
Speaker:
Davide Rinaldi

Coming soon at the

End Of Year Seminars 

Supervisors: 
Prof. Dario Gerace
Prof. Giacomo Guarnieri

17th September 2025



Quantum batteries roadmap



Theoretical 
proposals

Quantum batteries roadmap



Theoretical 
proposals

Proof
of principles

Quantum batteries roadmap



Theoretical 
proposals

Proof
of principles

Quantum batteries roadmap



Theoretical 
proposals

Proof
of principles

Practical 
realizations

Quantum batteries roadmap



Theoretical 
proposals

Proof
of principles

Practical 
realizations

Quantum batteries roadmap



Theoretical 
proposals

Proof
of principles

Practical 
realizations

Quantum batteries roadmap

Reduction of 
energy 

fluctuations



Energy fluctuations



Energy fluctuations

Do quantum fluctuations matter?

Size [m]



Energy fluctuations

Do quantum fluctuations matter?

Size [m]



Energy fluctuations

Do quantum fluctuations matter?

Non-negligible

Size [m]



Energy fluctuations

Do quantum fluctuations matter?

Size [m]



Energy fluctuations

Do quantum fluctuations matter?

Non-negligible effects

Size [m]



Energy fluctuations

Can we trust the process?



Energy fluctuations

Problem

Can we trust the process?



Energy fluctuations

Problem

Sol. 1: low variance, wrong result

Can we trust the process?



Energy fluctuations

Problem

Sol. 1: low variance, wrong result

Can we trust the process?



Energy fluctuations

Problem

Sol. 1: low variance, wrong result

Sol. 2: correct result, high variance

Can we trust the process?



Energy fluctuations

Problem

Sol. 1: low variance, wrong result

Sol. 2: correct result, high variance

Can we trust the process?



Energy fluctuations

Problem

Sol. 1: low variance, wrong result

Sol. 2: correct result, high variance

Sol. 3: correct result, low variance

Can we trust the process?



Energy fluctuations

Problem

Sol. 1: low variance, wrong result

Sol. 2: correct result, high variance

Sol. 3: correct result, low variance

Can we trust the process?



A matter of 
thermodynamics



Thermodynamics



Thermodynamics



Thermodynamics



Thermodynamics



Thermodynamics

S
SYSTEM



Thermodynamics

S
SYSTEM



Thermodynamics

S

E
ENVIRONMENT

SYSTEM



Thermodynamics

S



Thermodynamics

S



Thermodynamics

S
E



Thermodynamics

S
E



Thermodynamics

S



Thermodynamics

S



Thermodynamics



Thermodynamics



Thermodynamics



Quantum Thermodynamics



Quantum Thermodynamics



Quantum Thermodynamics



Quantum Thermodynamics



Quantum Thermodynamics



Quantum Thermodynamics

How to test it?



Quantum Thermodynamics

Can we exploit its results for practical applications?

How to test it?



Quantum Thermodynamics

Can we exploit its results for practical applications?

How to test it?

How does it fit into the development of 
quantum technologies?



Quantum batteries



Quantum batteries

Energetics of a quantum object

R. Alicki, M. Fannes, Phys. Rev. E, 2013, 87.4: 042123.



Quantum batteries

Energetics of a quantum object

R. Alicki, M. Fannes, Phys. Rev. E, 2013, 87.4: 042123.



Quantum batteries

Energetics of a quantum object

R. Alicki, M. Fannes, Phys. Rev. E, 2013, 87.4: 042123.



Quantum batteries

Energetics of a quantum object

R. Alicki, M. Fannes, Phys. Rev. E, 2013, 87.4: 042123.



Quantum batteries

Energetics of a quantum object

R. Alicki, M. Fannes, Phys. Rev. E, 2013, 87.4: 042123.



Quantum batteries

Injecting, storing, delivering energy

F. Campaioli et al., Reviews of Modern Physics, 2024, 96.3: 031001.



Quantum batteries

Injecting, storing, delivering energy

F. Campaioli et al., Reviews of Modern Physics, 2024, 96.3: 031001.

Energy injection via 
unitary operations 



Quantum batteries

Injecting, storing, delivering energy

F. Campaioli et al., Reviews of Modern Physics, 2024, 96.3: 031001.

Energy injection via 
unitary operations 

Stabilization



Quantum batteries

Injecting, storing, delivering energy

F. Campaioli et al., Reviews of Modern Physics, 2024, 96.3: 031001.

Energy injection via 
unitary operations 

Stabilization Work extraction via 
unitary operations



Quantum batteries

Energy injected in the system



Quantum batteries

Energy injected in the system

Time



Quantum batteries

Energy injected in the system

Time

Energy measurements



Quantum batteries

Energy injected in the system

Time

Energy measurements



Quantum batteries



Quantum batteries

Test bed for Quantum Thermodynamics

D. Morrone et al., Physical Review Applied, 2023, 20.4: 044073.



Quantum batteries

C.A. Downing and M.S. Ukhtary, Physical Review A, 2024, 109.5: 052206.

