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Abstract 

Since computers were invented, the technology of computers has advanced every year. Recently, 

quantum computing and artificial intelligence have played an important role in computer 

technology, which has provided an effective platform to address challenges such as climate change 

and carbon emissions. The main goal of this paper is to demonstrate how the integration of quantum 

computing and artificial intelligence can transform climate science, with an emphasis on predicting 

and managing carbon emissions. In this paper, we started with introduction about climate change 

and technology in combating environmental problems. Then, we moved on to an introduction to 

quantum computing and its basics. During our research, the benefits of quantum computing over 

classical systems have been identified with specific reference to climate modeling and handling large 

data sets. We explained the role of artificial intelligence in climate science with existing AI methods 

in climate modeling and the gaps that they have. We evaluated the combination of quantum 

computing and AI to reveal the possibility of future advancements in processing time, prediction, 

and efficiency. We brought up some AI concerns about its policy-making capacity and carbon altering 

the conventional approaches to decision-making to foster sustainability. Moreover, our work is 

supported by real-life examples and cases of how quantum AI is superior to traditional models in 

estimating carbon emissions. Finally, we specified some future directions for quantum AI, including 

technological developments, ethical issues, and sustainability, as well as suggestions for researchers 

and policymakers on how to use quantum AI for solving environmental problems. 

Keywords: quantum computing; climate change; carbon emission 

 

1. Introduction 

Climate change is the enhancement of greenhouse gas (GHG) concentrations in the atmosphere 

which is one of the biggest threats of the 21st century. The main reason of this threat is the carbon 

dioxide that is a byproduct of burning fossil fuels such as coal, oil and natural gas.  According to the 

Intergovernmental Panel on Climate Change (IPCC 2022), temperatures have increased by 1.1 °C 

from the pre-industrial levels which GHG emissions can be seen in Figure 1. 
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Figure 1. 2024 year-to-date anomalies compared to the ten warmest years on record (NCEI, 2024). 

This rise is associated with more frequent and severe weather events, rising sea levels, and 

disruptions to ecosystems (Figure 1) and human livelihoods (Figure 2) (Nkemelang et al., 2018; Allen 

et al., 2019; Kikstra et al., 2022). 

 

Figure 2. Observed impacts are connected to physical climate changes including many that have been a�ributed 

to human influence such as the selected climatic impact-drivers shown. Impacts are driven by changes in 

multiple physical climate conditions, which are increasingly a�ributed to human influence (Kikstra et al., 2022). 

As can be seen in Figure 3, Kikstra et al., (2022) studied the urgency of mitigating carbon 

emissions to avoid the worst impacts of climate change. As an example, the IPCC’s 2023 graph shows 

that global warming will increase 1.5 °C as seen in Figure 4. Because of this warning, carbon emissions 

must take an important case in 2025 and should focused to reduce by 43% by 2030 (Figure 5) (Kikstra 

et al., 2022).  

 

Figure 3. Observed (1900–2020) and projected (2021–2100) changes in global surface temperature.  The extent 

to which current and future generations will experience a ho�er and different world depends on choices now 

and in the near term (Kikstra et al., 2022). 
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Figure 4. Development of global GHG, CO2 and methane emissions in modelled pathways (Kikstra t al., 2022). 

 

Figure 5. Multiple interacting choices and actions can shift development pathways towards sustainability 

(Kikstra et al., 2022). 

Besides IPCC’s warning, as a parallel, the World Meteorological Organization (WMO) also 

warning about the rising of exceeding the 1.5 °C threshold within the next five years, underscoring 

the proximity of the challenge (Figure 6) (Sovacool, 2021) and biodiversity, food security, and global 

health that seen in Figure 7 (Kikstra et al., 2022; UN, 2024). 
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Figure 6. Global carbon dioxide emissions pathways under the Paris agreement, 1980-2100 (Sovacool, 2021). 

 

Figure 7. Observed widespread and substantial impacts and related losses and damages a�ributed to climate 

change (Kikstra et al., 2022). 

2. The Role of Technology in Environmental Science 

The pa�erns of atmospheric carbon dioxide are essential while dealing with zero emissions.   

While burning fossil fuels, CO2 is producing as an outcome. This is leading cause of global warming 

(Kikstra et al., 2022; U.N., 2023; NCEI, 2024; Amiri et al., 2024). Moreover, it can also be applied in 

identifying efficient catalysts for CO2 conversion. This has been proven by the combined efforts of 

IBM and Google, who were able to implement quantum algorithms that were highly capable in 

simulations of chemical reactions, which is a big leap towards reducing carbon emissions (Ricciardi 

Celsi et al., 2024; Manikandan et al., 2024). 

The increase in atmospheric carbon dioxide and its impact on climate change was described in 

NCEI’s Climate.gov (Figure 8). Moreover, it also describes how the burning of fossil fuels and 

deforestation have increased CO2 emissions, especially during the Industrial Revolution. According 

to the graph data that can be found in Figure 8, In 2023, the worldwide CO2 level increased to a record 

high of 419.3 parts per million. This cause makes CO2 is the main reason for raising world 

temperatures. The Keeling Curve, which depicts the rising trend of atmospheric CO2 since the late 

1950s, is one of the graphs in the article that illustrates the historical trajectory of CO2 emissions 

(NCEI, 2023). 
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Figure 8. Atmospheric Carbon Dioxide Concentration (ppm) Over Time (1960–2020) (NCEI, 2023). . 

The U. S. Environmental Protection Agency (EPA) has released a report about the global 

warming which can be seen inf Figure 9 (EIA, 2023).  

 

Figure 9. Global Net Anthropogenic Greenhouse Gas Emissions by Gas Type (1990–2019) (EIA, 2023). 

