Efficient Heat Engines
are Powerless

a fundamental tradeoff relation in
thermodynamics proved in 2016

Hal Tasaki

prerequisites
part 1: some idea about college thermodynawmics



Thermodynamics



What is thermodynamics?

quantitatively exact macroscopic
phenowmenological theory about
M possible transitions between equilibrium states

M energy transfer associated with transitions

The second law of thermodynamics 1s, without a doubt, one of the
most perfect laws 1n physics. Any reproducible violation of it,
however small, would bring the discoverer great riches as well as a
trip to Stockholm. (Lieb and Yngvason 1997)

formulated entirely within macroscopic description
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without references to “microscopic World g




What is thermodynamics?

Lieb and Yngvason, “The physics and mathematics
of the second law of thermodynawmics” (1997)

rigorous operational formulation 7L< -
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~ HalTosaki and Glenn Paquette “Thermodynamics: A Novel

roach” (to be published from Oxford UP in 20207)
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Motivation



Heat engine

a central object in thermodynawics
a physical system which converts heat into work

non-mechanical transfer of energy

non-usable energy usable energy

“heat bath



Heat engine

(external combustion engine)
& operates cyclically, interacting with two heat baths

2 ina single cycle absorbs energy Qn from the hot bath
expels energy ;. to the cold bath

extracted work W = Qg — Q1.

B=7T- ,
a coal-fired power plant



Efficiency and power of a heat engine

a general heat engine (cyclic thermodynawic process)
attached to two heat baths

work extracted in a cycle
W ==0Qn — QL
efficiency of the engine

Egngizl 6H<1

feis QH f BL
Carnot
Carnot’s theorem efficiency

ba < OL ieg
amics.
‘7' per iod of the cycle 1he¥m°dv?u“damema\

A : limitation on
|- po‘weri of the elngme hoat engine
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attains the maximum possible efficiency 7 !

but only in the quasi-static limit, with period 7 1 oo

i } 0 the power vanishes

" Carnot engine is extremely efficient but

is totally powerless!!

QUESTION: can there be a heat engine with non-zero
power which attains the (maximum) Carnot efficiency?



near Carnot cycle

induce finite current J ~ kA5 by a fempera’rure—
-difference (A3 > 0, xheat conduetivity)
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near Carnot cycle
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power V.o GnoGh must vanish as the efficiency »

b= T
approaches the Carnot efficiency »c

what about more general heat engines?
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General heat engines?

7 QUESTION: can there be a heat engine
efe-m = With non-zero power which attains the
28 (maximum) Carnot efficiency?

thermodynamics alone cannot answer
this question

thermodynawics has no time scale

we need some wmicroscopic dynamical
framework

approach based on nonequilibrium
statistical mechanics



General heat engines?

o QUESTION: can there be a heat engine
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Outline of the new result
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Seﬁmg

the engine is modeled as a

classical system of N particles
- with arbitrary potential and
- . 2V interactions

\ the effect of the heat baths on
the dynamics of the engine is described
by random force of the Langevin type

an external agent controls the potential and the
interactions with the baths in a periodic manner
according to a fixed protocol

general and standard framework that can
describe any macroscopic engines



General heat engines?

Q;:’ v  QUESTION: can there be a heat engine
¢d-r9 5> Withnon-zero power which attains the
Lo b= (maximum) Carnot efficiency?

O Our answer: NO, provided that our

description is valid
our restzl’r ¢
Gt G 1 W -
> — <O i
' 8B mo-7 s

© < oo depends on the state and the design of baths

for the near Carnot engine i
(Qu + Qr)* 1 O — kif the system is
T 2 | B K| 8
kBL.Qu nc—n  closeto equilibrium




About our main result

e
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efficiency

efficient engines are powerless!!




sSummary and remark

™ We have proved a tradeoff relation between
power and efficiency, which implies that a heat
engine with non-zero power can never attain the
Carnot efticiency

™ Inevitable loss in a heat engine with non-zero
power is caused by heat current betweenthe engine
and the baths

a fundamental limitation on external combustion engines
(no such problems for internal combustion engines)

continves to part 2 (which is for experts)

Model Stirling engine. By Richard Wheeler{#@€phyris) 2007



