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Climate Change 
The Defining Problem of our Century

- 	 Climate Change refers to long-term shifts in Earth’s average 
temperatures and weather patterns  

-  While natural processes can influence climate, the rapid warming 
we see today is driven primarily by human activity — especially 
the burning of coal, oil, and gas 

-  This releases greenhouse gases (like CO₂ and methane) that trap 
heat in the atmosphere, causing the planet to warm faster than 
ever before 

-  The Result: more extreme weather, rising sea levels, shifting 
ecosystems, and increasing pressures on food, water, and 
energy systems



Climate Challenges

Climate Modelling Predicting Extreme 
Weather Events

 Reducing Energy 
Consumption



Climate Modelling
Climate Modelling involves simulating the physical processes of the atmosphere and oceans 

to understand global climate dynamics.  

Practically, this involves solving a set of non-linear, partial differential equations like the 
infamous Navier-Stokes Equations.

- Finding accurate solutions to these equations allows us to 
make predictions using our mathematical models  

- This allows us to predict global temperature rise, sea-level 
changes, and shifts in regional climate patterns 

- These predictions are essential for informing national and 
international policy as well as infrastructure planning

Significance



Climate Modelling
This involves simulating the physical processes of the atmosphere and oceans to understand 

global climate dynamics.  

Practically, this involves solving a set of non-linear, partial differential equations like the 
infamous Navier-Stokes Equations.

Challenges

- Grid Resolution Limits 

- Computational Cost  

- Non-Linearity in Governing Equations



Predicting Extreme Weather Events
This focuses on forecasting specific, high-impact meteorological events such as hurricanes, 

heatwaves, and heavy precipitation that leads to flooding.  

It requires the rapid assimilation of real-time satellite and sensor data to predict the 
trajectory and intensity of dynamic weather systems.

- Accurate short-term forecasting is critical for disaster risk 
reduction 

- It enables timely evacuation orders, optimised deployment 
of emergency resources and protection of critical 
infrastructure during extreme conditions

Significance



Predicting Extreme Weather Events
This focuses on forecasting specific, high-impact meteorological events such as hurricanes, 

heatwaves, and heavy precipitation that leads to flooding.  

It requires the rapid assimilation of real-time satellite and sensor data to predict the 
trajectory and intensity of dynamic weather systems.

- Time Constraints 

- Processing of Large Datasets 

- Ensemble Limitations

Challenges



Reducing Energy Consumption

This challenge is two-fold: developing materials to make energy storage and industrial 
production more efficient, and addressing the growing energy footprint of high-performance 

computing itself. 

- Industrial processes (like fertiliser production) and data 
centres are major global energy consumers  

- More Energy Consumption → More Greenhouse Gas 
Emissions → Accelerated Global Warming

Significance



Reducing Energy Consumption

This challenge is two-fold: developing materials to make energy storage and industrial 
production more efficient, and addressing the growing energy footprint of high-performance 

computing itself. 

- Material/Chemical Simulation Limits 

- Growing Demand for Compute Power 

- Power Constraints

Challenges



Quantum Computing 
A New Computing Paradigm

Quantum computing is a new model of computing.  
Quantum algorithms are developed to leverage the principles of superposition, entanglement 

and interference.



The Future of Computing is Hybrid



Climate Modelling with Quantum Computers
This requires quantum algorithms for solving non-linear, 
partial differential equations with quantum computers. There 
are 2 approaches that should be highlighted. 

Given a system of non-linear differential 
equations , we can first linearise the 
system using Carleman Linearisation and then 
solve the system using a quantum linear 
system algorithm.

·x = f(x)

1. Linearisation-Based Quantum Algorithms

Tennie, Felix, et al. "Quantum computing for nonlinear differential equations and turbulence." Nature Reviews Physics 7.4 (2025): 220-230.



