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ENDOREVERSIBLE THERMODYNAMICS
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I. 1. Novikov

l. 1. Novikov, J. Nuclear Energy Il (1958)
Curzon & Ahlborn, Am. J. Phys. 43, 22 (1975)
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PRESIDENCE DU CONSESL

Efficiency of : COMMISSARIAT A I'ENERGIE ATOMIQUE
Power OQutpu

LA PILE DE SACLAY

ol. 7, PP:
- Mﬁ EXPERIENCE ACQUISE EN DEUX ANS SUR LE TRANSFERT
DE CHALEUR PAR CAZ COMPRIME

J. Yvon, INIS, C.E.A.-R 435 (1955)
l. 1. Novikov, J. Nuclear Energy Il (1958)
Curzon & Ahlborn, Am. J. Phys. 43, 22 (1975)
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/_::j:::-::: PRESIDENCE DU CONSEIL
| paoDNAMIQUE|  MMISSARIAT A LENERGIE ATOMIQUE

TURBINE A GAZL

3 Nuclear

P. Chambadal, “Thermodynamique de la Turbine a Gaz”, Hermann & Cie, 1949
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Il ost intéressant de voir comment interviennent dans ce

- coefficient d'utilisation global optimum les deux facteurs qui

— e le caractérisent, i ‘Ol fici il
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P. Chambadal, “Thermodynamique de la Turbine a Gaz”, Hermann & Cie (1949)

H. B. Reitlinger, “Sur l'utilisation de la chaleur dans les machines a feu”, Vaillant-Carmanne,
Liege, Belgium (1929)

Alexandre Vaudrey et al., J. Non-Equilib. Thermodyn., 39 199 (2014)
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Plant

Doel 4 (Nuclear, Belgium) [6]
Almaraz I1 (Nuclear, Spain) [6]
Sizewell B (Nuclear, UK) [6]
Cofrentes (Nuclear, Spain) [6]
Heysham (Nuclear, UK) [6]
West Thurrock (Coal, UK) [1]
CANDU (Nuclear, Canada) [1]
Larderello (Geothermal, Italy)[1]
Calder Hall (Nuclear, UK) [6]
(Steam/Mercury,USA) [6]
(Steam, UK) [6]

(Gas Turbine, Switzerland) [ 6]
(Gas Turbine, France) [6]

M. Esposito et al., PRL 105, 150603 (2010)
T. Schmiedl| & U. Seifert, EPL 81, 20003 (2008)
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Linear regime:
1.
—1-— 2250
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Low-dissipation engine:

ne =1—4/1T./T,

C. Van den Broeck et al., PRL 95, 190602 (2005)
M. Esposito & C. Van den Broeck, PRL 102, 130602 (2009)
M. Esposito et al., PRL 105, 150603 (2010)
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sl Assumptions:
%k Cooling power as figure of merit
%k Endoreversible approximation

sk Linear heat transfer law

Z.Yan & J. Chen, J. Phys. D: Appl. Phys. 23, 136 (1990)
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c=Q,/P Assumptions:
%k Cooling power as figure of merit

%k Endoreversible approximation

R.-rm/\ sk L | ¥ foe]

Z.Yan & J. Chen, J. Phys. D: Appl. Phys. 23, 136 (1990)
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c=Q,/P Assumptions:
o ool - Wy
Y = cQ.. %k Endoreversible approximation
X=¢/T % Linear heat transfer law

B. Jiménez de Cisneros et al., PRE 73, 057103 (2006)
S. Velasco et al., PRL 78, 3241 (1997)
Z.Yan & J. Chen, J. Phys. D: Appl. Phys. 23, 136 (1990)
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c=Q,/P Assumptions:
%k Cooling power as figure of merit

%k E=rdereversible-approxmation—
internal Q,

reversible] 2 % Linear heat transfer law

cycle

Figure 1. Schematic diagram of a refrigeration system.

J. Chen, J. Phys. A 27 6395 (1994)
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Assumptions:

%k Cooling power as figure of merit

coLD THREE-LEVEL HOT
RESERVOIR SYSTEM RESERVOIR

H. E. D. Scovil & O. Schulz-DuBois, PRL 2, 262 (1959)



OUTILINIE

2. Quantum tricycles
3. Performance hbounds for quantum absorption chillers

4. Heat leaks and internal dissipation



STIRONGLY COUPLED QUANTUM TRICYCLE

Tricycle

17 <15 <15
Q1+Q2+Q3=O

|

B. Andressen et al., J. Chem. Phys. 66, 1571 (1977)



STRONGLY COUPLED QUANTUM TRICYCLIE

Quantum tricycle

17 <15 <15
Q1+Q2+Q3=O
Q1 ILQ2JI Q3<O
Ty 1> I3

R. Kosloff & A. Levy, Annu. Rev. Phys. Chem. 65, 365 (2014)



STIRONGLY COUPLED QUANTUM TRICYCLE

Strongly coupled quantum tricycle

17 <15 <15
Q1+Q2+Q3=O
Q1 ILQ2JI Q3<O
T 15 T —

Qi = w;T

W3y — W2 — W

Endoreversibility

R. Kosloff & A. Levy, Annu. Rev. Phys. Chem. 65, 365 (2014)



EXAMIPLES

Strongly coupled quantum tricycles ¢
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J. P. Palao & R. Kosloff, A. Levy & R. Kosloff, LAC, PRE 89, 042128 (2014)
PRE 64, 056130 (2001) PRL 108, 070604 (2012)