Another study by Dhakal et al., (2022) showed that global net anthropogenic greenhouse gas 

(GHG) emissions have increased 9.1 GtCO2-eq from 2010 to 2019.  As seen in Figure 10, reducing 

emissions is ge�ing harder or sometimes slower than previous decades. For example, in 2019, CO2 

emissions alone were estimated at 45 ± 5.5 GtCO2 (Figure 10) (Dhakal et al., (2022) 

(IPCC_AR6_WGIII).  
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Figure 10. Current and Historical Cumulative Emissions by Region (2019) (Dhakal et al., 2022). 

The aggregate net Carbon Dioxide emissions in the last decade is almost equivalent to the carbon 

budget that remains to keep global warming within the 1.5 °C threshold. Statistics depict that 

approximately 62% of total emissions since 1850 have taken place since 1970. This accurately portrays 

the rapid acceleration of emissions during the industrial era (Dhakal et al., 2022). 

Figure 11 shows that the average annual greenhouse gas (GHG) emissions growth rates (%) 

versus different worldwide regions from 2010 to 2019 and has also for future scenarios from 2020 to 

2040 (Dhakal et al., 2022). 

 

Figure 11. Average Annual Emissions Change (2010–2019) and Projected Scenario Reduction Rates (2020–2040) 

(Dhakal et al., 2022). 

Figure 12 shows the breakdown of global greenhouse gas (GHG) emissions by sector, direct and 

direct+indirect emissions, for 59 GtCO2-equivalent (GtCO2-eq).  
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Figure 12. Direct and Direct+Indirect Greenhouse Gas Emissions by Sector (59 GtCO2-eq) (Dhakal et al., 2022). 

Figure 13 shows an overview of the global trends in greenhouse gas emissions, the contributions 

made by various regions of the world, and discussions on key factors that have shaped these 

emissions.  
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Figure 13. Global Greenhouse Gas Emission Trends and Regional Contributions (1990-2019) (Dhakal et al., 

2022). 

Figure 14 presents the logistic growth rates of the electricity share for different energy 

technologies which are Solar, Wind, Nuclear, Biomass with and without Carbon Capture and Storage 

(CCS), Coal with CCS and Gas with CCS. The logistic growth rates are plo�ed on the vertical axis 

while each technology is depicted by a violin plot which shows the density of the growth rates 

observed (Dhakal et al., 2022).  

 

Figure 14. Logistic Growth Rates for Electricity Share by Technology (Dhakal et al., 2022). 

The gray shaded regions show the best estimate and uncertainty range of each technology, and 

the dashed lines show the quantiles of the distribution. The figure also showed that different 

technologies have different growth rates with Solar and Wind which has higher median growth rates 

than Nuclear and Coal with CCS. CCS technologies for biomass present a very broad range of growth 

rates, that is an indication of the variability in the adoption rates and technological advancements of 

this sector (Dhakal et al., 2022). 

The implementation of advanced technologies including artificial intelligence and quantum 

computing can be greatly beneficial in solving problems of climate change as well as carbon 

emissions. These technologies enhance the current quantitative system through the analysis of big 

data and provide solutions to tackle the effects of climate change. Therefore, in this paper, the authors 

discussed how this new age technologies can be used to improve the climate models, enhance carbon 

management and increase the global efforts towards the adoption of sustainable and low carbon 

future. Also, it would identify the issues and drawbacks of these technologies so that policy makers 

and researchers can understand the ways of utilizing them to a�ain the desired global climate 

objectives. 

3. Fundamentals of Quantum Computing 

3.1. Basic Principles of Quantum Mechanics 

Quantum mechanics is the base of quantum physics, and it is extended to other branches like 

quantum chemistry, quantum technology, and quantum computing (Huhtanen, 2024). While there is 

enough accuracy in explaining processes at the macro level, classical physics falls short at the atomic 

and subatomic levels (Frigg et al., 2024). At these scales quantum mechanics is important, it provides 

a radically new vision about the behavior of ma�er and energy. Quantum mechanics is not merely 

an evolution of classical physics, but a revolutionary concept of the universe based on probability not 
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determinism (Simpson, 2022; Chapline, 2023; De Ronde, 2024; Giliberti et al., 2024; Tzemos et al., 

2024).  

Entanglement on the other hand is defined as a process whereby two or more particles are in 

such a way. The state of one particle will in some way has an effect on the state of the other particle 

irrespective of the distance between the two. This interaction termed as ‘spooky action at a distance’ 

by Einstein raises serious concerns on locality and separability in physics. Both superposition and 

entanglement show how quantum mechanics is a connected and counter-intuitive science, which 

goes against classical ideas and creates numerous prospects for advancement in science and 

technology (Auburn et al., 2022). 

3.2. Key Components of Quantum Computers 

While the classical bits are binary in nature, they can have only two states.  The control and 

coherence of these qubits are the key aspects of quantum computing as they can hold and manipulate 

quantum information (Seen in Figure 15).  

 

Figure 15. Illustration of a bit a qubit (left), illustration of two qubits on an entangled state (De Leon et al., 

2021). 

Niobium and aluminum superconductive materials, known as low electrical resistance, are 

cooling down near absolute zero temperatures by using liquid helium for use to make Qubits (De 

Leon., et al 2021). In this case, it is eliminating to lose coherence, errors by reducing their thermal 

energy at higher temperatures to lower temperature (Figure 16) (Murray, 2021). 
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Figure 16. (a) Comparison of CPW resonator internal quality factors, Qi, as a function of photon number, 

illustrating the improvement induced by an oxygen ash descum treatment prior to center trace deposition which 

reduces remnant organic residue caused by lift-off evaporation. (b) Cross-sectional transmission electron 

microscope (XTEM) imaging of the center trace metallization / substrate interface revealing contamination 

without and (c) with the descum process (Murray, 2021). 

Another key component of a quantum computer is the control which is responsible for the 

precise manipulation of the qubits. The high-frequency microwave generators and amplifiers 

together with the a�enuators are used in controlling the quantum states of the qubits (Gill et al., 2021; 

Murray, 2021; Gill, et al., 2022).   

