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Cooling with caloric materials could be an option to replace compressor-based cooling systems in the 

future. In addition to the advantage of avoiding dangerous liquid coolants, one often cites a possible 

higher efficiency of the calorific cooling systems compared to compressor-based systems. But is that 

true? The aim of this work is to assess the efficiency potential of caloric cooling systems on a very basic 

material level. We placed our focus on materials with a first-order phase change since they generally 

show a large caloric response. We derive a relation between thermal hysteresis and the dissipative losses 

due to hysteresis. To predict the efficiency this relation is integrated in a Carnot-like cycle. This approach 

was chosen to get access to the efficiency reduction due to hysteresis without any further losses due 

other non-idealities of the thermodynamic cycle. As a main finding we present a direct relation between 

thermal hysteresis and the expected maximum exergy or second-law efficiency of a caloric cooling 

device. These results indicate that for many caloric materials, the thermal hysteresis needs to be further 

reduced to be able to compete with the efficiency of compressor based system. 
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Nomenclature 

𝑎 working-point variable[-] 

𝛽 model parameter corresponding to the shift of the peak per applied field [K [F]-1] 

𝑐 specific heat capacitance [J kg-1 K-1] 

𝑐0 specific baseline heat capacitance at 𝑇0 [J kg-1 K-1] 

𝑐𝐹 specific heat capacitance at a defined applied magnetic field [J kg-1 K-1] 

𝐶𝑂𝑃 coefficient of performance [-] 

𝐶𝑂𝑃carnot coefficient of performance of a Carnot cycle [-] 

𝐸 electric field [V m-1] 

휀 strain [-] 

𝑓(𝑥) generalized distribution function [-] 

𝐹 generalized field parameter [-] 

𝐻 magnetic field [A m-1] 

κ model parameter for simplification [-] 

𝑀 magnetization [A m-1] 

𝜂 exergy efficiency i.e. COP/COPcarnot [-] 

𝑝 pressure [pa] 

𝑃 electric polarization [A s m-2] 

𝜙(𝑥) generalized density function [A s m-2] 

Δ𝑞hyst specific dissipative heat per cycle due to hysteresis [J kg-1] 

Δ𝑞h,Δ𝑞c heat transferred per cycle and caloric material form/to the cold/hot side [J kg-1] 

𝜌 density [kg m-3] 

𝑠 specific entropy [J kg-1 K-1] 

Δ𝑠0 specific entropy transferred from the cold side to the first stage of a cascaded heat pump [J kg-1 K-1] 

Δ𝑠iso,max maximum specific isothermal entropy change of the caloric material [J kg-1 K-1] 

Δ𝑠hyst specific entropy generation per cycle due to hysteresis [J kg-1 K-1] 

𝜎 stress [N] 

𝑇 temperature [K] 

𝑇0 peak temperature of specific heat capacitance with no external field [K] 

𝑇h, 𝑇c temperature at the hot/cold side [K] 

Δ𝑇ad,max maximum adiabatic temperature change of the caloric material [K] 

Δ𝑇hyst thermal hysteresis [K] 

Δ𝑇irr irreversibility of the adiabatic temperature change [K] 

𝑤 applied work to the heat pump per cycle and caloric material [J kg-1] 

𝑋 generalized order parameter [-] 
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1 Introduction 
There are predictions in the literature that caloric materials can outperform the efficiency of 

compressor-based systems by 20 % [1] or even more [2,3]. This estimation – alongside the option of 

avoiding hazardous liquid coolants [4] – motivates material scientists worldwide to identify, synthesize 

and characterize caloric materials and engineers to build refrigeration systems with these materials. 

Many demonstrators show the general feasibility of refrigeration systems based on caloric materials as 

solid-state coolants [5–7].  

However, the measured efficiency values of those demonstrators still fall short in comparison to state of 

the art compressor-based systems with exergy efficiencies higher than 50 % [8]. One important aspect 

for the improvement of the efficiency of caloric systems is how the hysteresis of the caloric materials 

affects the thermodynamic performance of a refrigeration system. Hysteresis of caloric materials 

generally appears in two different ways. First the hysteresis of the corresponding order parameter 

(magnetization, polarization, deformation) versus the corresponding field parameter (magnetic, electric, 

pressure), which is defined as »isothermal field hysteresis«. The closed curve integral of the isothermal 

field hysteresis loop for a phase change corresponds to the dissipative heat produced when undergoing 

this phase change. A second form of hysteresis the transition temperature varies depending on the 

direction of the phase change (from the low temperature phase to the high temperature phase or from 

high to low). This effect can be measured by a shift of the heat capacitance peak for a heating and 

cooling measurement protocol [9,10]. This is defined as »thermal hysteresis«.  

