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Broader Context

The metaverse is a seamless convergence of physical and digital worlds that marks the next 
stage of human-machine interface in a 3D virtual world, and the booming metaverse sector 
is expected to reach billions of users and trillion-dollar global annual revenue in the coming 
decades. Adopting the metaverse can significantly reform physical-world activities in a 
digital manner, such as conveniently relocating working, learning, and traveling to 
interconnected virtual worlds, which will lead to consequent impacts on the energy sector, 
the environment, and climate change mitigation. Here, we perform prospective analyses on 
the metaverse-induced climate impact, environmental sustainability, and energy 
consumption deviations in the United States through 2050, by incorporating multiple 
adoption trajectories for the slow, nominal, and fast expansion of the metaverse industry. 
This work establishes the methodology to study both the impacts from the expansion of 
metaverse applications and the displacement impacts of the metaverse growth for the 
avoided energy and emissions associated with reduced real-world activities. It is projected 
that deeply integrating metaverse with various everyday social, business, and personal 
activities leads to combined positive effects on climate change mitigation, GHG emission 
reduction, air quality improvement, and energy supply alleviation, contributing to the 
decarbonization and climate goals. 
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Growing Metaverse Sector Can Reduce Greenhouse Gas Emissions 
by 10 Gt CO2e in the United States by 2050 
Ning Zhaoa and Fengqi You*abc  

The metaverse, an immersive combination of the physical and digital world, is becoming a booming industry with the 
potential to reach billions of users before 2030, but the climate impacts due to its rapid expansion have not been 
quantitatively understood. Here we show that the growing metaverse sector will facilitate climate change mitigation, 
through prospective analyses that systematically investigate five prominent metaverse-based applications for working, 
traveling, education, non-fungible token, and gaming. We find that the increasing metaverse adoption can reduce the global 
surface temperature by up to 0.02 °C before the end of this century and lower the greenhouse gas emissions by 10 Gt CO2e 
throughout the expansion period, based on different metaverse growth projections in the United States. The metaverse 
growth accelerates decarbonization and improves air quality, through alleviating air pollutant emissions by 10–23% and 
saving 10% of nationwide energy use by 2050 compared to the projections without further metaverse sector expansion. 
Therefore, it is suggested that the environmentally responsible adaptation of the metaverse growth requires 
transformations of domestic energy supply and benefits implementation of less aggressive climate policies.    

Introduction 
The metaverse is a seamless convergence of physical and digital 
worlds that people can access for working, entertainment, 
relaxing, education, and socializing, and it marks the next stage 
of human-machine interface in a 3D virtual world by harnessing 
the technology advances in Web 3.0, blockchain, virtual reality 
and augmented reality (1-5). The first two decades of the 21st 
century have witnessed the transformation of the mainstream 
internet experience from text-based interactions like emails to 
media-based interactions such as videos and live streams. In the 
coming decades, metaverse technologies are projected to 
infiltrate every sector of the economy and grow into a billion-
user sector, of which the market opportunity is estimated to be 
over $1 trillion in global annual revenues (6-8). Furthermore, Big 
Tech and industrial companies are investing heavily in the 
metaverse sector, such as NVIDIA, Microsoft, Meta, and 
Siemens. On the business side, 71% of global executives believe 
that the metaverse will positively impact their organization, and 
42% of them state that such impacts will be breakthroughs or 
transformational (9).  
To provide a smooth, responsive, and immersive virtual 
experience, the metaverse incorporates a series of supporting 
technologies, such as the internet, blockchain, virtual reality, 
and augmented reality. It is worth noting the relationship 