3.3. Advantages of Quantum Computing over Classical Computing 

The quantum computing is particularly effective in emulation of quantum processes and 

therefore is crucial for the development of such areas as quantum chemistry, material science, and 

even drug design where classical algorithms require exponential resources. This is because of the 

capabilities it offers in optimization challenges and machine learning scenarios through the use of 

quantum algorithms that enable the searching of solution sets with speed (Figure 17). 

 

Figure 17. Quantum brings various advantages for applications, application developers, and several industries 

by distributing the main functions. 

4. Artificial Intelligence in Climate Science 

4.1. Overview of AI Techniques Used in Climate Modelling 

Another important benefit of AI in climate modelling is that it can improve the detail of current 

models.  Conventional climate models have a problem of the so-called ‘resolution’ versus 

‘computational power’: increasing the resolution of the model entails a significant on increase in how 

in computational model requirements. Resolution AI can, however, provide enhanced answers 

without having to increase the computational power to the highest levels (Schneider et al., 2024).  AI, 

in its turn, can enhance model output with the help of machine learning, enhancing both the input 

and output of climate modelling.  For instance, AI has been able to enhance the performance of 

model forecasts, deal with uncertainties in a be�er way and even avoid some of the most time-

consuming aspects of conventional climate modelling. As a result, AI holds the ability to enhance the 
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quality of climate prediction without requiring the massive capacity of computing power that is taken 

by current-day climate models as can be seen in Figure 18 (Huntingford et al., 2019; Irrgang et al., 

2021; Sun et al., 2022; Slater et al., 2023). 

 

Figure 18. Challenges and opportunities [Slater et al., 2023]. 

As seen in Figure 19, the author of this paper discovers that machine learning is a vital 

component in the process of enhancing the accuracy provided by such climate models by not only 

processing larger sets of data but also dealing with certain inabilities of current models when it comes 

to smaller scale processes (Karpatne et al., 2024).  Processes such as cloud dynamics or turbulent 

airflows are either too miniscule in spatial and temporal scales to be determined by current models 

or are just too complicated for them to understand. Through the implementation of this branch of 

Artificial Intelligence - Machine Learning, researchers are now able to model the behavior of such 

complex processes and, in return, are able to enhance the current version of complex and high-

resolution models (Schneider et al., 2024).   

These algorithms are trained on large data sets and they are able to identify the interconnection 

between various climate factors, thus enabling the models to incorporate these smaller-scale 

processes while not needing massive boost in computation power (Huntingford et al., 2019). 

Therefore, the improved models provide be�er simulations of the global and the regional climate 

changes with higher level of trust that the future climate changes predicted will be more reliable.   

 

Figure 19. Generic framework for scientific modeling using processed based models [Karpatne et al., 2024]. 
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There is a huge potential of applying AI, especially machine learning in climate modeling for 

improving the understanding, increasing the processing speed of data, and cu�ing costs. Since the 

climate datasets are steadily increasing in volume and variety, it becomes crucial to employ AI to 

analyze vast amounts of data within a certain time frame (Huntingford et. al. 2019). Some aspects of 

climate modeling can be automated through the use of AI, thus greatly decreasing the time needed 

for the generation of climate predictions and scenarios. Furthermore, Artificial Intelligence 

diminishes the expenses that follow traditional climate modeling techniques thus permi�ing the 

development of climate models with higher resolution. In the future, AI can revolutionize climate 

science by elevating climate modeling capabilities at a faster, more precise, and cheaper rate which 

in return supports advanced climate change adaptation and mitigation strategies.  

5. Integrating Quantum Computing with AI 

Figure 20 presents the integration between quantum computing and AI, which offers a new and 

capable approach to climate change. Superposition and entanglement are the core principles of 

Quantum Computing. Through these mechanisms, it is capable of concurrently solving problems 

which are computationally difficult on traditional systems. (Sajjan et al., 2021; Ajagekar et al., 2022; 

Metawei et al., 2022 ; Vaz, 2024). 

 

Figure 20. Fundamentals of using computing (Ajagekar, 2022). 

For instance, there are AI models that are used in forecasting future emissions pa�erns, and 

these models involve the use of large datasets such as industrial energy consumption, and 

environmental monitoring data.  Classical be machine approximated learning due models to are the 

constrained large by size the of curse the of data dimensionality sets and (Olatunji et al., 2021; 

Thomsen, 2021; Ho et al.,  2022; Whig et al., 2024).  

Also, quantum computing as an application in AI can also improve optimization problems 

which are crucial to the energy transition. For instance, energy grid optimization in which AI has 

been adopted to manage the flow of renewable energy sources could be greatly benefited from 

quantum computing algorithms to solve combinatorial problems (Ullah et al., 2022). This is especially 

helpful in the case of stochastic resources such as solar and wind energy where exact forecasting and 

fast adaptation to changes are crucial in order to avoid losses and to achieve the highest output. These 

optimization challenges could be solved in real-time, using quantum algorithms for AI, which would 

contribute to a more effective and low-emission energy system (Ajagekar et al., 2022).   

Moreover, in the area of carbon capture and storage (CCS), quantum computing can also be 

great use in enhancing the AI models for identifying and designing new materials as shown in Figure 

17 for identifying and designing new materials of energy storage and conversions. AI plays an 

important role in the identification of potential materials that can be used for carbon capture, storage 

and utilization but the problem of accurately simulating molecular interactions is computationally 
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intensive. Some of the quantum algorithms such as quantum variational eigen solvers (QVEs). 

Quantum phase estimation can provide a more precise simulation of the quantum mechanical 

properties of molecules which in turn helps in quick identification of the right materials for CCS (Tilly 

and Wöll, 2022). These advancements (See Figure 21) can change the future of the material science 

related to CCS, the development of new compounds for capturing CO2, thereby directly contributing 

to reduction of carbon emissions (Zhang et al., 2022; Karthikeyan et al., 2021).  