For the comparison of different caloric materials, a figure of merit is desirable. A detailed review on 

different figures of merit for caloric materials is given by Griffith et al. [11]. Moya et al. [12] for example 

introduced a material parameter, which can be used to sort the caloric materials with respect to their 

expected performance but cannot be used to predict the system performance. Qian et al. [13] proposed 

the material specific value COPmat to predict the potential thermodynamic efficiency of different caloric 

materials. They calculate the dissipative losses from the experimentally determined closed curve integral 

of the isothermal field hysteresis and thereby derive its performance in a thermodynamic cycle. 

In the present work, we derive an expression for the coupling between thermal hysteresis and the area 

of the isothermal field hysteresis loop for materials with a first order phase transition. The derivation is 

based on a generalized material model for first order materials, in which the state description of the 

caloric material is purely defined by the heat capacitance as function of field and temperature [14]. This 

approach ensures thermodynamic consistency. The resulting expression for the coupling supports an 

approximation for the irreversible entropy change introduced by Basso et al [15] and is compared with 

data from the literature. The expression for the closed curve integral of the isothermal field hysteresis 

loop (dissipative losses) is used to predict the potential efficiency of a caloric cooling device. Similar to 

Qian et al. [13], we introduce a Carnot-like thermodynamic cycle including dissipative losses. With the 

expression for the dissipative losses, we derive an expression for the second-law efficiency of a potential 

cooling device as a function of the thermal hysteresis. Additionally the model is used to predict the 

reversibility of the adiabatic temperature change under cyclic conditions.   Th
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2 Field hysteresis and thermal hysteresis 
 

For a generalized description of magneto-, mechano- and electrocalorics, F is the field variable, which 

corresponds to the magnetic field H, to the mechanical stress σ or to the electric field E is introduced. 

Furthermore, X is the order parameter corresponding to the magnetization M, the strain ε or the electric 

polarization P. An overview of these parameters for the different caloric materials as well as for fluidic 

refrigerants is given in table 1.  

Table 1: Generalized Parameter for the different caloric effects 

 field variable F order parameter X low temperature phase high temperature phase 

magnetocalorics magnetic field H magnetization M ferromagnetic paramagnetic 

mechanocalorics mechanical stress σ strain ε e.g. martensitic e.g. austenitic 

electrocalorics electric field E polarization P ferroelectric paraelectric 

fluidic refrigurants pressure p density δ liquid gaseous 

 

A generalized density function f(x) with its corresponding distribution function ϕ(x) is introduced, where 

𝜙(𝑥) = ∫ 𝑓(𝑥 ,)
𝑥

−∞

d𝑥 ,. 
1 

The generalized density function f has the following properties: It is strictly positive, converges to zero 

for ±∞ and its integral from −∞ to +∞ is 1. For the distribution function 𝜙(−∞) = 0 and 𝜙(+∞) = 1 

must be fulfilled. Figure 1 shows an exemplary pair of density and distribution function. Simple examples 

of pairs of f and ϕ are a Cauchy–Lorentz density function with an arcus tangent as distribution function 

or a Gaussian density function with an error function as distribution function. 

  

 
Figure 1: Schematic of a density function f(x) 
with his corresponding distribution function 
ϕ(x). 

 

In [14] a consistent and validated material model for a first order magnetocaloric material neglecting 

hysteresis is introduced. Here, the specific heat capacitance cF divided by temperature T is modelled by a 

Cauchy–Lorentz function. In this present work, this approach is generalized by the inclusion of hysteretic 

behavior into the model. Thus, the specific heat capacitance cF divided by temperature T is given by 
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𝑐𝐹(𝑇)

𝑇
=Δ𝑠iso,max𝑓 (𝑇 − 𝑇0 − 𝛽𝐹 ±

1

2
Δ𝑇hyst)

+
𝑐0

𝑇0
 with {

+
1

2
Δ𝑇hyst for cooling

−
1

2
Δ𝑇hyst for heating

 . 

2 

 

The parametrization function for cF/T has an offset of c0/ T0. Δ𝑠iso,max is the area under the peak 

function without offset and T0 is the center peak position with no applied field and without hysteresis. 

