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Nowadays, the supply of waste heat is sufficiently abundant to make it a key target for technology 

development. So far, thermal energy harvesting of low-grade heat has been mainly associated to 

thermoelectric generator (TEG) technology. However, recent advances on magnetocaloric materials 

(MCM) aimed to applications in room temperature magnetic refrigeration, could pave the way for a 

new generation of thermogenerators (TMG). We propose to study the efficiencies and the power 

density of TMG and TEG at maximum power in the framework of the finite time thermodynamic [1]. 

The performance will be discussed as a function of the temperature difference between the 

reservoirs and of the efficiency of the heat exchangers. 

Finite time thermodynamic applied on TMG reveals that as long as the adiabatic temperature change 

reaches half of the temperature difference of the reservoir Δ𝑇𝑟𝑒𝑠, the TMG reaches the optimum cycle 

as confirmed in the simulation [2]. However, when this condition is not feasible due to field limitation, 

the optimum cycle is no longer reached and the efficiency relative to the Carnot efficiency, 𝜂𝑟𝑒𝑙, 

decreases (Fig. 1). Our approach based on the work of Curzon and Ahlborn [1] gives a general 

method to estimate the performance achievable by TMG. Comparisons with the power density 

measured in some prototypes [3] show a good accordance with our results. 

On the other side, TEG have already been well optimized [4] and even if the optimum is far from the 

Curzon and Ahlborn, its relative efficiency does not strongly decrease when the Δ𝑇𝑟𝑒𝑠 increases like 

TMG (Fig.2). Even if these primary results need to be confirmed, they show a potential benefit for 

TMG at low Δ𝑇𝑟𝑒𝑠. Staging thermodynamic cycles could be seen as a possible improvement of the 

TMG, but our finite time thermodynamic analysis shows no gain. We, therefore, put our attention on 

the potential use of TMG in microsystem. 

  
Figure 1. Power – Efficiency of thermogenerator Figure 2. Comparison between TEG and 
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Thermomagnetic generators

Presenter
Presentation Notes
Thermomagnetic generator use magnetocaloric material to convert some part of the thermal energy  due to the transfer of heat from a hot to a cold reservoir into magnetic energy and subsequently into electrical energy,Since the work of Brillouin and Iskenderian in 1948 where they have estimated the performance of thermomagnetic generator using iron , a new generation of magnetocaloric materials (MCM) raised a renewed interest towards this technology and we aim to reassess its potential.Two year ago we have started questioning the effect of the shape of the cycle, the order of the transition and here we compare thermomagnetic and thermoelectric generator using finite time thermodynamic approach



Thermomagnetic generator

Concept of thermomagnetic generator

Successive thermal contact between 
the hot and the cold reservoir

Temperature change 
of magnetocaloric material
Induce magnetization changes 

Harvested through with 
magnetic force or Faraday’s • 2

Introduction

Equation 
of 

state

Thermal 
effect

Magnetic

Effect

Electricity

Presenter
Presentation Notes
MCM is successively put in thermal contact with an hot and an cold reservoirThe thermal exchange through the thermal conductance produce a temperature change around the Tc of MCM.This temperature change induce a magnetization change which is harvested through magnetic force or through the  voltage induced inside a coilThe equation of state of the MCM gives the coupling between the thermal and the magnetic system. We consider here that the magnetic energy is completely converted into an electrical energy



Thermomagnetic generator: devices

Device based on magnetic force
M. Ujihara, G. P. Carman, et D. G. Lee, « Thermal energy harvesting device using ferromagnetic
materials », Applied Physics Letters, août 2007.
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Introduction

(Gd)

Presenter
Presentation Notes
a MCM is suspended on a springs near a magnet with an hot and cold side.Initially, the MCM  is in the cold state below its  Tc and the magnet produces an attractive force.The attractive force induces deflections in the springs causing translation of the MCM to the hot side.Once in contact with the hot magnet, the MCM heats upWhen the MCM passes through Tc, it becomes paramagnetic and the attractive force is dramatically reduced allowing the spring to force the MCM back to contact the cold sourceOnce in contact with the cold source, the MCM cools below Tc, restoring the attractive magnetic force toward the magnetAnd so on, the cycle are done



Thermomagnetic generator: devices

Device based on induction
M. Gueltig et al., « High-Performance Thermomagnetic Generators Based on Heusler Alloy
Films », Adv. Energy Mater., vol. 7, no 5, p. 1601879, mars 2017..
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Introduction

Presenter
Presentation Notes
This prototype is simliar to the previous one but the energy associated to the magnetization is harvested through a coil 



Goals & Outline

Estimation of the maximum power of thermomagnetic and 
thermoelectric generator

Endoreversible cycle (two isotemperatures – two adiabatics transforms)
Finite time thermodynamic (consideration of the heat exchanger)
The conversion from magnetic to electric energy is not considered

• 5

I.  Single stage/ Multi stage thermomagnetic cycle

II. Comparison with the thermoelectric

Presenter
Presentation Notes
Our goal is to estimate an upper bound or an maximum power for TMG or TEG.We considerer endoreversible cycle in other word two isotemperature and two adiabatic transformationsWe use finite time thermodynamic approach to take into account heat exchangeThe magnetic to electrical energy is perfect



Model
Part I

Equation of state
With endoreversible cycle => main parameter is ∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎1𝑇𝑇

(magnetic entropy change ∆S1T is link to the frequency)
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Presenter
Presentation Notes
In an endoreversible cycle, the equation of state is mainly associated to the equation of state is the adiabatic temperature change,And the magnetic entropy change is associated to how large is the cycle and therefore how low is the working frequency. 