 

Figure 21. Examples of machine learning approaches and algorithms (Karthikeyan et al., 2021). 

Besides the computational power, the integration of quantum computing with Artificial 

Intelligence will also enable a more systemized approach to carbon management. With the global 

emissions targets now being monitored at the government as well as corporate level and across the 

entire supply chains, there is a rising need for enhanced and extensive models. When combined with 

quantum computing, AI models can take into account the whole life cycle of emissions, including 

production and sequestration, and offer real time analysis of the effectiveness of different emission 

control strategies. This would enable industries to easily alter their processes, deal with any 

unexpected increase in emissions, and find new ways of how to decrease their emissions and thus 

support the achievement of the goal of achieving net-zero emissions in the future.   

The subject of Quantum Computing and Intelligence based AI is an evolving topic in today’s 

science which has the possibility of improving on the current strategies being used to fight climate 

change and even come up with new ideas. The concept of Quantum-AI can help in identifying new 

pa�erns in the climate data, handling hitherto inaccessible systems, and identifying new ways of 

reducing GHGs (Rahman et al., 2024).  However, achieving the complete potential of quantum 

computing for this purpose is still a few years away but current research and development is showing 

that it will be a key ingredient in building the future that is sustainable, provider of capabilities and 

insights which were previously una�ainable (Tychola et al., 2023; Chauhan et al., 2024; Ferdaus et al., 

2024; Gentine�a et al., 2024; Scha�ki et al., 2024; Konya and Nema�adeh, 2024).    
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One key illustration, as seen in Figure 22, in the article gives a general idea of what quantum 

computing is and its key elements such as post-quantum cryptography, high-speed processing and 

applications in telecoms and finance to show how it can be impactful. The article concludes with the 

challenges and prospects for quantum computing in the next-generation research and development; 

it is evident that quantum computing is set to transform science and technology (Gill et al., 2024). 

 

Figure 22. An Overview of Quantum Computing (Gill et al., 2024). 

5.2. Current Research and Development Efforts 

Google Quantum AI initiative aims at realizing quantum supremacy, working on quantum error 

correction and enhancing the compatibility between quantum computing and artificial intelligence 

to create itself as dominant in this field. Some of the challenges that are being tackled by the research 

and development activities carried out in this program include processing power, stability, error 

correction and scalability in quantum computing as well as the potential of quantum computing in 

improving the capabilities of AI in various sectors (Bengtsson et.al., 2024).  

5.2.1. Quantum Supremacy and Its Significance 

Google’s Sycamore quantum processor reached that state, at which it was able to calculate a 

10,000 year-long task on traditional computers in just 200 seconds.  This achievement proved that in 

certain situations, quantum computing can beat classical computing systems, which was a significant 

development in the history of technology. However, it is noteworthy that quantum supremacy is but 

a milestone in having solved one problem in a highly controlled environment. The task now is how 

to take these capabilities to actual applications that can be useful in the real world, for instance, 

artificial intelligence and machine learning (Bengtsson  et al., 2024).  

5.2.2. Quantum Error Correction 

A big challenge that can be seen in the area of quantum computing is quantum error correction. 

Quantum systems are very much affected by external factors which result to errors or ‘noise’ when 

computing. Due to the fact that qubits are highly prone to decoherence and other related problems, 

quantum error correction is a critical aspect for the practical utilization of qubits in large scale 

applications. Quantum AI team at Google has contributed immensely in the development of error 

correction techniques for these problems (Bravyi et al., 2022; Acharya et.al., 2024).   

Filippov and team have also paid a�ention to surface codes which is a kind of error correction 

that does not interfere with the computation process to ensure quantification of errors (Filippov et al, 

2024).  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2026 doi:10.20944/preprints202602.1726.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1726.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 28 

 

5.2.3. Integration Between Quantum Computing and AI 

Google is working with NASA to determine whether quantum AI can solve large-scale 

transportation and timing problems that are typical of space exploration missions. Some of the areas 

that can benefit from quantum AI include in NASA, quantum AI can help in organizing and planning 

large scale logistics and scheduling of space exploration missions. Quantum AI enhanced AI has the 

potential of greatly improving how NASA coordinates and executes space missions, optimization of 

resources, enhancement of communication protocols and solving of complex routing and scheduling 

challenges in real time (Liang et al., 2022; Bermot et al., 2023; Rane et al., 2024; Khurana, 2024).  

5.2.4. Collaborations with Universities and Research Institutions 

Google, NASA, and these universities work together in order to test and validate the real time 

application of quantum computing in various scientific disciplines. One of NASA’s centers, the Jet 

Propulsion Laboratory (JPL) has leveraged quantum AI for space mission planning, control and data 

processing in order to enhance the efficiency of mission management, space craft control and data 

processing. These collaborations and assist integration in quantum technologies advancement in 

research as well as industrial processes (Bi et al., 2022; Altman et al., 2021).   

There are however several issues that have to be solved in order to achieve the integration of 

quantum computing with artificial intelligence as the Google’s Quantum AI initiative has been. A 

major barrier is the issue of scalability of quantum processors, such as the ability to increase the 

number of qubits and at the same time ensure coherency and low errors. Also, the creation of new 

quantum algorithms suitable for AI is still an active research topic today. While quantum machine 

learning has displayed potential, there are still many challenges that have to be addressed in order 

to develop effective and efficient quantum algorithms that could handle challenging AI tasks (Dunjko 

et al., 2018).  

In addition, it is important to note that quantum physicists, computer scientists and artificial 

intelligence experts must work together to develop the field further. Quantum computing as well as 

AI are very specific fields and advancements in either of the two cannot be made in isolation which 

means that there must be constant interaction between academic institutions, industrial organizations 

and governmental organizations.  

The ethical issues and hardware limitations are the factors that make the way to the quantum 

computing future less clear. Some of the challenges and limitations of quantum computing 

integration, especially in AI are outlined below.  

