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QC energetic costs is an open question!

energy hog?

or energy saver?
https://dl.acm.org/doi/10.1145/3490172

https://arxiv.org/abs/2205.12092

https://dl.acm.org/doi/10.1145/3490172
https://arxiv.org/abs/2205.12092
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key scientific questions

is there a quantum energy 
advantage vs classical computing 
as quantum processors scale up?

how different is it from the 
quantum computational 

advantage?

Classical 
compu�ng

Noisy quantum 
compu�ng
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Problem size (N)

nuclear
plant

Op�mized classical 
algorithms

“Quantum
energy advantage”

“Quantum energy 
supremacy”

FTQC-LSQ

NISQ

FTQC

FTQC

what is the fundamental 
minimal energetic cost of 

quantum computing?
how to avoid energetic dead-

ends on the road to LSQ?

will other quantum 
technologies present 
energetic challenges?

quantum communications 
and sensors
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encoding
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10 to 12 bits 
encoding
< 8 Gbits/s

10 to 
40 μW
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cooling 
budget

detect microwave 
phase shi�

flux bias
DC current

qubit circuit 
and resonator

LO

≈ 15 mK

≈ 800 mK

paramp 
pump

RT or cryogenics electronics?

cryo-CMOS or SFQ?

scaling cabling, a� & filters?

scaling cryogenics?

control signals mul�plexing?

≈ -15-20 dB

≈ -20 dB

≈ -10-16 dB

scaling circulators?

paramp
JPA/TWPA

+15 dB

scaling paramps?

FPGA or ASIC

DAC

AWG

op�mize RT electronics energe�cs

classical data 
proccessing?

scaling HEMT?

PB/s data transfer
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Quantum 
Energy 
Initiative  
vision paper

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020101

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020101
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goals & missions

cover all qubit types, programming paradigms, 
and other quantum technologies 

(communications, sensing)

propose optimization methodologies, frameworks 
and benchmarks for quantum technologies, 

enabling technologies and software engineering

0
𝑈(𝑥,𝜃)

𝑛𝑛
|𝜓(𝑥, 𝜃)

classical
op�mizer

classical data

average

create a worldwide community working on 
quantum technologies energetics associating 
fundamental research and industry vendors. 

create a new transversal line of research 
and collaborative projects.
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Generic definition of resource efficiency

Physical resource cost

Performance metric

Target result: operations, 
distance, etc.Machine efficiency

𝜼𝜼 =
𝑴𝑴
𝑹𝑹

Materials Energy or power

𝜂𝜂 =
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝑊𝑊 𝜂𝜂 =

𝑘𝑘𝑘𝑘
𝑙𝑙

𝑒𝑒.𝑔𝑔.
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A full-stack quantum computer

Hardware 
dependent

Hardware 
agnostic
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Metrics of performance
 Intense work nowadays to define metrics of performances & standards 
 Performances can be defined at low level or at end-user level (w.r. to applications)

Low level metrics End-user metrics

Circuit layers
operations per 
seconds (CLOPs)Quantum

Volume, 
Fidelity

Maximum size of 
solvable problem
for a given
algorithm (Q-Score)
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Metrics of performance
 All metrics depend on the level of control reached over the noisy processor 
 Fight [control: noise] @quantum level of the stack

Quantum processor

Control Noise
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Resource costs
 Good performances mandate resources @ each

level of the stack
 Hybrid efficiencies

Quantum processor

Control Noise

𝜂𝜂 =
𝑀𝑀
𝑅𝑅

• @Quantum level: 
fundamental bounds

• Involve quantum 
control, reservoir
engineering...

 Must connect to 
hardware-agnostic levels



12

Resource costs
@All hardware-dependent levels:
 Cost of trapping and controlling a Schrödinger cat
 Macroscopic resources spent by enabling tech 

and control chains
 Must connect quantum and macroscopic levels

Quantum processor

Control Noise
Quantum

Classical
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Resource costs
@hardware-agnostic levels:
• Number of logical operations and qubits...
• Number of physical qubits per logical qubit, 

code connectivity, complexity of 
encoding/decoding operations...