“Leaky” quantum tricycles
A 3
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R. Kosloff & A. Levy, LAC et al., PRE 92, 032136 (2015)
Annu. Rev. Phys. Chem. 65, 365 (2014)
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2—Quantum-trieycles
3. Performance bounds for quantum absorption chillers

4. Heat leaks and internal dissipation



QUANTUM ABSORPTION CRILLER

€EQC/QU} QC>O,Qh<O,Qw>O

Tc (Tw — Th)

We < We,rev

= Tp(Ty — To)

Cooling window

We > We,rev

J. P. Palao & R. Kosloff, PRE64, 056130 (2001) 19 <0, Qp >0, Q,, < 0}
A. Levy & R. Kosloff, PRL 108, 070604 (2012) Lot ARG o



[PERFORMANCE OPTIMISATION

Refrigerator 1 o o
"I
xazwa/Ta Lo=-1Ip=1

=z.T.+x1, Ty, (T — )

I(xy,xp) + x) OpL(xl, xp) = 0

Large temperature limit (z, — 0):

LAC et al., PRE 90, 062124 (2014)



[PERFORMANCE OPTIMISATION

Engine 1 o o
ST T

Lo = woz/Toz 1o=-Ip=-1

=z.T.+xz1, Ty, (T — )

(@h — (1 = nc)we)02, L — (1 = 1)L =0

Large temperature limit (z, — 0):

1 . 1
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J. P. Palao et al., Braz. J. Phys. 46, 282 (2016)



[PERFORMANCE OPTIMISATION

Refrigerator 1 o o
"I
xazwa/Ta Lo=-1Ip=1

=z.T.+x1, Ty, (T — )

I(xy,xp) + x) OpL(xl, xp) = 0

Linear regime (1}, — Tc = ec — 00):

E E
ec+2 ec

LAC et al., PRE 90, 062124 (2014)



EXAMIPLES
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LAC et al., PRE 90, 062124 (2014)



EXAMIPLES
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N. Linden et al., PRL 105, 130401 (2010)
LAC et al., PRE 87, 042131 (2013) LAC et al., Sci. Rep. 4, 3949 (2014)
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2—Quantum-trieycles
3—Perf I " I I Gon-chill

4. Heat leaks and internal dissipation



THE “LEAKY™ 4=LIEVEL CIRILLER
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LAC et al., PRE 92, 032136 (2015)



THE “LEAKY™ 4=LIEVEL CIRILLER
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LAC et al., PRE 92, 032136 (2015)
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THE “LEAKY™ 4=LIEVEL CIRILLER
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LAC et al., PRE 92, 032136 (2015)



INTERNAL DISSIPATION

——-> Plus

4) T3 5 Wh o redS stage
—-.> e
oL stage
milii 1,4 e 9
|2> E We — ¢
|1> l \ 4 i \ 4 O
g We,rev o 0]
Plus Minus | o .
stage stage _-."
Wc,rev —

LAC et al., PRE 92, 032136 (2015)



INTERNAL DISSIPATION
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FIEAT LEAKS
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Systematic breakdown of
guantum trycicles in stages

J. O. Gonzalez et al, NJP 19, 113037 (2017)
LAC et al., PRE 92, 032136 (2015)



ELIMINATING IRREVERSIBILILITY

o)
cooling power (normalized)

4 O G ki T — e A
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LAC et al., PRE 92, 032136 (2015)



ELIMINATING IRREVERSIBILILITY

4) e gl )
13) Y We + g <
%) I bl AT gl
|1> y 0 s

Wy -9 Wy Wy +9

D. Gelbwaser-Klimovsky et al, PRE 87, 012140 (2013)
A. G. Kofman et al., J. Mod. Opt. 41, 353 (1994)
LAC et al.,, PRE 92, 032136 (2015)



WRAP-UP

Quantum tricycles

%k Strongly coupled quantum tricycles provide a good
framework for endoreversible (quantum) thermodynamics.

Performance optimisation

% The COP at maximum cooling power of strongly
coupled quantum tricycles is non-universal.

% The long-time bath correlation properties set the
ultimate performance bound on refrigeration.

Heat leaks and internal dissipation

%k The competition between alternative dissipative decay
paths can be avoided by reservoir engineering.
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