The energetic challenges of fault-tolerant quantum computing
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Fault-tolerant quantum computing (FTQC) is essential for achieving quantum advantage with
demanding applications. Its reliance on quantum error correction introduces substantial resources
overhead in qubit count and classical operations. This will lead to increased material costs and
energy consumption, raising sustainability and economic concerns. In this perspective, we explain
how to assess and optimize the energetic footprint of FTQC systems, across qubit modalities. We
integrate a mixed scientific and engineering approach to guide systems design. We also incorporate
some economic reasoning to size the global FTQC power consumption and with defining the notion
of energy acceptability from an end-user economical standpoint. We identify the components which
can be individually optimized (in a reductionist approach) and those with interdependent figures of
merit (holistic approach). For the later ones, we explain how the MNR framework introduced in [1]
can be naturally extended to optimize FTQC QPUs (quantum processing units) energy efficiency
under various, possibly simultaneous, constraints like results accuracy, computing time, accessible
electrical power, or even total cost (in $). This warrants hardware and software co-design approaches.
We explain that for reducing the energetic bill, some solutions are technological (making device more
energy efficient at the individual level), and some are methodological (use the technology as it is, and
optimize the architecture at the system level, and potentially at the application level, with looking
at interdependencies). The latter optimizations have the advantage of incurring no incremental
costs in terms of pure technological developments. We conclude with highlighting multiple scientific
and engineering challenges or opportunities for the industry vendor and academic community on
the question. In particular, we discuss how fundamental research could help in maximizing the
energy-efficiency of future fault-tolerant quantum computers.
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