Climate Modelling with Quantum Computers
This requires quantum algorithms for solving non-linear, 
partial differential equations with quantum computers. There 
are 2 approaches that should be highlighted. 

Given a system of non-linear differential equations 
, we represent a 'trial solution' as the output of a 

parametrised quantum circuit. We then use a classical 
computer to optimise those parameters, minimising a 
loss function that tells us exactly how well that trial 
solution obeys the differential equations.

·x = f(x)

2. Hybrid Quantum-Classical Algorithms

Tennie, Felix, et al. "Quantum computing for nonlinear differential equations and turbulence." Nature Reviews Physics 7.4 (2025): 220-230.



Climate Modelling with Quantum Computers
This requires quantum algorithms for solving non-linear, 
partial differential equations with quantum computers. There 
are 2 approaches that should be highlighted. 

Example: in Jaderberg, Ben, et al. "Potential of quantum scientific 
machine learning applied to weather modeling." Physical Review A 
110.5 (2024): 052423, the authors utilised a hybrid quantum-
classical algorithm to solve the Barotropic Vorticity Equation (BVE), 
a 3rd order, non-linear PDE which serves as a simplified model of 
the atmosphere.  

The quantum model achieved high accuracies. 

2. Hybrid Quantum-Classical Algorithms



Predicting Extreme Weather Events with Quantum Computers

Classical Machine Learning has already been applied to the problem of detecting wildfires from 
images, flood prediction, etc.  

There are quantum analogues to these classical 
machine learning methods that can also be applied 
to the same problems. For example, the Quantum 
Convolutional Neural Network could also be used to 
detect wildfires in images, the Quantum Recurrent 
Neural Network could be used to predict rainfall as a 
time series. 



In Grzesiak, Marek, and Param Thakkar. "Flood prediction using classical and quantum machine 
learning models." arXiv preprint arXiv:2407.01001 (2024), the authors trained a number of 
different quantum models to classify a given set of hydrological conditions into one of two 
categories: Flood or No Flood.

A number of different quantum machine learning methods achieved high accuracies for this task 
including The Quantum Support Vector Machine and The Quantum-Enhanced Decision Tree.
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Predicting Extreme Weather Events with Quantum Computers



Fig. 1. (Left) X-ray crystal structure 4WES (21) of the nitrogenase MoFe protein from Clostridium pasteurianum taken from the protein database (the
backbone is colored in green, and hydrogen atoms are not shown), (Middle) the close protein environment of the FeMoco, and (Right) the structural model
of FeMoco considered in this work (C, gray; O, red; H, white; S, yellow; N, blue; Fe, brown; and Mo, cyan).

from air accessible to plants, the mechanism of nitrogen fixation
at FeMoco is not known. Experiments have not yet been able to
provide sufficient details on the chemical mechanism, and theo-
retical attempts are hampered by intrinsic methodological limi-
tations of traditional quantum chemical methods.

Quantum Chemical Methods for Mechanistic Studies
At the heart of any chemical process is its mechanism, the elucida-
tion of which requires the identification of all relevant stable inter-
mediates and transition states. In general, a multitude of charge
and spin states need to be explicitly calculated in search of the rel-
evant ones that make the whole chemical process viable. Such a
mechanistic exploration can lead to thousands of elementary reac-
tion steps (25) whose reaction energies must be reliably calculated.
In the case of nitrogenase, numerous protonated intermediates
of dinitrogen-coordinating FeMoco and subsequently reduced
intermediates in different charge and spin states are feasible and
must be assessed with respect to their relative energy. Especially,
kineticmodelingposes tight limits on theaccuracyofactivationen-
ergies entering the argument of exponentials in rate expressions.