Appling a field F shifts the function to higher temperatures, whereby β defines the shift in temperature 

per applied field. The parameter β is analogous to the inverse Clausius-Clapeyron coefficient. To account 

for the thermal hysteresis the cF/T curve is shifted by ±
1

2
∆Thyst with respect to T0, with −

1

2
Δ𝑇hyst for 

heating (low temperature phase → high temperature phase) and +
1

2
Δ𝑇hyst for cooling (high 

temperature phase → low temperature phase). Hereby it is assumed, that ∆Thyst is not a function of the 

applied field, regardless the fact, that e.g. Basso and Skokov showed a slight decrease of ∆Thyst with an 

increasing field for magnetocaloric samples. Figure 2 shows cF/T as a function of temperature for heating 

(red) and cooling (blue), with (dashed lines) and without applied field F (solid lines). 

 
Figure 2: Visualization of the heat capacitance 
divided by the temperature as a function of 
the temperature. The red lines are for heating 
conditions and the blue lines for cooling 
conditions. Heating and cooling curves show a 
shift in temperature of ∆Thyst. Solid lines show 
the case with no external field and dashed 
lines with an field of F. 

 

In the following it is assumed that a full phase transition takes places. This means there is no 

discontinuity at the turning point for the heating and the cooling curve and the Maxwell relations can be 

applied. Using equation 2 in combination the Maxwell relations, the link between thermal hysteresis and 

field hysteresis can be derived. Integrating cF/T over the temperature yields the specific entropy s: 

𝑠 = ∫
𝑐𝐹(𝑇)

𝑇
𝑑𝑇

𝑇

0 𝐾

. 
3 

Using  equation 2, this leads to 
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𝑠 =Δ𝑠iso,max 𝜙 (𝑇 − 𝑇0 − 𝛽𝐹 ±
1

2
Δ𝑇hyst) +

𝑐0

𝑇0
𝑇. 

4 

The specific entropy as a function of the temperature is shown in figure 3. This graph can also be used to 

explain the phenomena that caloric materials can show a larger temperature change at a first stimulation 

compared to a stimulation under cyclic conditions. The temperature change under cyclic conditions is 

marked as ∆Tad,cyc .This phenomena is explained in detail in [16,17]. 

 
Figure 3: Entropy-Temperature state space 
with hysteresis. Solid lines are the iso-field 
lines for low field and dashed lines for high 
field. Red lines are for an increasing 
temperature and blue lines for a decreasing 
temperature. 

 

From the generalized Maxwell relation  

(
𝛿𝑠

𝛿𝐹
)

𝑇
= (

𝛿𝑋

𝛿𝑇
)

𝐹
 

5 

the order parameter X can be expressed as 

𝑋 = ∫
𝛿𝑠

𝛿𝐹

𝑇

0𝐾

d𝑇. 
6 

From equation 4, 
𝛿𝑠

𝛿𝐹
  can be derived as 

𝛿𝑠

𝛿𝐹
= −𝛽Δ𝑠iso,max 𝑓 (𝑇 − 𝑇0 − 𝛽𝐹 ±

1

2
Δ𝑇hyst). 

7 

Thus, the relative order parameter X is approximated as 

𝑋 ≈ 𝛽Δ𝑠iso,max 𝜑 (𝑇0 − 𝑇 + 𝛽𝐹 ∓
1

2
Δ𝑇hyst), 

8 

whereby the lower bound of the integral of equation 6 is ignored, because this term can be assumed 

independent of F and Δ𝑇hystfor T0 around room temperature. For isothermal case, a constant 

temperature T=T0 is assumed, resulting in an expression for the order parameter as a function of the 

applied field  
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𝑋 ≈ 𝛽Δ𝑠iso,max 𝜑 (𝛽𝐹 ∓
1

2
Δ𝑇hyst)  with {

−
1

2
Δ𝑇hyst for field up      

+
1

2
Δ𝑇hyst for field down

 . 

9 

This is shown in figure 4 a. The blue curve describes the transition from high to low temperature phase – 

corresponding to an increasing field F. The red curve describes the transition from the low to the high 

temperature phase – equivalent to a decreasing field. Figure 4 b shows the same functions as Figure 4 a 

with exchanged abscissa and ordinate. 

a) 

  

b) 

 
 

Figure 4: Visualization of the field hysteresis. 
a) Order parameter X as a function of the applied field F corresponding to equation 9. 
b) Axis exchanged compared to a), which corresponds e.g. to a stress-strain diagram.   

The work that has to be applied to the caloric material in one cycle is the difference between the applied 

and released energy and therefore given by the area between the red and blue curve in Figure 4 a and 

Figure 4 b. This area is geometrically determined by a parallelogram with the height of ∆siso,max β and a 

width of ∆Thyst β-1. Since the process is isothermal, no work is required to pump heat from a hot to a cold 

reservoir. Thus this area corresponds to the dissipative losses ∆qhyst for undergoing the phase change 

back and forth in a hysteretic process, and is given by 

∆𝑞hyst = ∫ 𝑋heating d𝐹 − ∫ 𝑋cooling d𝐹 = 𝛥𝑇hyst 𝛥𝑠iso,max.  

