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Outline

As with quantum heat engines, it is necessary to 
develop the thermodynamics of quantum batteries

Cyclic quantum battery model, based on an 
interacting bipartite system, weakly coupled to a 
thermal bath

Cycle simulated on (superconducting) IBM quantum 
hardware



The second quantum revolution

First quantum revolution: we learnt rules controlling 
physics at small scales

Many technological applications: transistors, lasers,…

Second quantum revolution: building real quantum 
machines, exploiting superposition and entanglement to 
develop new technologies

Quantum advantage? In computation, secure information 
transmission, sensing,…



Quantum computation and information is a 
rapidly developing interdisciplinary field. It 
is not easy to understand its fundamental 
concepts and central results without facing 
numerous technical details. This book 
provides the reader with a useful 
guide. In particular, the initial 
chapters offer a simple and self-
contained introduction; no previous 
knowledge of quantum mechanics 
or classical computation is required.

Various important aspects of quan-
tum computation and information 
are covered in depth, starting from the foun-
dations (the basic concepts of computational 
complexity, energy, entropy, and information, 
quantum superposition and entanglement, 
elementary quantum gates, the main quan-
tum algorithms, quantum teleportation, and 
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quantum cryptography) up to advanced 
topics (like entanglement measures, quan-
tum discord, quantum noise, quantum 
channels, quantum error correction, quan-
tum simulators, and tensor networks).

It can be used as a broad range 
textbook for a course in quantum 
information and computation, 
both for upper-level undergraduate 
s t u d e n t s  a n d  f o r  g r a d u a t e 
students.  I t  contains a large 
number of solved exercises, which 

are an essential complement to the text, as 
they will help the student to become 
familiar with the subject. The book may also 
be useful as general education for readers 
who want to know the fundamental 
principles of quantum information and 
computation.



Quantum thermodynamics



What is a battery?
A mountain dam is a battery


Water wants to fall but we 
keep it up


Energy is stored: when water 
falls we can use it (a turbine 
will spin, …)

What does charging a battery mean?

An empty dam does not store energy

Bringing water into the dam we charge the battery



Another example: Galvanic batteries

Same principle but with 
electrons:


* They like Cu but they are kept on 
Zn

* Energy stored and ready to be 
released

* External connection: electrons 
flow


Recharging the battery:


* Electrons back to  Zn

* Energy stored again



Quantum batteries



Quantum advantage in charging power?



A quantum battery 

consisting of N cells 

could charge

up to N times faster 



First experimental implementations

Organic molecules play the role of two-level systems embedded in 
a microcavity: super extensive energy charging



Quantum processors as quantum batteries

Qutrit quantum batteries: 

G. Gemme et al., Phys. Rev. Research 6, 023091(2024)



Multilevel quantum batteries: 

Revisiting micromasers

“Even a faint beam of atoms can pump the resonator 
effectively. In this way, a maser is operated in which single 
atoms traversing the resonator provide for an efficient pump. 
One is then dealing with a microscopic maser indeed, a 
micromaser.”

(BG Englert, arXiv:quant-ph/0203052)







Ergotropy

Ergotropy: maximum work which can be extracted via cyclic 
unitaries 

[Allahverdyan, Balian, Nieuwenhuizen, Europhysics Letters 67, 565 (2004)]

density matrix

Hamiltonian

Ergotropy
Energy of the corresponding


passive state



Phases irrelevant for ergotropy but relevant for the efficiency 
of a cyclic battery

Thermal (Gibbs) state passive



Thermodynamics of a quantum battery

Strong system-bath coupling: the overall thermal state is 
not a thermal state for the system alone 

After disconnecting the system from the bath the state of 
the system is not passive and work can be extracted

Main technical difficulty: a strong system-environment 
coupling must be switched on and off

Thermodynamic cycle: connect, let thermalize, disconnect, 
extract work



Cyclic bipartite quantum battery

System always weakly 
coupled to the environment

Four-stroke cycle

[L. Razzoli, G. Gemme, I. Khomchenko, M. Sassetti, H. Ouerdane, 

D. Ferraro, G. B., preprint arXiv::2407.07157 [quant-ph]]



Ergotropy extraction protocols
Local extraction from a single subsystem

Local extraction from both subsystems

Global extraction from both subsystems, 
including correlations

Go to the passive state with respect to  



Quantum battery efficiency
Ratio between extracted work (ergotropy) and disconnection/
connection energy cost

Starting from a passive (thermal) state energy can only increase 
(work performed on the system):

Ergotropy positive by definition: 

Resulting efficiency bounds:



Josephson quantum battery (circuit model)

An effective two-qubit Hamiltonian can be derived:

In units of 𝜴: 



Energetics of the working cycle

Unitary transformation for local ergotropy extraction for a qubit

Energy cost for disconnection (always positive)

Ergotropy



Energy cost for connection (can be negative!)



Numerical results

Pareto front for 
Efficiency can be higher (for a given ergotropy) in the 
local extraction setup



Simulations on superconducting 

quantum hardware



Preparation of a Gibbs state 

Obtained tracing over a pure thermofield double (TFD) state

Gibbs state for S obtained after tracing over the ancillary 
system S’



Variational ansatz 
Quantum approximate optimization algorithm (QAOA)



Infidelity cost function


Gibbs state

fidelity between two

density matrices



Variational quantum algorithm 

Average fidelity 0.97 (simulator) and 0.91 (real quantum 
hardware) after about 500 iterations

Quantum

State


Tomography



Performance of the simulated quantum battery

Ergotropy extraction time ∼ 100 ns
Longitudinal and transverse relaxation times ∼ 100 𝜇s
Power of the order of 



Outlook
Weakly coupled thermal bath used as a battery charger

Towards solid-state quantum batteries: circuit model and 
quantum hardware simulations

Future prospects: entangling quantum gates could be used 
to exploit the quantum advantage in the charging time of 
quantum batteries 


Non-trivial correlations between qubits can be used to 
improve performance of the quantum battery

Local unitary operations can (for a given ergotropy) 
significantly enhance the efficiency of the energy extraction 
cycle compared to global operations.