 Currently: architecture optimizations for fixed
hardware noise properties

 But the noise depends on the circuit architecture
 Must connect to hardware-dependent levels
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Need for a holistic approach
 Must connect inputs from all levels of 

the stack to optimize quantum 
computing energy efficiencies

 Need for common language and 
methodology

Quantum processor
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• Specify the control parameters 𝐶𝐶𝑖𝑖 and the 
metric of performance 𝑀𝑀

• Model the processor dynamics �̇�𝜌 = 𝐹𝐹{𝐶𝐶𝑖𝑖} 𝜌𝜌 => 
get the metric 𝑀𝑀({𝐶𝐶𝑖𝑖})

• Model the resource cost 𝑅𝑅( 𝐶𝐶𝑖𝑖 )

Metric-Noise-Resource (MNR) methodology

• Set a target metric 𝑀𝑀({𝐶𝐶𝑖𝑖}) = 𝑀𝑀0 => Implicit relation on {𝐶𝐶𝑖𝑖}
• Minimize the resource cost 𝑅𝑅( 𝐶𝐶𝑖𝑖 ) under the constraint 𝑀𝑀 = 𝑀𝑀0

• Maximize the resource efficiency 𝜂𝜂 𝑀𝑀0 = 𝑀𝑀0
𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚(𝑀𝑀0)
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QEI workshops

coordinate collaborative 
projects RFPs responsesQEI research inventory

QEI board creation

Quantum computing Quantum communications Quantum sensing

Enabling technologies (cryogeny, electronics, cabling, …)

community
buildup

creating
collaborative 

research

Benchmarks
QG500

Quantum thermodynamics

QEI video series

more QEI partners

proposed structure and overview

Quantum physics Quantum information (algorithms, 
compilers, software engineering, 

error correction)

standardization Quantum energetics standardization
CENELEC, IEEE, ISO, national standards bodies

Quantum matter

Qubit types
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contacts

Alexia Auffèves
CNRS Research Director

MajuLab, Singapore
alexia.auffeves@neel.cnrs.fr

Olivier Ezratty
Quantum Technologies 
Consultant and Author

olivier@oezratty.net

Robert Whitney
Researcher

CNRS LPMMC Grenoble
robert.whitney@lpmmc.cnrs.fr

contact@quantum-energy-initiative.org

Janine Splettstoesser
Professor

Chalmers University
janines@chalmers.se
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early findings applying the MNR methodology in a particular example
1. energy advantage may show up before computing advantage.
2. x10 qubit fidelities => x100 energy savings.
3. quantum error correction codes impact energetic footprint.
4. in FTQC, control electronics consumes more energy than cryogeny.
5. significant progress needed in control electronics (room temperature, cryo-electronics, cabling, multiplexing).

it’s only a beginning, with many outstanding challenges in all quantum technologies

https://arxiv.org/abs/2209.05469

https://arxiv.org/abs/2209.05469
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Methodology

 Pick a generic circuit 𝑄𝑄𝐿𝐿 ∗ 𝐷𝐷𝐿𝐿
 Set 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 2/3

⇒ Implicit relation between (𝐴𝐴,𝑇𝑇𝑔𝑔𝑠𝑠𝑔𝑔,𝑇𝑇𝑞𝑞𝑞𝑞, 𝑘𝑘)
 Minimize 𝐹𝐹𝐹𝐹𝐹𝐹 as a function of (𝐴𝐴,𝑇𝑇𝑔𝑔𝑠𝑠𝑔𝑔,𝑇𝑇𝑞𝑞𝑞𝑞, 𝑘𝑘)

Minimizing full stack power consumption

𝐹𝐹𝐹𝐹𝐹𝐹(𝑄𝑄𝐿𝐿,𝐷𝐷𝐿𝐿)
 1/𝛾𝛾 = 50 ms 

(top quality
qubits)

 CMOS 
electronics

 Model useful algorithms
with our generic circuit

 RSA-n with 𝑄𝑄𝐿𝐿(𝑛𝑛) and 
𝐷𝐷𝐿𝐿(𝑛𝑛) from Gidney&Ekera, 
Quantum 5, 433 (2021) 
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First estimates on quantum energy advantage

Breaking RSA-829 key
• Classical supercomputer (Inria 

2021): 965 GJ ≈ 1.3MW in 8.6
days

• Quantum computer with top quality
qubits + Steane code
2.7GJ = 2.9 MW in 16 min

Noiseless quantum 
computing

En
er

gy
 co

ns
um

pt
io

n

Problem size (N)