between the metaverse and its supporting technologies, as the 
metaverse and these technologies are not independent of each 
other. On the contrary, it is necessary to harness these 
supporting technologies for realizing and adopting any 
metaverse application. Consequently, the vast adoption of 
metaverse applications can significantly reform various 
physical-world activities in a digital manner. For instance, the 
metaverse can conveniently relocate working, learning, and 
traveling to interconnected virtual worlds, which could be a step 
further compared to impacts brought by smartphones and the 
internet, in terms of how technological advances modify and 
improve experiences and communications. The invention of the 
smartphone and the internet have revolutionized the lives of 
billions of people around the world and transformed a wide 
range of economic activities during the past decades. Similarly, 
with the recent advances in metaverse-dependent information 
and communication technologies, it is expected that the 
metaverse sector is to grow and expand in the following 
decades, which will replace various physical world activities 
with digital alternatives in interconnected 3D virtual worlds.  
In the context of climate change mitigation (10), the 
environmentally responsible adaptation of the metaverse 
industry growth requires understanding the potential climate 
impacts associated with the emerging metaverse-related 
technologies and their collateral effects on physical-world 
activities. The growing metaverse sector can bring revolutionary 
changes to a wide range of human activities, which are expected 
to affect the global climate and decarbonization owing to the 
significant metaverse-induced deviations in energy 
consumption, greenhouse gas (GHG) emissions, and air 
pollution. A careful scientific analysis of the energy, 
environmental, and climate impacts of the metaverse industry 
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based on its potential growth projections can provide valuable 
insights into the policy-making process on sustainable 
development that accommodates the global trend of future 
metaverse expansion. Cryptocurrency serves as a 
counterexample for the shortage of studies on energy and 
emissions projections at the early adoption stage, leading to an 
energy-intensive industry that consumes over 100 TWh of 
electricity per year globally, more than the electricity used by 
the whole of Argentina. Consequently, the greenhouse gas 
emissions associated with the energy consumption of 
cryptocurrencies require numerous efforts to offset. For 
instance, it is estimated that bitcoin mining accounts for around 
57 million tons of CO2 in 2021, which requires planting 300 
million new trees to offset (11). On the other hand, incentivizing 
cryptocurrency mining may be beneficial for the energy systems 
decarbonization and promoting environmental sustainability by 
facilitating grid balancing (12), reducing electricity curtailment 
(13), and enhancing the penetration of renewable energy 
penetration (14). Furthermore, converting assets to tokens on 
blockchain platforms, such as non-fungible tokens (NFTs), 
presents valuable opportunities for increased environmental 
sustainability (15). NFTs are a distinct form of cryptocurrency 
that can signify ownership of digital or physical assets. Each NFT 
is unique and irreplaceable, allowing them to represent items 
within the metaverse. Utilizing blockchain technology, NFTs 
provide a secure way of trading virtual assets in the metaverse. 
However, assessing the energy and environmental impacts 
associated with NFTs remains a challenge due to their reliance 
on underlying blockchains remains a challenge. 
It could have helped the policymakers to project the impacts of 
blockchain technology expansion at the early stages, which can 
lead to more sustainable national long-term strategies to 
accommodate emerging technologies. Similarly, it would 
significantly benefit the preparation of metaverse expansion to 
study and project such growth in terms of the energy, 
environment, and climate impacts before the rapidly-expanding 
stage of the metaverse sector. Although the environmental 
impacts of emerging information and communications 
technologies (ICTs) and decarbonization technologies have 
been studied (16-25), the advantages and drawbacks of the 
metaverse on environmental sustainability have only been 
discussed separately in the media (26), and no research article 
has projected the climate impacts of the growing metaverse 
sector systematically, highlighting the knowledge gap for 
improving the understanding of how the metaverse boom 
affects the global climate. To fill the knowledge gap, this study 
aims to comprehensively investigate the metaverse-induced 
effects on climate change mitigation, decarbonization, air 
quality improvement, and energy saving, by incorporating 
major applications in the metaverse industry and their 
corresponding physical-world counterparts. We systematically 
explore the climate impacts of metaverse applications, 
including metaverse-based remote work, virtual traveling, 
distance learning, gaming, and NFT, as these applications 
represent the most prominent use cases in the metaverse 
sector (7, 27). We also analyze and compare with their physical-
world counterpart activities, such as on-site working, in-person 