Model
Part I

Thermal model
Thermal conductance of the heat reservoir Kres
Thermal conductance of the switch between Kswitch and 0
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- Intermediate reservoirs
- Multistage cycles

𝑀𝑀𝑀𝑀𝑀𝑀 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

Presenter
Presentation Notes
In our approach, we dissociate the thermal conductance of the reservoir from the thermal conductance of the thermal switch.In left you have the common configuration studied and because of some specificity characteristic as the limited adiabatic temperature change, we considered multistage cycle with intermediate reservoir.Intermediate heat reservoir is element with sufficiently large thermal capacity in order to filter the heat pulse produce by the local thermomagnetic  generator.



Power versus relative efficiency
Part I

Finite time thermodynamic approach => Power 

Efficient thermal switch

Relative efficiency (relative to Carnot)
n number of stage
Maximum 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 1 − 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 => 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟=0.5

Not always reached => Increase the number of stages allows to overcome 
the limited ∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
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𝑃𝑃(𝑊𝑊) =
𝐾𝐾𝑛𝑛𝑟𝑟𝑟𝑟 𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎 2

16𝑇𝑇
𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 1 − 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟

8R
1 + 𝑅𝑅

𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 =
𝑛𝑛∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎

𝑅𝑅 =
𝐾𝐾𝑟𝑟𝑠𝑠𝑎𝑎𝑜𝑜𝑐𝑐ℎ
𝑛𝑛𝑛𝐾𝐾𝑛𝑛𝑟𝑟𝑟𝑟

→ ∞
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

→ 8

Working condition Working point

Presenter
Presentation Notes
From finite time thermodynamic we establish power for stage cycle, then we have three part:One term given by the working conditionOne associated to the working condition



One stage 

Effect of limited 𝚫𝚫𝐓𝐓𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚
The relative efficiency is different from the optimum 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 = 0,5
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Part I

𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎

𝑃𝑃/𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟)

𝑃𝑃 = 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 8 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 1 − 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 = ∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑇𝑇ℎ𝑜𝑜𝑜𝑜−𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑎𝑎

Presenter
Presentation Notes
As long as the adiabatic temperature changes is half the temperature different of the reservoir, we have 50% as relative efficiency and we are at maximum powerWhen the adiabatic temperature change is smaller than the temperature difference of the reservoir, then we do not work anymore at maximum power,Because of a limited adiabatic temperature change, we work in a area where simultaneously the power and the efficiency decrease.



Multistage–Overcome the limited ∆Tadia

Overcome the limited ∆Tadia by staging
The quantity of active substance increases as 𝑛𝑛

>partie 4 > partie5 • 10

Part I

𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎

𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 = 𝑛𝑛∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑇𝑇ℎ𝑜𝑜𝑜𝑜−𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑎𝑎

𝑛𝑛

Presenter
Presentation Notes
Stages cycle overcome the limited adiabatic temperature change but it also increase the quantity of MCM used



Upper bound of performance of TMG

TMG at maximum power

TMG when limited 𝚫𝚫𝐓𝐓𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 is predominant

Upper bound
The magnetic to electric conversion is not taking into account
Ideal behavior of the MCM
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Part I

𝑃𝑃 𝑊𝑊 =
𝐾𝐾𝑛𝑛𝑟𝑟𝑟𝑟 𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎 2

16𝑇𝑇
8𝑛𝑛∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎

𝑃𝑃 𝑊𝑊 =
𝐾𝐾𝑛𝑛𝑟𝑟𝑟𝑟 𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎 2

16𝑇𝑇
𝑛

𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 = 0.5

𝜂𝜂𝑛𝑛𝑟𝑟𝑟𝑟 =
𝑛𝑛∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎

Presenter
Presentation Notes
To sum up when the system works at optimum we have two time the normalized power and it increase at the square of the temperature differenceWhereas when the system works at limited adiabatic temperature change, the power is much smaller and increase linearly with the temperature differenceThose upper bound will be compared to a similar approach for thermoelectric



Comparison with thermoelectric

Finite time thermodynamic approach for TEG
From the work of 

Y. Apertet, H. Ouerdane, O. Glavatskaya, C. Goupil, et P. Lecoeur, « Optimal working 
conditions for thermoelectric generators with realistic thermal coupling », EPL 
Europhys. Lett., vol. 97, no 2, p. 28001, 2012.

Power at optimal working condition (upper bound for thermoelectric)

Difference between TMG and TEG
At maximum power the TMG shows a power ~6 (5.8) times higher 
At maximum ∆𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑛 𝐾𝐾) TMG presents higher power for 𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎 <23 K
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Part I

𝑃𝑃 𝑊𝑊 =
𝐾𝐾𝑛𝑛𝑟𝑟𝑟𝑟 𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎 2

16𝑇𝑇
0,34 with figure of merit 𝑍𝑍𝑇𝑇 = 1

Presenter
Presentation Notes
Finite time thermodynamic approach has be done by Apertet and it gives a similar form with the coefficient one/third and it is also an upperbound



Conclusion

The power produced is always limited by the efficiency of the thermal 
conductance of the reservoir

Without staging, we have to work with

If we have efficient thermal switch (regenerator), staging is an interesting 
alternative to work at higher temperature difference

A factor 6 of improvement but we still need to study the magnetic to 
electric energy conversion 
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Conclusion

𝐾𝐾𝑛𝑛𝑟𝑟𝑟𝑟 𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎 2

16𝑇𝑇

𝑇𝑇ℎ𝑛𝑛𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑛𝑛𝑟𝑟𝑎𝑎 < 𝑛3𝐾𝐾

Thank for your attention
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