Nuclear plant 

Optimized classical 
algorithms

N= 829

𝟗𝟗𝟗𝟗𝟗𝟗 𝐆𝐆𝐆𝐆

𝟐𝟐.𝟕𝟕 𝐆𝐆𝐆𝐆

Classical 
computing
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First estimates on quantum energy advantage
Breaking RSA 829 key
• Classical supercomputer

965 GJ ≈ 1.3MW in 8.6 days
• Quantum computer with top 

quality qubits (2000 better than
Sycamore) + Steane code
2.7GJ = 2.9 MW in 16 min

Classical 
computing

Noiseless quantum 
computing

Problem size (N)

Nuclear
plant 

Optimized classical 
algorithms

N= 2048

𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯

𝟑𝟑𝟑𝟑 𝐆𝐆𝐆𝐆

Breaking RSA 2048 key
• Classical supercomputer

TOO MUCH
• Quantum computer (Steane code)

38 GJ = 7 MW in 1.5 hours

En
er

gy
 co

ns
um

pt
io

n
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First estimates on quantum energy advantage

Classical 
computing

Noiseless quantum 
computing

Problem size (N)

Nuclear
plant 

Optimized classical 
algorithms

N= 2048

𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯

𝟑𝟑𝟑𝟑 𝐆𝐆𝐆𝐆

 Potential for a quantum 
energy advantage, but 
 to consolidate on 

more realistic
qubits/architectures/
full-stack energy
costs

 in a coordinated way

En
er

gy
 co
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um

pt
io

n
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Energy vs computational advantage

Classical 
computing

Noiseless quantum 
computing

Problem size (N)

Nuclear
plant 

Optimized classical 
algorithms

N= 2048

𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯

𝟑𝟑𝟑𝟑 𝐆𝐆𝐆𝐆

 FAQ: « But isn’t that enough to 
optimize the computational
advantage? Lowering the 
computing time will
automatically lower the energy
cost! »

En
er

gy
 co

ns
um

pt
io

n

 Relation between quantum 
energy advantage and 
quantum computational
advantage?
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Energy vs computational advantage

Estimated computing time (s)

 red: 1/𝛾𝛾 = 5 ms, CMOS control electronics
 cyan: 1/𝛾𝛾 = 5 ms, SFQ control electronics
 braun: 1/𝛾𝛾 = 50 ms, CMOS control electronics
 green: 1/𝛾𝛾 = 50 ms, SFQ control electronics
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Energy vs computational advantage

 red: 1/𝛾𝛾 = 5 ms, CMOS control electronics
 cyan: 1/𝛾𝛾 = 5 ms, SFQ control electronics
 braun: 1/𝛾𝛾 = 50 ms, CMOS control electronics
 green: 1/𝛾𝛾 = 50 ms, SFQ control electronics

Efficiency = key size/energy (/J)
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Energy vs computational advantage
Efficiency = key size/energy (/J)

 Energy advantage (power*time) ≠ Computational advantage (time) :
a practical advantage of different nature!

 One may save energy before saving time...

Estimated computing time (s)
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Take home messages

• Quantum energy advantage = a huge practical interest of quantum computing
• Different from the quantum computational advantage
• To explore and optimize now
• Need to articulate different levels of description in an interdisciplinary research

line #QEI

• New benchmark: Quantum computing energy efficiency η = 𝑀𝑀/𝑅𝑅
• New tool for optimizations software/hardware; fundamental/full stack
• Qubits benchmarking
• Towards a « Q-Green 500 »
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PROVIDE 
EXPONENTIAL 
QUANTUM 
COMPUTING 
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Why are quantum computers faulty ? 

Quantum superposition

1
2

+ | 〉| 〉

box opens

Information on the cat

Alive

Dead

0

1Light

Sound

By ADA and Neagoe
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Bit-flip correction circuit
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Bit-flip protection

We need a big Hilbert space to 
protect against errors
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10+
Universal 
qubits