learning, tourism in the physical world, and conventional video 
game, which account for a large share of nationwide energy 
consumption, greenhouse emissions, and gaseous air pollution. 
Note that these physical-world counterpart activities can be 
gradually replaced by virtual alternatives with the growth of the 
metaverse sector. It is also worth noting that the growth 
investigated in this study corresponds to the metaverse sector, 
and no specific product or company is involved in providing 
services to a metaverse application in the analysis.  
Here we study the climate impacts resulted from the growing 
metaverse sector in the next three decades until 2050 when the 
metaverse industry is reaching the maximum adoption level 
based on our projection. In this work, we focus on the 
metaverse growth in the United States, as it takes the largest 
share of the metaverse market and provides most of the 
metaverse development companies among all countries  (28). 
We project three adoption scenarios for the slow, nominal, and 
fast growth of the metaverse sector, based on the technology 
diffusion curves of a series of modern relevant technologies. 
Technologies introduced before the Second World War are not 
included in projecting the metaverse growing scenarios, 
because their expansion trajectories show clear differences 
from that of the modern technologies, indicating that these 
technologies are unsuitable for representing the adoption 
trends of modern relevant technologies. The metaverse-
induced climate and energy systems impacts are innovatively 
quantified and aggregated into two categories, namely the 
extra energy needed for the increasing adoption of the 
metaverse technologies and the avoided energy consumption 
associated with the physical-world counterpart activities. The 
GHG and air pollutant emissions resulted from the metaverse 
boom are calculated for all types of energy sources and end 
uses. The climate impacts of the growing metaverse sector are 
illustrated by the emulation from the Model for the Assessment 
of Greenhouse Gas Induced Climate Change (MAGICC), a widely 
used climate model in various Intergovernmental Panel on 
Climate Change (IPCC) assessment reports (29) and research 
articles (30). We analyze the metaverse-induced impacts on 
climate change mitigation through a series of indicators such as 
surface temperature, atmospheric carbon dioxide 
concentration, and effective radiative forcing.  
The key findings and novelties of this work include:  

• Metaverse growth trajectories for the slow, nominal, 
and fast expansion of metaverse-based applications 
are originally projected through 2050, based on the 
25th, 50th, and 75th percentile of the adoption data for 
modern relevant technologies, along with the 
associated decreasing activity levels of their non-
metaverse counterparts, including on-site working, in-
person learning, tourism in the physical world, and 
conventional video game, which stand for the most 
prominent use cases that the metaverse will 
significantly transform. 

• The growth of the metaverse industry will benefit 
climate change mitigation and has the potential to 
reduce the global surface temperature by up to 0.02 
°C, lower the atmospheric CO2 concentration by 4.0 
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ppm, and decrease the effective radiative forcing by 
0.035 W/m2, as the expanding metaverse sector will 
reduce the emissions of 570 Mt CO2e, 505 kt NOx, and 
118 kt SOx in the United States by the end of the 
prospective analysis period.  

• The metaverse industry is projected to lower the total 
domestic energy consumption by 92 EJ during its 
expansion from 2022 to 2050. This reduction surpasses 
the annual nationwide energy consumption of all end-
use sectors in previous years. Furthermore, swifter 
adoption of metaverse-based applications may lead to 
greater energy savings, as determined by quantifying 
the deviations in climate-related energy consumption 
induced by the metaverse. 

The findings of this work indicate that the vast expansion of the 
metaverse industry will contribute to climate change mitigation, 
accelerating decarbonization and energy transition, and 
reducing gaseous pollutant emissions, which provide insights 
for the policymakers on actively adapting to the metaverse 
growth, in order to achieve the climate goals and net-zero 
targets. The policy implications of this work are listed as follows: 

• Climate goals: The metaverse industry growth can 
accelerate the progress to achieve the net-zero 
emissions targets, as the growth contributes to the 
decline of fossil fuel consumption and lowers the 
annual GHG emissions by around 570 Mt CO2e before 
2050, suggesting that less aggressive climate policies 
and more flexible decarbonization strategies can be 
implemented.  

• Environmental policy: The increasing adoption of 
metaverse applications can alleviate air pollutant 
emissions by 10–23% through reduced transportation 
and commercial energy usage, suggesting that 
metaverse-based remote working, distance learning, 
and virtual traveling can be advocated to improve air 
quality.  