 

10 

This means the area of the hysteresis loop is defined by the product of the thermal hysteresis ∆Thyst and 

the maximum entropy change ∆siso,max that is given by the phase change. This remarkably simple 

connection between field hysteresis and thermal hysteresis is verified with data from the literature. As 

shown in Table 2, the derived approximation fits measured data with less than a factor of two. This 

discrepancy can be explained by the simplified assumption of a field independent thermal hysteresis 

∆Thyst or for elastocalorics by the presence of the R-phase that is not implemented in the present model 

or by measurement uncertainties.  
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Table 2: Exemplary material parameters to examine the approximation derived in equation 10. The 

values for the dissipative heat ∆qhyst, thermal hysteresis ∆Thyst, isothermal entropy change ∆siso,max, and 

adiabatic temperature change ∆Tad, max are taken from the referenced publication. 

Material ∆𝒒𝐡𝐲𝐬𝐭  

[J kg-1] 

𝜟𝑻𝐡𝐲𝐬𝐭  

[K] 

𝜟𝒔𝐢𝐬𝐨,𝐦𝐚𝐱 
 [J kg-1 K-1] 

𝜟𝑻𝐚𝐝,𝐦𝐚𝐱  
[K] 

(𝜟𝑻𝐡𝐲𝐬𝐭𝜟𝒔𝐢𝐬𝐨,𝐦𝐚𝐱)/∆𝒒𝐡𝐲𝐬𝐭  

[-] 

Reference 

MnFe(P,As) 5 0.6 12 6.5 1.4 [18] 

Nitinol 600 10 35 30 0.58 [9] 

LaFe11.6Si1.4 20 1.1 31 10 1.7 [19] 

Gd5Si2Ge2 40 3.5 17  1.5 [18] 
 

From this dissipative heat ∆qhyst the corresponding entropy change ∆shyst is derived as  

∆𝑠hyst =
∆𝑞hyst

𝑇
=

∆𝑇hyst

𝑇
 𝛥𝑠iso,max.  

11 

This entropy change was also derived in the work of Basso et al. [15], however they use geometric 

relations in the sT-diagram. Due to the factor ∆Thyst/T, which is in the order of 1%, it seems that this 

entropy change is negligible. In section 4 however, this entropy change is analyzed within a 

thermodynamic cycle, and it is shown that it is not negligible.  
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3 Irreversibility of the adiabatic temperature change 
 

When applying a field to a caloric material under adiabatic conditions, its temperature rises by Δ𝑇ad. 

Without any irreversibilities, the caloric material cools down by the same amount when the field is 

removed, returning to the same temperature T1 after the stimulation as it had before. However, when 

the material shows irreversibilities due to hysteresis, the material attains a larger temperature T2= 

T1+∆Tirr than it had before the stimulus due to the dissipative losses, where ∆Tirr denotes the increase in 

temperature after one cycle. This irreversible temperature change is here in equal parts assigned to 

heating and to the cooling process. For the full phase change ∆Tirr,max is determined by the hysteresis-

induced dissipative losses Δqhyst and is given by 

Δ𝑇irr,max =
∆𝑞hyst

𝑐𝐹
=

𝛥𝑇hyst 𝛥𝑠iso,max

𝑐𝐹
=

𝛥𝑇hyst 𝛥𝑇ad,max

𝑇
 

12 

with 𝛥𝑇ad,max =
𝑇𝛥𝑠iso,max

𝑐𝐹
. This is schematically shown in figure 5. 

 
Figure 5: Schematic of the temperature profile 
as a function of the time for a caloric material 
with irreversibilities due to hysteresis. 

 

Therefore, the ratio of Δ𝑇irrover 𝛥𝑇ad is given by: 

 
Δ𝑇irr

𝛥𝑇ad
=

𝛥𝑇hyst 

𝑇
. 

13 

For most caloric materials being active around room temperature, this ratio is very small and in the order 

of 0.1 – 1% and is therefore very difficult to quantify experimentally. Thus, even very small deviations in 

the loading and unloading Δ𝑇ad can still encounter significant thermodynamic losses due to hysteresis. 
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4 Cycle efficiency of caloric materials with thermal hysteresis 
 

In the following, the impact of this hysteresis on the thermodynamic cycle is analyzed. As a 

thermodynamic cycle a Carnot-like cycle is assumed, since here the determined efficiency is not reduced 

by cycle dependent additional losses and gives the efficiency potential that is possible with a given 

material. 