5.2.4.1. Maintaining a Stable Amount of Qubits 

Qubits are, however, very delicate and can be easily influenced by factors such as temperature, 

electrical interferences, mechanical interferences and many others. Such instability results in 

decoherence where the qubits duplicate and hence affect the correctness of computations (Fraxanet 

et al., 2023).   In order to sustain the qubits, quantum computers have to work under extremely 

precise environment and sometimes operate at the close vicinity of zero Kelvin. Even with these 

conditions, coherence times (the duration a qubit can maintain its state) are not very long which 

means that only a limited number of calculations can be done with a high level of accuracy (Saraiva 

et al., 2022).  

5.2.4.2. Integrating Quantum Computing with Classical Systems 

There is also the issue of integrating quantum computing with classical computing systems, 

which is important since quantum computing is expected to integrate with classical computing in the 

short run. Quantum computers work on different paradigms such as superposition, entanglement 

and interference for computation. Classical computing on the other hand uses binary logic and 

deterministic approach. This divergence poses a problem when developing algorithms that are 

capable of working in both the quantum and the classical domain (Khrennikov, A., 2021).   
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The current hybrid systems that incorporate both classical and quantum computing mainly 

involve classical processors in managing data, such as data input to the quantum system and output 

from it. This involves a lot of data conversion between the quantum and classical systems which 

becomes a bo�leneck. In addition, the current algorithms that are suitable for classical systems have 

to be reformulated or totally redesigned to be used on quantum computers. For instance, classical 

machine learning algorithms are based on linear algebra, and the algorithms have to be converted 

into their quantum counterparts which may demand the development of new quantum algorithms 

(Heim et al.,  2020).   

A possible solution to this problem can be quantum inspired algorithms which try to implement 

some of the concepts of quantum mechanics on a classical system. Nevertheless, the proper quantum-

classical integration will be possible only when there are advancements in the quantum software that 

can link both of these worlds effectively.  Since special solutions must be developed for each 

application, where quantum and classical computing must be integrated, the current efforts in this 

area are rather resource and time-consuming, which is a barrier to adoption (Barreto et al., 2024).   

With any powerful technology, the rise of quantum computing raises several ethical concerns. 

One issue that could arise from the rapid developments in quantum computing is unequal access to 

this technology. Due to quantum computers still being largely experimental, the cost to build and 

maintain them is still very high. This means that access to quantum computing is limited to larger 

corporations, governments, and elite research institutions. This unearths the potential for 

exacerbating inequalities between developed and developing nations around the world. With equal 

access, advancements in the quantum computing world could narrow the digital divide, in turn 

allowing less affluent nations to be able to benefit from the transformative capabilities of quantum 

enhanced AI and other various technologies (Bore�i, 2024).   

Additionally, quantum encryption brings in ethical challenges. It has the capability to break 

standard classical cryptographic systems, which are currently responsible for securing everything 

ranging from personal data to national security communications. While quantum-resistant 

cryptography is developing in the present, the transition takes time therefore leaving a window of 

vulnerability (Chamola et al., 2021).  

5.2.4.3. Hardware Limitations 

Another challenge that is present in the field is the evolution of quantum processors which is the 

other big barrier to the adoption of quantum computing. Despite these advancements in the qubit 

design and quantum error corrections, quantum processors are still not efficient or even effective for 

practical uses on a large scale. To achieve this, quantum computers need to be placed in specific 

conditions such as low temperatures and high vacuum to avoid interference and loss of qubit 

coherence. This, however, creates a problem as the more qubits that are used the shorter the coherence 

time, the higher the chances of errors and the closer the system is to being unstable (Wu, 2021).  

The current rates of errors in the contemporary quantum systems are a major challenge to the 

reliability of quantum computation. Even the small quantum devices are prone to errors since the 

qubits are unstable, and this hinders their application in practical problems. Although there are on-

going research in quantum error correction and error mitigation, they add to the problems by 

increasing complexity and resources as they entail the use of multiple physical qubits for one logical 

qubit (Roffe, 2019).  

Also, the present quantum processors do not possess the necessary speed and the 

programmability for most real-life applications. Quantum gates, which are used to control qubits, are 

not yet efficient or accurate enough to perform multiple computations without errors accumulating. 

This lack of robustness remains a challenge to the growth of quantum applications in areas that 

demand high processing power such as artificial intelligence (De Leon et al., 2021; Miguel-Ramiro et 

al., 2023).  
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5.2.4.4. Development of Efficient Algorithms 

One of the greatest obstacles in the field of quantum computing is the inability to find useful 

quantum algorithms that can be leveraged in practical applications of quantum computing and AI. 

Although there are some quantum algorithms, for instance, Shor’s algorithm for factoring large 

numbers and Grover’s algorithm for searching unsorted databases, which have been shown to 

provide quantum advantage, most of them are still theoretical and have not been used in real-life 

problems (Montanaro, 2016).  

As for AI, the advancement of QML algorithms is still at the initial level.  Although there is 

ongoing research on QNNs and QSVMs, these algorithms have not been extensively tested on large 

data sets as well as not been incorporated into current AI frameworks. The problem is how to design 

algorithms that can operate in the quantum se�ing and fine-tune them for the specific features and 

constraints of quantum systems, including the error rates and coherence times (Käppler and 

Schneider, 2022).  

Also, the processors’ present hardware quantum constraints limit the kinds of algorithms that 

can be applied since quantum computations of reasonable complexity demand more qubits and 

be�er coherence than is currently achievable. These continued issues research are in expected 

quantum to algorithm be design solved and through enhancement of quantum hardware (Saxena et 

al., 2024).  

In conclusion, it can be stated that quantum computing can greatly improve AI as well as other 

fields and provide solutions to previously undetectable issues. There are many issues that need to be 

solved. Some of the major problems include stability of qubits, integration with classical systems, 

limitations of the hardware, and lack of efficient quantum algorithms for practical application. Other 

issues such as ethical considerations on access, security as well as sustainability of quantum 

technologies also pose a challenge on the development of quantum technologies. All these challenges 

must be addressed with a view to realizing the potential of quantum computing in AI as well as other 

application areas.  