QUANTITATIVE 
APPROACH TO REDUCE 
ERRORS 

100,000
Physical qubits

100
Logical 
qubits

1,000,000+ Physical
qubits

1,000 Physical 
qubits

30

30
x 1

Logical qubit

Bit-flips 
correction

Phase-flips 
correction

04.Players following this strategy

Created by Ghiyats Mujtabafrom the Noun Project

34

Universal Quantum Computer would require 1,000,000+ physical qubits 

Qubit able to store quantum information with 
sufficiently low error probability 

DEFINITION

Logical qubit

Logical qubit able to perform any type of 
operation

Universal qubit

1
Universal qubit

1
Universal Quantum 
Computer

30 qubits

30
 q

ub
its

1 Logical qubit

30 physical qubits to correct each 
type of error 

With 
128 physical qubits
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1,000x fewer physical qubits to build a Universal Quantum Computer 

vs

A&B’S 
QUALITATIVE 
APPROACH

35

01.
Cat Qubit: 
Autonomous error-correction of bit 
flips by design

02.
Shortcut to universality

/ 1,000

/ 30

1 LOGICAL
QUBIT

1 UNIVERSAL
QUBIT 100,000

1,000

“QUANTITATIVE” 
APPROACH: 
STANDARD QUBITS

physical qubits

physical qubits

cat qubits

cat qubits

90

30

BY DESIGN   
APPROACH:
CAT QUBITS 

vs
30 cat qubits

1 Logical qubit

Only 30 cat qubits needed to 
correct phase-flip errors  
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Autonomous regulation

The Watt regulator
autonomously controls the 

speed of a steam engine

Can we build a quantum system that self corrects ?
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Adding dissipation

Dissipation prevents the motion to 
diverge and stabilizes it to a given
state.
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A bi-stable system

There are 2 steady states in which
we can encode information

0 1
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source: How about quantum computing? by Bert de Jong, DoE Berkeley Labs, June 2019 (47 slides) + Olivier Ezratty additions.

condensed
matter

simulation

Shor 2048 
integer

factoring

complex
chemical

simulations

topological
data analysis

(TDA) 

from NISQ to FTQC

pricing
derivatives

NISQ quantum 
error mitigation

NISQ FTQC



41

NISQ figures of merit

quantum 
algorithm

ra
th

er
sm

al
ld

at
a

ve
ry

sm
al

ld
at

a

what precision advantage?what speedup advantage? smaller input data?

total cost?energetic advantage?

cost/benefit of quantum error mitigation?

fully-burdened cost with classical+QPU?

analog vs gate-based differences?

which algorithms?
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https://arxiv.org/abs/2212.03223

QBoost hybrid algorithm used to predict « 
fallen angels », businesses who could fail in 
loans reimbursements. Quantum algorithm
reduced to a QUBO problem.

data set: 20 years + 90 000 items with 150 
features on 2000 companies in 10 verticals
and 100 sub-verticals from 70 countries. 65 
000 items in training data and 26 000 items 
for tests.

quantum advantage: could show up with
150 - 342 neutral atoms when compared to 
a best-in-class classical tensor network, 
2800 atoms for the more precise
subsampling method.

https://arxiv.org/abs/2212.03223
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inside a neutral atoms QC
qubits control electronics

laser controls, SLM drive, 
CCD readout

computing
servers, network,

software, data

a tiny 1 mm3 cloud of 
atoms is laser cooled at 
<1µK and controlled in 
a magneto optical trap 

(MOT)

ultra-vacuum enclosure
where quantum stuff happens!

ultra-vacuum
pump

(c
c)

 O
liv

ie
r E

zr
at

ty
, 2

02
2

laser

qubits state readout by fluorescence detection

CCD / CMOS 
sensorDMD 

or SLM

traps the atoms in space 
+ 2-qubit gates or Hamiltonian 

preparation with Rydberg blockade

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

CCD/CMOS control
atoms 
heater

laser 2D AOD

gate-based cold atoms quantum computer simplified view *

DMD: digital micro-mirrors device
SLM : spatial light modulator
AOD : acousto-optical laser beam deflector
PBS : polarizing beam splitter

: light signal
: electronic signals
: atoms
: helium 4.

rearrange atoms
+ single qubit gates

laser control

laser control

4K cooling

to avoid parasite atoms 
in vacuum chamber

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

global microwaves to drive qubit gates with lasers
in some cases

microwaves 
generation

rubidium, strontium, …

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

laser control

laser

qubits readout

* : AOD and SLM beams can be assembled through a PBS 
(polarizing beam splitter), atoms cooling lasers not shown.
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computing paradigms and algorithms
gate-based quantum computers

quantum
annealer

classical 
computers

quantum 
simulators

NISQ FTQC

(c
c)