The resulting Carnot-like cycle incorporating the hysteresis losses is shown in figure 6. It is assumed that 

the dissipative losses occur in equal parts while increasing and decreasing the field and that a field is 

applied to drive a full phase change. The two iso-field lines at F0 and F1 correspond to a full phase change 

and have a spacing in temperature of ∆Tad,max and in entropy of ∆siso,max. The dashed green rectangle 

shows a Carnot cycle between the hot side temperature Th and the cold side temperature Tc without 

hysteretic effects. The blue lines however show the cycle under the consideration of dissipative losses 

due to hysteresis.  

 

 
Figure 6: Carnot-like thermodynamic cycle 
with hysteresis.  

 

For the cycle with hysteresis, the heat transferred to the hot side ∆qh is given by 

𝛥𝑞h = 𝑇h (𝛥𝑠 +
𝛥𝑠hyst

2
) 

14 

and the heat taken from the cold side ∆qc is given by 

𝛥𝑞c = 𝑇c (𝛥𝑠 −
𝛥𝑠hyst

2
). 

15 

Due to energy conservation, it is ∆qh =∆qc + w, where w is the work applied to the system. Using 

equations 14 and 15, this gives 

𝑤 = 𝛥𝑞h − 𝛥𝑞c = 𝛥𝑇𝛥𝑠 + 𝑇c𝛥𝑠hyst +
𝛥𝑇𝛥𝑠hyst

2
. 

16 

Since 𝛥𝑠 ≫ 𝛥𝑠hyst  and 𝑇𝑐 ≫ 𝛥𝑇 the last term can be neglected. Using equations 10 and 11 and, this 

results in 
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11 
 

𝑤 ≈ 𝛥𝑇𝛥𝑠 + 𝛥𝑞hyst. 17 

This equation supports the consistency of the model – the applied work is given by the sum of the work 

of the Carnot cycle (∆T∆s) and the work of the isothermal field-hysteresis loop ∆qhyst, which corresponds 

to the dissipative losses. For a cooling system, the coefficient of performance COP is given by  

𝐶𝑂𝑃 =
𝛥𝑞c

𝑤
=

𝑇c (𝛥𝑠 −
𝛥𝑠hyst

2
)

Δ𝑠Δ𝑇 +Δ𝑞hyst
. 

18 

For 𝛥𝑠 ≫ 𝛥𝑠hyst this can be simplified as  

𝐶𝑂𝑃 ≈
𝑇c Δ𝑠

Δ𝑠Δ𝑇 +Δ𝑞hyst
. 

19 

When the state lines are parallel, ∆T and ∆s can be expressed as factors of their corresponding spacing 

and a working-point variable a as introduced in [20]: 

Δ𝑇 = 𝑎 Δ𝑇ad,max 

Δ𝑠 = (1 − 𝑎) Δsiso,max 

20 

For a close to one a cooling system shows a relatively large temperature span with a relatively low 

cooling power and for an a close to zero vice versa. With the coefficient of performance for a Carnot 

cycle of COPcarnot = Tc/∆T and by inserting equations 20 into equation 19, the second-law (or exergy) 

efficiency η is derived as 

𝐶𝑂𝑃

𝐶𝑂𝑃carnot
= 𝜂 ≈

Δs Δ𝑇

Δs Δ𝑇 +Δ𝑞hyst
=

 𝑎(1 − 𝑎)Δsiso,maxΔ𝑇ad,max

 𝑎(1 − 𝑎)Δsiso,maxΔ𝑇ad,max +Δ𝑞hyst
. 

21 

This expression is further simplified using the previous considerations. Inserting equation 10 (Δ𝑞hyst =

𝛥𝑇hyst Δsiso,max), this fraction is reduced to be independent of Δsiso,max  as 

𝜂 ≈
𝑎(1 − 𝑎)Δ𝑇ad

𝑎(1 − 𝑎)Δ𝑇ad + 𝛥𝑇hyst 
=

1

1 +
1

(1 − 𝑎)𝑎

𝛥𝑇hyst

 Δ𝑇ad,max

. 
22 

This equation has a maximum at a = 0.5. This is plausible, since a = 0.5 results in the rectangular with the 

largest area that fits between the two parallel iso-field lines. With a = 0.5, this gives 

𝜂 ≈
1

1 + 4
𝛥𝑇hyst

 Δ𝑇ad,max

. 
23 

This is a slight overestimation of the second law efficiency for a system with a temperature span of 

∆Tad,max/2, due to the approximation from equation 18 to 19. In Figure 7 the efficiency of different 

magnetocaloric alloys from the La(FeSiMn)13-H material family determined using equation 23 are shown 

as vertical lines. The values and the confidence regions are extracted from measurements by Basso et al. 