D. Morrone et al., Physical Review Applied, 2023, 20.4: 044073.

‘Useful’ energy management

Test bed for Quantum Thermodynamics



Quantum batteries

C.A. Downing and M.S. Ukhtary, Physical Review A, 2024, 109.5: 052206.

D. Morrone et al., Physical Review Applied, 2023, 20.4: 044073.

S. Elghaayda et al., Advanced Quantum Technologies, 2025, 2400651.

Highly-controlled structures

Test bed for Quantum Thermodynamics

‘Useful’ energy management



Quantum batteries

C.A. Downing and M.S. Ukhtary, Physical Review A, 2024, 109.5: 052206.

D. Morrone et al., Physical Review Applied, 2023, 20.4: 044073.

S. Elghaayda et al., Advanced Quantum Technologies, 2025, 2400651.

Decoherence and noise mechanisms 

Test bed for Quantum Thermodynamics

‘Useful’ energy management

Highly-controlled structures



Quantum batteries

C.A. Downing and M.S. Ukhtary, Physical Review A, 2024, 109.5: 052206.

D. Morrone et al., Physical Review Applied, 2023, 20.4: 044073.

S. Elghaayda et al., Advanced Quantum Technologies, 2025, 2400651.

Platform efficiency 

Test bed for Quantum Thermodynamics

‘Useful’ energy management

Highly-controlled structures

Decoherence and noise mechanisms 



Weren't we talking about 

energy fluctuations?



Energy fluctuations

How to estimate them?



Energy fluctuations

How to estimate them?

We need:



A stochastic variable 
representing an energy difference:

Energy fluctuations

How to estimate them?

We need:



A stochastic variable 
representing an energy difference:

Energy fluctuations

How to estimate them?

We need:
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Tool: Full Counting Statistics (FCS)

Time

Two-point measurement 
(TPM) scheme Generating function

Moments and 
cumulants

…and higher orders

M. Esposito et al., Rev. of Mod. Phys., 2009, 81.4: 1665-1702.
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S. Stenholm, Physics Reports 6, 1 (1973).

Cavity operators

Analytically 
known

JC evolution operator: 
qubit + cavity 

The Jaynes-Cummings model
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D. Rinaldi, R. Filip, D. Gerace, and G. Guarnieri, 
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Correct outcome
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Fluctuations are reduced 
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Result 3:

The advantage can be more 
appreciated if multiple qubits 

are charged
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The cavity is coupled to 
a qubit per time

Perfect charge of N 
qubits with a N-photon 
cavity Fock state

…with no noise!



Result 4:

The advantage in charging multiple 
qubits is robust in presence of noise
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Quantum batteries*

Conclusions 

1. Key: precision & efficiency

Energy fluctuations

2. Robust advantage even in presence of:

Noise

3. No realistic usage yet:

*to be included in the package! 
…further project on qubit reset

Multiple qubits
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Proof-of-principles

Superconducting 
circuits

Quantum 
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Nuclear spin
systems
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microcavities
Quach et al., 2022, 
Sci. Adv. 8, 3160.

S. Elghaayda et al., 
Advanced Quantum 
Technologies, 2025, 

2400651.
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Electronic levels

Motional levels

The Jaynes-Cummings model
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Tavis-Cummings model:

2 or more qubits coupled 
simultaneously to the cavity

To be investigated

an analytical description 
is still possible
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Discussion 

In most of the literature on quantum batteries, the word 
advantage refers to ‘superlinear scaling of power’: 

A multibody effect!

In our work: the advantage consists of an efficiency 
improvement with respect to other protocols
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Discussion

‘Classical’ protocols: ‘Quantum Gaussian’ 
protocols:

‘Quantum 
and non-Gaussian’ 

protocols:
- Thermal light
- Coherent light - Squeezed light - Genuine quantum light

Efficiency advantage
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Discussion 

for a Fock state cavity

More realistic models can be taken into account

Similar results involving bosonic quantum batteries: 
B. Polo and F. Centrone, arXiv preprint arXiv:2505.24604, 2025.
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