6. Applications in Carbon Emission Predictions 

There is a great potential in integrating quantum computing and artificial intelligence to help 

solve a critical issue the of modern world: carbon emissions (Bharany et al., 2022). 

6.1. Quantum Algorithms for Climate Modeling 

In the area of carbon emission predictions, quantum algorithms have the potential of 

transforming large scale climate models which are vital in determining the effects of emissions on 

warming of the earth’s atmosphere as well as determining future climate conditions. The 

conventional climate models are based on classical computing where the dynamic between the 

Earth’s atmosphere, oceans, land and ice is computed. The models have developed through time, but 

they continue to encounter problems with their ability to process complex systems which include the 

carbon cycle and multiple environmental factors simultaneously (Otgonbaatar et.al.,  2023).  

Due to its parallel processing quantum computing can manage these problems easier. For 

example, quantum algorithms like quantum annealing can work with variables in climate models 

including energy, forest’s carbon sequestration rates, or impacts of different GHGs on temperature. 

This capability enables be�er forecasting of the carbon emission induced changes in global 

temperatures, sea levels, and weather conditions (Zheng et al., 2023)  

Also, QML can improve the capabilities of the existing AI systems used for the analysis and 

forecasting of carbon emissions through the efficient processing of large, high-dimensional data sets, 

including the global emissions data by sectors (energy, agricultural, industry) or the impacts of 

different policy measures on emissions targets. QML algorithms can also discover other correlations 

in the historical climate data that the classical models may fail to pick up, thus providing a higher 

level of accuracy as well as a climate change risk forecasting system (Rahman,  et al.,  2024). 
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Improved modelling of carbon capture and storage (CCS) is a major advantage of quantum-

enhanced climate models. Carbon capture is one of the methods whereby carbon dioxide produced 

by industries can be trapped and stored in the deep parts of the earth and CCS is a vital element of 

many countries’ strategies for reaching the goal of total zero-gravity emissions. Facilitating the 

representation of carbon capture processes at the atomic level with much higher precision as in the 

classical approaches, Quantum Computing can assist the scientists and researchers to come up with 

be�er ideas on the design of CCS and assessment of the impact that stored carbon may have in the 

geological formations (Greene-Diniz et al., 2022).   

Quantum computing operates as a system which helps reduce greenhouse gas emissions which 

stem from energy production and consumption operations. Quantum climate models enable the 

development of more efficient energy grid construction through their ability to analyze different 

energy distribution and consumption methods and their capacity to merge renewable energy sources. 

This capability of quantum computers allows them to be applied to real-time emission analysis, due 

to their easy adaptability to energy consumption variations and weather conditions (Eskandarpour 

et al., 2020). 

As such, the introduction of quantum algorithms into large-scale climate models is a major 

enhancement in the capacity for prediction and management of computed carbon with emissions. 

With the help of concepts such as superposition and entanglement, Quantum computing takes into 

account various factors of climate change which would be otherwise impossible in classical 

computing. Therefore, the future advancement in quantum computing for prediction models of 

carbon emissions will help in improving the decision-making process and will help countries and 

industries to meet their greenhouse gas emission reduction targets and other mitigation actions 

against the impacts of climate change. 

6.2. Quantum Computing for Ba�ery Optimization 

Another beneficial aspect of quantum computing can also help in determining the types and 

materials of ba�ery components, ensuring that these materials minimize costs and increase efficiency. 

Lastly, finding the optimal size for the ba�eries can also be performed with quantum computing and 

simulations. With the high processing power of quantum computing, scientists can find the optimal 

size and shape of ba�eries, as well as determining ways to make them lightweight and energy-dense 

(Asl et al ., 2024). 

In the upcoming years, using renewable sources, ba�ery technology has the potential to 

completely transform energy storage and automobile ba�ery systems. As such, quantum computers’ 

contribution towards creating effective, affordable, and high-energy dense ba�eries will be extremely 

helpful in energy security and the ba�le against climate change at large. 

Quantum computers can benefit not just from solar panels, but solar energy as a whole. 

Quantum-powered panels will incite higher energy usage because of their high efficiency, long 

product life, and non-toxicity (Asl et al., 2024). More specifically, quantum computing will enhance 

perovskite structure, a promising material for solar cells due to their low manufacturing costs and 

high efficiency. Accordingly, new, more stable solar cells can be created by modeling bond 

interactions in perovskite materials using quantum simulations (Pein et.al., 2022). Additionally, 

quantum computers can also predict an optimal combination of base atom types and doping by 

testing a wide range of variants and determining which ones are the most promising for the future, 

ultimately decreasing energy waste (Cao et al., 2023). 

6.3. Grid Optimization 

Because of the challenges current grid systems provide, new technologies must be implemented 

to allow for effective and efficient power delivery as seen in Figure 23. Quantum computing offers 

the best computational capabilities, and artificial intelligence, which has the capability of analyzing 

large data sets and identifying trends, presents an opportunity to solve such problems. Quantum 

computing and AI are two concepts that can be integrated together and offer numerous advantages 
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as far as grid integration is concerned. Such applications include enhanced quantum simulations that 

enable the creation of more realistic and complex models of the grid, which in turn facilitate the use 

of AI in decision making based on the predictions made. The optimization of grid operation can be 

achieved through the simulation of different conditions, such as the integration of renewable 

quantum energy. Simulations can also be used for demand response programs and energy storage. 

This process helps identify the weaknesses and bo�lenecks of the grid, allowing preventive measures 

to be taken before issues occur (Zibaeirad et al., 2024). 

 

Figure 23. Schematic illustrating a smart energy system (h�ps://www.mdpi.com/2076-3417/11/21/9820)  (AL-

Jumaili et al., 2021). 