For nitrogenase, an electrostatic quantum mechanical/molecu-
lar mechanical (QM/MM) model (26) that captures the embed-
ding of FeMoco into the protein pocket of nitrogenase can prop-
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Fig. 2. Generic flowchart of a computational reaction mechanism elucidation with a quantum computer part that delivers a quantum full configuration
interaction (QFCI) energy in a (restricted) complete active orbital space (CAS). Once a structural model of the active chemical species (here FeMoco, top right)
embedded in a suitable environment (the metalloprotein, top left) is chosen, structures of potential intermediates can be set up and optimized. Molecular
orbitals are then optimized for a suitably chosen Fock operator. A four-index transformation from the atomic orbital to the molecular basis produces all
integrals required for the second-quantized Hamiltonian. Once the quantum computer produces the (ground state) energy of this Hamiltonian, this energy
can be supplemented by corrections that consider nuclear motion effects to yield enthalpic and entropic quantities at a given temperature according to
standard protocols (e.g., from DFT calculations). The temperature-corrected energy differences between stable intermediates and transition structures then
enter rate expressions for kinetic modeling. For complex chemical mechanisms, this modeling might point to the exploration of additional structures.

erly account for the protein environment. Accordingly, we con-
sider a structural model for the active site of nitrogenase (Fig.
1, Right) carrying only models of the anchoring groups of the
protein, which represents a suitable QM part in such calcula-
tions. To study this bare model is no limitation, as it does not at
all affect our feasibility analysis (because electrostatic QM/MM
embedding will not change the number of orbitals considered for
the wave function construction). We carried out (full) molecu-
lar structure optimizations with DFT methods of this FeMoco
model in different charge and spin states to avoid basing our
analysis on a single electronic structure. Although our FeMoco
model is taken from the resting state, binding of a small molecule
such as dinitrogen, dihydrogen, diazene, or ammonia will not
decisively change the complexity of its electronic structure.

The Born–Oppenheimer approximation assigns an electronic
energy to every molecular structure. The accurate calculation of
this energy is the pivotal challenge, here considered by quantum
computing. Characteristic molecular structures are optimized to
provide local minimum structures indicating stable intermedi-
ates and first-order saddle points representing transition struc-
tures. The electronic energy differences for elementary steps
that connect two minima through a transition structure enter
expressions for rate constants by virtue of Eyring’s absolute

7556 | www.pnas.org/cgi/doi/10.1073/pnas.1619152114 Reiher et al.
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Reducing Energy Consumption with Quantum Computers

The Problem: 
- Currently, the industrial process (the Haber-Bosch process) to convert nitrogen into ammonia 

(for fertiliser) requires high temperatures and pressures, making it incredibly energy-
intensive 

- In contrast, bacteria use the enzyme nitrogenase to perform this exact same reaction at room 
temperature and standard pressure 

- If we could understand exactly how the active site of this enzyme (FeMoco) breaks nitrogen 
bonds so efficiently, we could design artificial catalysts to mimic it, saving massive amounts of 
global energy. 

- However, this problem is intractable for classical methods. 



The Solution: 

Reiher, Markus, et al. "Elucidating reaction mechanisms on quantum computers." Proceedings of 
the national academy of sciences 114.29 (2017): 7555-7560.

This paper demonstrates that quantum computers can 
reveal the reaction mechanism of nitrogen fixation at 
FeMoco. They achieve this by calculating reliable 
activation energies—data that is currently impossible to 
obtain with traditional quantum chemical methods. 

The authors also conducted a resource analysis and 
estimated that a quantum computer with around only 111 
logical qubits could perform the necessary simulation.

Fig. 1. (Left) X-ray crystal structure 4WES (21) of the nitrogenase MoFe protein from Clostridium pasteurianum taken from the protein database (the
backbone is colored in green, and hydrogen atoms are not shown), (Middle) the close protein environment of the FeMoco, and (Right) the structural model
of FeMoco considered in this work (C, gray; O, red; H, white; S, yellow; N, blue; Fe, brown; and Mo, cyan).

from air accessible to plants, the mechanism of nitrogen fixation
at FeMoco is not known. Experiments have not yet been able to
provide sufficient details on the chemical mechanism, and theo-
retical attempts are hampered by intrinsic methodological limi-
tations of traditional quantum chemical methods.