[21]. A higher manganese content lowers the transition temperature T0 and the phase change transforms 

to a more second order transition resulting in an increases of the expected exergy efficiency. The exergy 

efficiency of these materials are generally in the range of the exergy efficiency of compressor based 

system on their refrigerant level (η ≈ 0.85 [22]).  

Efficiency values for Nitinol as a elastocaloric material are estimated from Tusek et al. [9]. With a 

maximum adiabatic temperature of ∆Tad,max ≈ 40 K and a thermal hysteresis of ∆Tad,max ≈ 10 K the exergy 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/1.

51
32

89
7



12 
 

efficiency is η ≈ 0.5. However, due to the influence of the R-phase, these results require further 

investigations and should be interpreted with caution. One promising approach to reduce the hysteresis 

of Nitinol is the addition of copper, palladium or manganese [23,24]. For electrocalorics with many newly 

emerging materials, it seems that ferroelectric relaxors (generally more second-order) are required to 

reach competitive efficiencies.  

 
Figure 7: Second law efficiency η as a function 
of the thermal hysteresis ∆Thyst divided by the 
maximum adiabatic temperature change 
∆Tad,max for a Carnot-like thermodynamic cycle. 
The temperature span ∆T between hot and 
cold side is ∆Tad,max/2. Different 
magnetocaloric alloys measured by Basso et 
al. [21] are marked as vertical lines. 
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13 
 

5 Cascading 
 

Since most caloric materials show an adiabatic temperature change of only a few Kelvin, a cascaded 

system needs to be taken into account in order to attain relevant temperature lifts. Therefore, in the 

following the impact of hysteretic losses are investigated for a cascaded system. It is assumed that the 

additional entropy due to hysteresis of one stage of a cascaded system is a factor of the total 

transported entropy of the stage. A second stage for example receives the entropy of the first stage that 

the first stage received from the cold side and the entropy that the first stage generated due to 

hysteresis. Therefor the second stage creates more entropy due to hysteresis than the first stage since it 

receives more entropy than the first stage and therefor carries on more entropy as shown in figure 8. 

 
Figure 8: Schematic of the cascading of 
Carnot-like cycles under the consideration of 
hysteresis.  

To transport more entropy at the same temperature span as the first stage, the second stage needs to 

contain more caloric material or material with a higher caloric effect. The additional hysteresis created 

by the first stage is given by 

Δ𝑠hyst,1 =
𝛥𝑇hyst

𝑇(1 − 𝑎)
𝛥𝑠0, 

24 

with ∆s0 as the entropy detracted from the cold side. The additional hysteresis that is passed on of an nth 

stage compared to the hysteresis detracted from the cold side can be written as recursive expression as 

Δ𝑠hyst,𝑛 = 𝜅(Δ𝑠0 +Δ𝑠hyst,𝑛−1) +Δ𝑠hyst,𝑛−1, 25 

with  

𝜅: =
𝛥𝑇hyst

𝑇(1 − 𝑎)
. 

26 

The first summand is the entropy created by the nth stage. The recursive expression can be solved as  

Δ𝑠hyst,𝑛 = ((1 + 𝜅)𝑛 − 1)Δ𝑠0. 27 

For relatively small 𝜅 and n it is ((1 + x)𝜅 − 1) ≈ 𝑛𝜅, which gives 
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14 
 

Δ𝑠hyst,𝑛 ≈ 𝑛𝜅Δ𝑠0. 28 

The exergy efficiency of a system with n stages is derived by the work w applied to a hysteretic system 

and by the work wcarnot applied to a Carnot cycle with the same cooling power and temperature span as 

the hysteretic cycle as  

𝜂𝑛 =
𝑤𝑐𝑎𝑟𝑛𝑜𝑡

𝑤
=

𝑛 𝑎 Δ𝑇ad,max Δ𝑠0

𝑛 𝑎 Δ𝑇ad,max Δ𝑠0 + 𝑇hΔ𝑠hyst,𝑛
. 

29 

Inserting the simplified expression for ∆shyst,n the n cancels out and the exergy efficiency of a multi-stage 

system is approximately the same as for a single stage system: 

𝜂𝑛 ≈ 𝜂. 30 

Therefor we conclude that cascading of multiple stages to increase the temperature span has no 

significant effect on the exergy efficiency losses due to hysteresis. 

