efficiency and power density, 

Fig. 3  Best-case system COP as a function of external electrical charging efficiency for different materials and for a Carnot-like cycle and a 
regenerative cycle
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which might be overlooked if only the electrocaloric mate-
rial (but not a system) is studied. Especially for electroca-
loric ceramics, a high charging efficiency (charge recovery 
efficiency) is required. Application of recently published 
over 99.7% efficient power electronics to electrocaloric 
ceramics theoretically allows to achieve over 50% of the 
Carnot-limit for Carnot-like thermal cycles on the system 
level. The combination of highly efficient and high power 
density electrocaloric materials with ultra-efficient power 
electronics (both already available today) enables to predict 
the feasibility of electrocaloric heat pumps with competi-
tive performance compared to vapor compression systems. 
Despite these encouraging results, published electrocaloric 
heat pump systems today still lack significantly behind these 
theoretical limits and only small-scale (low temperature span 
or absolute cooling power) demonstrators have been pub-
lished so far. However, because there are no obvious road-
blocks, and the technology could enable efficient emission-
free cooling and heating (if powered by renewable energies 
such as wind and solar), further multi-disciplinary research 
should be carried out in a timely manner to accelerate solv-
ing society’s energy and climate crisis.
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