6.3.1. Microgrid Optimization 

The optimization can also benefit the processes of arranging proper micro-level power 

generation, grid connection, and storage facilities. As a result, this can reduce microgrids’ reliance on 

the main grid and increase their resilience (Zhou   et al., 2022). 

6.3.2. Grid Stability Analysis 

There is a possibility that quantum simulations will offer be�er and refined information 

regarding the behavior of the grid thus enabling grid operators to determine potential stability 

problems and the right countermeasures to take.  This can avoid cascading failures and thus 

guarantee the reliability of the grid (Zhou  et al., 2022). 

6.4. Improved Green Hydrogen and Ammonia 

The shift to sustainable and new generation energy targets requiring decoupling from carbon 

requires the advancement of clean energy technologies. Green hydrogen and ammonia produced 

through electrolysis which is powered by renewable energy sources can be seen as possible 

replacements for traditional energy sources. Nevertheless, the creation of these fuels in an efficient 

and cost-effective manner is one of the major technological issues (Ajagekar et al., 2019; Vorontsov et 

al., 2023; Dinçer et al., 2024). 
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7. Impact Assesments 

The process of carbon pricing does hold a major obstacle. It is to ensure that the cost of carbon 

accurately reflects the magnitude of harm that it would inflict on the environment. Quantum AI can 

help in coming up with be�er and just policies by factoring in the costs of various externalities like 

health impacts, loss of biodiversity, and the social and economic effects of climate change to carbon 

pricing (Dechezleprêtre et al., 2018; Bayerstadler  et al., 2021; Ajagekar et al., 2022; Zhou   et al., 

2022; Singh et al., 2023; Cao et al., 2023; Nenno et al., 2024; Vuong et al., 2024 Luo et al., 2024).  

7.1. Informing International Climate Negotiations and Agreements 

For instance, Quantum AI can supply the information required to establish climate finance and 

technology transfer governance, which will protect the most vulnerable nations from the effects of 

climate change through the use of socio-economic impact assessment of carbon reduction strategies 

(Huang et al., 2021; Perrier, 2022; Wang et al., 2022; Sharma and Sharma, 2023). 

7.2. Addressing Ethical Considerations and Equity in Climate Policy 

Having its own ethical considerations that need to be taken into account by policy makers, the 

same applies to the role of Quantum AI in policy making. Although Quantum AI has the potential of 

improving climate policies in a big way, it also has the potential of aiding the developed countries 

and therefore exacerbating the inequality gap between the first world and the Third World countries. 

Therefore, the policymakers should make sure that access to Quantum AI technologies is not limited 

to wealthy nations or firms as this will create inequalities in the fight against climate change 

(Hoffmann et al., 2024).  

In summary, Quantum AI can transform the way that the policymakers are viewing one of the 

biggest issues of the world today and that is climate change. Some of the ways through which 

Quantum AI can transform climate change include enhanced climate models, optimal carbon pricing 

and emissions regulations, real time tracking of emission targets and steering international 

negotiations to foster be�er and more efficient climate policies (Paudel et al., 2022). Since these 

technologies are still in the early stages of development, their impact on policy making will continue 

to grow, and offer a path to build a be�er future for the governments. 

7.3. Quantum AI in Carbon Trading and Management 

 Quantum AI has the possibility to transform the current carbon trading and management 

systems and enhance the effectiveness of the carbon markets. Carbon trading is among the market 

approaches that have been used as a way of implementing the GHK emissions reductions through 

the use of the buying and selling of carbon credits which are equal to one megaton of CO2 emissions 

(Bolón-Canedo and Montes, 2024).  Carbon markets have been an essential part of the solution in the 

ba�le against climate change, however, they are rather intricate and thus involve the use of big data, 

sophisticated pricing mechanisms, and strong set of regulations (Segnon et al., 2017; Egger et al., 2020; 

Feindt et al., 2021; Sandua, 2023; Mullangi et al., 2023;  Nammouchi et al., 2023; Baklaga, 2024; Zhou 

et al., 2024;  Kaal, 2024 ; Otundo, 2024;  Tyagi et al., 2024; Whig et al., 2024).  

7.4. Case Study: Quantum AI in European Union Emissions Trading System (EU ETS) 

In this section, we will elaborate how Quantum AI can be applied in carbon trading in the 

European Union Emissions Trading System (EU ETS) which is currently the largest such system in 

EU and globally. The EU and ETS are one caps of the overall most emissions trading market for 

carbon GHGs from the factories, power plants and other installations which fall under the umbrella 

of the scheme. Firms in the above-named sector must hold a specific number of credits to cover their 

own emissions, and the said credits can be purchased or sold depending upon the emissions of the 

firm (Verde, 2020; Cadman et al., 2022; Anjos et al., 2022; Peng et al., 2023). 
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Quantum AI when integrated with the EU ETS can enhance the performance of the current 

system. For instance, Quantum AI can be used in enhancing the predictive models that are used in 

estimating the future demand of carbon credits which in turn will enable the overall cap of emissions 

to be flexible depending on the economic and environmental conditions (Luo, 2024). Through the 

optimization of the distribution of carbon credits to various sectors, Quantum AI can be used to 

ensure that EU ETS continues to achieve the desired target of reducing GHG emissions at the lowest 

possible cost and without negatively impacting the overall economic growth (Cao, et al., 2023). 

In addition, Quantum AI can also enhance the capability of monitoring compliance with the EU 

ETS. Through the analysis of real time emissions data across the European Union, Quantum AI can 

identify non-compliance more effectively and efficiently than the current systems the thus risks 

minimizing fraud and other related vices in the market. This would enhance the integrity of the EU 

ETS and also boost the motivation of companies and investors to engage in the market thus increasing 

the rate of emission reduction (Van Deventer et al., 2022).  

Quantum AI has a lot of potential in carbon trading and management. Quantum AI can help 

optimize trading strategies; set carbon prices, improve accuracy and transparency in the carbon 

market and boost cooperation. I think that as the carbon markets grow Quantum AI will become 

essential for the carbon markets to work well and to meet the target GHG emissions reductions. 