 

6 Incomplete phase change 
 

In the previous derivation, we assumed a complete phase change to allow the application of the Maxwell 

relations. If the phase change is incomplete the change of direction in the corresponding state space 

takes place at a state where the direction dependent state lines are not converged. This is shown 

schematically in figure 9, where the turning point is marked as a black dot. To describe the behavior at 

this turning point neither Maxwell relations nor a Preisach approach lead to satisfying results. At the 

turning point, the system is a critical phenomenon and the special coupling of neighboring phase 

domains has to be taken into account. This is not investigated in the present work, however some 

general thoughts about the influence of an incomplete phase change to the efficiency of a cooling 

system are presented. 

 
Figure 9: Isothermal hysteresis at the phase 
change of a first order caloric material. 
Maxwell relations cannot describe the 
behavior of the material at a turning point 
corresponding to an incomplete phase change.  

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/1.

51
32

89
7



15 
 

In a very basic approximation the adiabatic temperature change and the isothermal entropy change 

scale linearly with the applied field until they reach their value of saturation. Therefor the product of ∆siso 

times ∆Tad scales approximately quadratic with the applied field (alternatively a scaling of ∝ 𝐹2/3 can be 

assumed for ∆Tad and ∆siso resulting in a scaling of their product in ∝ 𝐹4/3). The fraction of the cooling 

capacitance and the isothermal hysteresis area are proportional to the exergy efficiency. Which leads to 

the following question: How does the isothermal hysteresis area scales with the applied field? This 

strongly depends on the behavior at the turning point. If the state trajectory is horizontal after the 

turning point (dashed line in figure 8) and merges with the red solid line, the area scales approximately 

linear with the applied field. Then the following expression for the scaling of the exergy efficiency with 

the applied field F can be set up: 

𝜂(𝐹) ≈
𝐹2Δs Δ𝑇

𝐹2Δs Δ𝑇 + 𝐹 Δ𝑞hyst
𝑜𝑟 

𝐹4/3Δs Δ𝑇

𝐹4/3Δs Δ𝑇 + 𝐹 Δ𝑞hyst
 

31 

Both functions are extremely monotonic increasing with F and therefore it would be beneficial for the 

exergy efficiency if the complete phase change of the caloric material were undergone. However, if the 

hysteretic losses show a lower order scaling with the applied field (dotted line in figure 9) this might be 

different. Measurements of Skokov et al. [16] show for a magnetocaloric material a behavior similar to 

the dashed line suggesting a more complete phase change might be beneficial. Additionally, some caloric 

materials show a decrease of the thermal hysteresis with the applied external field. Considering this 

effect, using e.g. an elastocaloric material with a lower austenite finish temperature and applying a pre-

strain can lower the hysteresis. The influence of a partial phase change and the effect of an offset field 

(e.g. pre-strain) requires further investigations. 
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7 Conclusion 
 

A phenomenological material model incorporating thermal hysteresis is introduced which is used to 

derive the dependence between thermal hysteresis and field hysteresis. These results are compared to 

experimental data from the literature and show very good agreement. Based on this expression, an 

expression for the second law efficiency as a function of the ratio thermal hysteresis over adiabatic 

temperature change is given. Furthermore an approximation for the reversibility of the adiabatic 

temperature change is shown. Based on the results obtained, the following can be concluded: 

• The irreversible entropy change due to hysteresis, although seeming very small (entropy 

generation due to hysteresis of about ~1 % of the entropy change due to the phase change), has 

a significant influence on the second law efficiency of a caloric cooling system. 

• Although hysteresis does not influence the reversibility of the adiabatic temperature change in a 

measurable quantity, it still can have a major influence on the thermodynamic efficiency of a 

caloric cooling system. 

• Cascading of multiple stages of caloric material has no significant influence on the losses due to 

hysteresis. 

• Only undergoing an incomplete phase change seems to be not beneficial for the efficiency of a 

caloric cooling system. Further investigations are required here. 

In order to show similar or even better exergy efficiencies compared to compressor-based systems, the 

ratio of ∆Thyst/∆Tad needs to be smaller than 10%, and thus for many caloric materials, the thermal 

hysteresis needs to be further reduced. 

 

8 Acknowledgments 
 

This work is funded by the Fraunhofer internal project MagCon, as part of the Sustainability Center 

Freiburg within the project ActiPipe and by the Federal Ministry of Economics and Energy (BMWi) of 

Germany within the project MagMed. 

  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/1.