Quantum Chemical Methods for Mechanistic Studies
At the heart of any chemical process is its mechanism, the elucida-
tion of which requires the identification of all relevant stable inter-
mediates and transition states. In general, a multitude of charge
and spin states need to be explicitly calculated in search of the rel-
evant ones that make the whole chemical process viable. Such a
mechanistic exploration can lead to thousands of elementary reac-
tion steps (25) whose reaction energies must be reliably calculated.
In the case of nitrogenase, numerous protonated intermediates
of dinitrogen-coordinating FeMoco and subsequently reduced
intermediates in different charge and spin states are feasible and
must be assessed with respect to their relative energy. Especially,
kineticmodeling poses tight limits on theaccuracyofactivationen-
ergies entering the argument of exponentials in rate expressions.

For nitrogenase, an electrostatic quantum mechanical/molecu-
lar mechanical (QM/MM) model (26) that captures the embed-
ding of FeMoco into the protein pocket of nitrogenase can prop-
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Fig. 2. Generic flowchart of a computational reaction mechanism elucidation with a quantum computer part that delivers a quantum full configuration
interaction (QFCI) energy in a (restricted) complete active orbital space (CAS). Once a structural model of the active chemical species (here FeMoco, top right)
embedded in a suitable environment (the metalloprotein, top left) is chosen, structures of potential intermediates can be set up and optimized. Molecular
orbitals are then optimized for a suitably chosen Fock operator. A four-index transformation from the atomic orbital to the molecular basis produces all
integrals required for the second-quantized Hamiltonian. Once the quantum computer produces the (ground state) energy of this Hamiltonian, this energy
can be supplemented by corrections that consider nuclear motion effects to yield enthalpic and entropic quantities at a given temperature according to
standard protocols (e.g., from DFT calculations). The temperature-corrected energy differences between stable intermediates and transition structures then
enter rate expressions for kinetic modeling. For complex chemical mechanisms, this modeling might point to the exploration of additional structures.

erly account for the protein environment. Accordingly, we con-
sider a structural model for the active site of nitrogenase (Fig.
1, Right) carrying only models of the anchoring groups of the
protein, which represents a suitable QM part in such calcula-
tions. To study this bare model is no limitation, as it does not at
all affect our feasibility analysis (because electrostatic QM/MM
embedding will not change the number of orbitals considered for
the wave function construction). We carried out (full) molecu-
lar structure optimizations with DFT methods of this FeMoco
model in different charge and spin states to avoid basing our
analysis on a single electronic structure. Although our FeMoco
model is taken from the resting state, binding of a small molecule
such as dinitrogen, dihydrogen, diazene, or ammonia will not
decisively change the complexity of its electronic structure.

The Born–Oppenheimer approximation assigns an electronic
energy to every molecular structure. The accurate calculation of
this energy is the pivotal challenge, here considered by quantum
computing. Characteristic molecular structures are optimized to
provide local minimum structures indicating stable intermedi-
ates and first-order saddle points representing transition struc-
tures. The electronic energy differences for elementary steps
that connect two minima through a transition structure enter
expressions for rate constants by virtue of Eyring’s absolute

7556 | www.pnas.org/cgi/doi/10.1073/pnas.1619152114 Reiher et al.
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Reducing Energy Consumption with Quantum Computers



Limitations
We have explored the transformative potential of quantum computing applied to 
various climate challenges. However, there are currently significant engineering and 
theoretical hurdles that stand between us and the widespread use of quantum 
computers in this domain. There are 4 limitations that need to be highlighted:  

- Hardware Limitations  

- The Data Loading Bottleneck 

- Quantum Advantage  

- Verification



Tackling Climate Challenges 
with Quantum Computing

Thank you.  

Any Questions?