Quantum AI has abilities. Quantum AI can analyze the data in time. Quantum AI uses optimization 

methods. Quantum AI presents the solution that can change the way carbon is managed. Quantum 

AI can help build resilient carbon economies for the future. I believe that Quantum AI can make a 

difference, in how we handle carbon. 

8. Future Directions 

8.1. Emerging Technologies and Their Potential Impact 

The upcoming years will bring new carbon emissions management and climate science research 

methods because of quantum computing and artificial intelligence technology advancements. There 

is a major improvement seen in one of the most important fields which is Quantum Machine Learning 

(QML), which can enhance the performance of data-oriented models used in the analysis of climate 

as well as energy demands. These quantum algorithms may even outperform the traditional machine 

learning models for the prediction of climate change trends, optimization of energy systems and 

improvement in the carbon capture methods. The field of quantum cloud has become increasingly 

popular because it enables users to access quantum computing resources through a system which 

does not require them to purchase expensive quantum computers. Some examples of quantum cloud 

platforms include IBM’s Qiskit and Google’s Cirq which provide flexible solutions that can enhance 

innovations in the area of climate change and carbon emission control. 

Quantum cryptography also has potential applications in securing climate information as well 

as carbon markets and other systems that rely on such information to be accurate and secure. This is 

important as carbon trading and management keep on growing in complexity and quantum 

cryptography can be used to enhance security of such systems. Digital twins working with quantum 

computing enable real-time environmental system modeling which allows for immediate carbon 

tracking and policy modification. Quantum sensors help improve climate monitoring and 

environmental tracking which generates high-quality data for sustainable operations. The upcoming 

technologies will transform industrial carbon management systems which will help businesses reach 

their sustainable development targets through their carbon reduction initiatives. 

8.2. Ethical Considerations and Sustainability 

The quick advancement of quantum computing and artificial intelligence (AI) poses some ethical 

concerns in society, especially on sustainability and technology accessibility. This is because with the 

advancement of quantum computing, there is the likelihood of benefit being distributed unequally 

with wealthy nations and corporations having access to be�er quantum computing technologies in 
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the near future. This may lead to the enhancement of the difference between the global north and the 

faster. This situation requires us to create frameworks and technological systems which will help the 

world decrease its greenhouse gas emissions while improving energy system performance through 

international collaborations. The current frameworks need new systems which will distribute 

quantum AI advantages for climate science research throughout all regions while providing its 

benefits to every community.  

Quantum computing and artificial intelligence systems create an ethical problem because they 

require significant amounts of energy. Despite the fact that quantum computing can be more energy 

effective than traditional supercomputers in some applications, the equipment of quantum 

computers, for instance, cooling systems for qubits, can still be power consuming. To this end, 

researchers and policy makers need to work towards the advancement of green quantum 

technologies for instance, the integration of renewable energy sources to power quantum systems. 

Also, it is important to determine the environmental effect of increasing the capacity of quantum 

computing in the long run, to make sure that the search for solutions to climate change does not lead 

to even larger energy consumption.  

Quantum AI systems require transparent decision-making processes which must remain 

accountable because quantum AI technology continues to develop for climate policy and carbon 

management applications. This is because quantum AI models should be made interpretable and 

without bias so as to win the public’s confidence especially when they are used in se�ing the global 

climate strategies. The development of particular ethical standards must happen because quantum 

AI technologies need ethical guidelines to achieve sustainable social benefits which benefit all people 

equally. It is against this background that the ethical considerations of quantum computing and AI 

can be effectively harnessed in order to support the shift to sustainable future while ensuring equity, 

ethical and social accountability and cooperation on the global level. 

9. Conclusion 

The research shows that quantum computing and artificial intelligence technology exists as a 

potential solution to monitor and manage carbon emissions which cause climate change. It states the 

problem of climate change as a global challenge whereby greenhouse gases emission led to global 

warming and carbon was dioxide made as on the major fact gas that some quantum of computing 

the offers basic capabilities concepts that of are quantum far computing superior were to revisited; 

the emphasis in classical dealing computing, with especially large climate models and simulations. 

Also, the use of AI in climate science was assessed, the shortcomings of the existing approaches and 

the stimulating potential of AI techniques in enhancing the accuracy of the models were discussed.  

It also pointed out the potential of integrating quantum computing with AI can handle both 

large together data sets, enhance the prediction of carbon emissions, and optimize energy systems. It 

also showed that by incorporating quantum-enhanced machine learning models, one can achieve 

be�er results than the classical models in terms of time, accuracy and for instance in dealing with 

large scale climate models and carbon management. The effects of these technologies on the policy 

making, carbon trading and management were also considered where quantum AI offered a stronger 

and more empirical base for the decisions made in environmental regulation. 

Recommendations for Researchers and Policymakers 

Due to the possibilities that quantum computing and AI present in the field of climate science, 

researchers should emphasis on the development of quantum algorithms which may contribute to 

the enhancement of the current climate models and their predictive capabilities as well as the 

management of carbon emissions. In order to enhance the progress of these fields there must be close 

cooperation between quantum computing engineers, artificial intelligence specialists and 

climatology scientists. In addition, more research is required to solve the problems of quantum AI, 

including scaling, algorithm improvement, and energy issues. 

For policymakers it is important to create an environment where quantum AI can be integrated 

with climate science and carbon management systems. This involves encouraging investments on 
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quantum computing infrastructure, encouraging the emergence of quantum AI applications in the 

environmental sector as well as establishing legal frameworks for carbon trading markets based on 

the data produced by these technologies. In addition, policymakers should focus on the ethical and 

sustainability aspect so that the adoption of quantum AI is in consonance with the UN SDGs. With 

the help of science, technology and policy, quantum AI can be harnessed to support the efforts being 

made to challenge climate change.  
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