51
32

89
7



17 
 

9 References 
1. K. A. Gschneidner and V. K. Pecharsky, International Journal of Refrigeration, 945 (2008). 

2. Camfridge, Efficiency up to 40% better than compressor. "It is in smaller appliances where 

conventional gas based cooling technology is less efficient (rather than large industrial scale plants) 

and it is here that Camfridge's technology demonstrates up to a 40% reduction in energy 

consumption.", <http://www.camfridge.com/>. 

3. Magnotherm Solutions GmbH, Efficiency up to 40% better than compressor. "Our technology has 

the capability to be up to 40% more efficient than conventional gas compression cooling and 

heating solutions.", <https://www.magnotherm-solutions.com/>. 

4. M. O. McLinden, J. S. Brown, R. Brignoli, A. F. Kazakov, and P. A. Domanski, Nature communications 

8, 14476 (2017). 

5. J. A. Lozano, K. Engelbrecht, C.R.H. Bahl, K. K. Nielsen, J. R. Barbosa, A. T. Prata, and N. Pryds, 

International Journal of Refrigeration 37, 92 (2014). 

6. K. Engelbrecht, J. Tušek, D. Eriksen, T. Lei, C.-Y. Lee, J. Tušek, and N. Pryds, J. Phys. D: Appl. Phys. 

50, 424006 (2017). 

7. T. Zhang, X.-S. Qian, H. Gu, Y. Hou, and Q. M. Zhang, Appl. Phys. Lett. 110, 243503 (2017). 

8. J. S. Brown and P. A. Domanski, Appl. Therm. Eng. 64, 252 (2014). 

9. J. Tušek, K. Engelbrecht, L. Mañosa, E. Vives, and N. Pryds, Shap. Mem. Superelasticity 2, 317 

(2016). 

10. E. Palacios, G. F. Wang, R. Burriel, V. Provenzano, and R. D. Shull, J. Phys.: Conf. Ser. 200, 92011 

(2010). 

11. L. D. Griffith, Y. Mudryk, J. Slaughter, and V. K. Pecharsky, Journal of Applied Physics 123, 34902 

(2018). 

12. X. Moya, E. Defay, V. Heine, and N. D. Mathur, Nat Phys 11, 202 (2015). 

13. S. Qian, D. Nasuta, A. Rhoads, Y. Wang, Y. Geng, Y. Hwang, R. Radermacher, and I. Takeuchi, 

International Journal of Refrigeration 62, 177 (2016). 

14. T. Hess, C. Vogel, L. M. Maier, A. Barcza, H. P. Vieyra, O. Schäfer-Welsen, J. Wöllenstein, and K. 

Bartholomé, International Journal of Refrigeration (2019). 

15. V. Basso, Basics of the magnetocaloric effect (2017). 

16. K. P. Skokov, K.-H. Müller, J. D. Moore, J. Liu, A.Y. Karpenkov, M. Krautz, and O. Gutfleisch, Journal 

of Alloys and Compounds 552, 310 (2013). 

17. B. Kaeswurm, V. Franco, K. P. Skokov, and O. Gutfleisch, Journal of Magnetism and Magnetic 

Materials 406, 259 (2016). 

18. L. von Moos, Hysteresis in Magnetocaloric Materials. An experimental and modelling approach, 

PhD thesis, Technical University of Denmark, 2014. 

19. K. P. Skokov, V. V. Khovaylo, K.-H. Müller, J. D. Moore, J. Liu, and O. Gutfleisch, Journal of Applied 

Physics 111, 7 (2012). 

20. T. Hess, L. M. Maier, P. Corhan, O. SchäferWelsen, J. Wöllenstein, and K. Bartholomé, International 

Journal of Refrigeration (2019). 

21. V. Basso, M. Küpferling, C. Curcio, C. Bennati, A. Barzca, M. Katter, M. Bratko, E. Lovell, J. Turcaud, 

and L. F. Cohen, Journal of Applied Physics 118, 53907 (2015). 

22. P. A. Domanski, J. S. Brown, J. Heo, J. Wojtusiak, and M. O. McLinden, International Journal of 

Refrigeration 38, 71 (2014). 

23. H. Gu, L. Bumke, C. Chluba, E. Quandt, and R. D. James, Materials Today 21, 265 (2018). 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/1.

51
32

89
7



18 
 

24. D. Cong, W. Xiong, A. Planes, Y. Ren, L. Mañosa, P. Cao, Z. Nie, X. Sun, Z. Yang, X. Hong, and Y. 

Wang, Phys. Rev. Lett. 122, 33 (2019). 

 
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t.
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 
10

.10
63

/1.
51

32
89

7



f (x) A = 1

ϕ(x)
1
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