 O
liv

ie
r E
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at

ty
, 2

02
2

search algorithms

optimization algorithms

physics simulation

organic chemistry simulation

integer factoring

quantum inspired algorithms

quantum machine learning

hybrid algorithms polynomial speedup

hybrid algorithms may require qRAM

hybrid algorithms may require qRAM

hybrid algorithms 100 to 10K logical qubits

hybrid algorithms 100 to 10K logical qubits

6-digit record to datehybrid algorithms 15-digit record to date 
(QAOA, China)

4K-6K logical qubits

« quantumness » and arrow of time availability

now soon later much later

N
IS

Q
: n

oi
sy

in
te

rm
ed

ia
te

sc
al

e
qu

an
tu

m
 c

om
pu

te
r, 

FT
Q

C 
: l
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tt
ol

er
an

tq
ua

nt
um

 c
om

pu
te

r

now

quantum advantage

some useful cases

no useful case so far
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searches and 
graphs

Grover,TSP

factoring
& dlog

Shor algos

linear
algebra

HHL

Hamiltonian
ground state 

determination

amplitude 
amplification & 
quantum walks

quantum 
phase

estimation

phase 
kickback

quantum 
Fourier 

transform

al
go

rit
hm

s
qu

an
tu

m
 to

ol
bo

x

Ising models
on quantum 

annealers (D-Wave)

(cc) Olivier Ezratty, 2022, 
inspired by a schema
found on Quantum 

Computing Algorithms
Andreas Baertschi 2019 

(45 slides)

graphs
Deutsch-Jozsa, 

Simon

hidden
subgroup
problem

quantum machine learning
k-means, SVM, PCA, neural 
nets, GNN, CNN, RNN, GAN

reversible
arithmetic
i.e. for oracles

VQE
gate-based, 

hybrid

QUBO
binary

constraints

QAOA
gate-based, analog
constraints, hybrid

combinatorial
optimization

CSP, MaxCut, SAT, TSP

qRAM

qubit 
teleportation

quantum 
communications 

and cryptography

QSVT

qubitization

red rectangles 
tags algorithms
relying on QFT

quantum 
amplitude
estimation

Monte Carlo 
simulations

Ising models
on quantum 

simulators (Pasqal)

analog quantum computinggate-based quantum computing

also used in 
various quantum 
algorithms like 
quantum gates
teleportation

classical gate-
based

components

quantum 
evolution
operator

partial 
differential
equations

NISQ NISQ

quantum algorithms map
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electron superconducting loops & controlled spinatoms photons

qubit type trapped ions cold atoms super-
conducting silicon NV centers Majorana 

fermions photons

cryogeny <300W N/A 16 KW 12 KW < 1 KW 16 KW 3KW

vacuum pumps1 Vacuum ultra-vacuum
100W vacuum vacuum vacuum vacuum vacuum

qubits gate 
controls

<1.4KW
ions heating, 
lasers, micro-

aves generation, 
CMOS readout

electronics

5,8KW
atoms heater,
lasers, control 
(SLM, etc) and 
readout image 

sensor + 
electronics

from 20 mW to 100W / qubit
depending on architectures with

micro-wave generation outside or
inside the cryostat

N/A N/A

300 W 
for photons 
sources and 
detectors, 
qubit gates 

controls

computing 300W 1 KW 1 KW 1 KW <1 KW 1 KW 700 W

# qubits used 24 100-1000 53-433 4 N/A N/A 20

total 2 KW (4) 7 KW (1) 25 KW (2) 21 KW N/A N/A 4 KW (3)

(c
c)

 O
liv

ie
r 

Ez
ra

tt
y,

 2
02

2

typical configurations for Pasqal (1), Google Sycamore with 53 qubits (2), Quandela/QuiX (3), AQT (4) rough estimates for others1 : fixed energetic cost, for preping stage
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 QPU + classical energetics scale

10 MW1 MW100 kW10 kW

DoE
Frontier

Jean ZayDGX-1 
H100 

Nvidia
Cerebras

Andromeda

Pasqal 
Fresnel

Pasqal 
1000 atoms

Google 
Sycamore

Quandela 
MOSAIQ

IBM 
Washington

IBM
Condor

D-Wave
Avantage
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QC energetics benchmarking

QEI WG (C/S2ESC/QEI)
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discussion
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