• Energy policy: The energy systems should be 
transformed to accommodate the energy 
consumption deviations and the increasing renewable 
energy shares resulted from the growing metaverse 
industry, by means of incentivizing distributed 
renewable energy generation, increasing the energy 
supply for the residential sector, and reducing the 
energy provided to the commercial, industrial, and 
transportation sectors. 

Methods 
Projection of the metaverse adoption growth 

We projected three adoption curves for the slow, nominal, and 
fast expansion of the metaverse, based on the technology 
diffusion trends of a series of modern relevant technologies. 
Specifically, the adoption curves are derived based on 18 post-
World War II technologies or information technology (IT) 
applications that have been invented and commercially utilized, 
including cellular phones, color TVs, computers, e-book readers, 

internet, podcasting, smartphones, social media, tablets, debit 
cards, radio, refrigerators, disk brake, electronic ignition, 
microwave, power steering, radial tires, shipping container port 
infrastructure. For each technology, the data for technology 
diffusion (31, 32) illustrates the percentage of the United States 
households with access or adoption over a series of years, 
beginning with the introduction of the technology. The 
technologies that started their commercial application before 
the Second World War are not included while projecting the 
adoption curves for the metaverse industry. This is because the 
expansion trajectories of these technologies show clear 
differences from the adoption curves of the modern ones, 
indicating that the diffusions of technologies introduced before 
1945 are not suitable for representing the growth trajectory of 
the metaverse.  
The expansions for applications in the metaverse depict the 
yearly level of technology adoption that increases with time. 
The adoption trends are projected based on the adoption data 
obtained from the modern relevant technologies introduced 
after the Second World War, following the methodology 
adopted in a published paper (32). Three types of scenarios are 
projected according to different metaverse expansion 
trajectories, namely the slow, nominal, and fast growth. The 
nominal adoption curve is obtained following the fitted curve 
with the coefficient of discrimination (R2) of over 0.99, 
according to the median adoption levels of the selected 
reference technologies and IT applications. Similarly, the slow-
expanding adoption curve shown on the bottom is projected 
based on the 25th percentile of the technology diffusion data, 
and the fast growth trajectory is obtained following the 75th 
percentile of the adoption data. Following the projected 
adoption curve, the growing trajectories of metaverse-based 
working and its non-metaverse counterpart are shown in Fig. 
1d, while the growth for the other applications within the 
metaverse sector is presented in Supplementary Fig. 1. Note 
that a high-speed network is a prerequisite for metaverse 
adoption, as the metaverse experience generally involves real-
time interactions with other participants, which will be 
infeasible without a reliable network of high bandwidth and low 
latency (33). To incorporate this factor while projecting the 
metaverse adoption scenarios, the households and people that 
have no access to such reliable networks are excluded from the 
potential diffusion of the metaverse technologies, based on the 
data from the Federal Communications Commission (34). In 
terms of coverage, different upper limits are included for 
different metaverse applications. For instance, the number of 
workforce, K-12 students, and college students projected from 
government agencies are considered while projecting the 
adoption of the metaverse applications for work and education. 
Furthermore, for certain applications, such as metaverse-based 
working and education, the trade-offs and replacements of the 
conventional remote working and distance learning with their 
alternatives in the metaverse are also considered when we 
project the growth scenarios, as shown in Supplementary Fig. 1. 
Besides, devices for virtual reality and augmented reality are 
utilized for the metaverse-based applications, while they are 
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not required for the conventional remote working and distance 
learning.  
 
Quantification of metaverse-induced energy systems impacts 

The quantification of the metaverse-induced climate-related 
energy systems impacts can be categorized into two parts, 
namely the additional energy consumption associated with 
increasing usages for the applications of the metaverse industry 
and the energy needed for the physical-world activities that will 
be replaced by their alternatives in the metaverse.  
The first part of energy quantification corresponds to the energy 
consumption of the additional activities resulted from the 
expansion of the metaverse, including the energy usage for the 
metaverse-related devices and for longer hours of staying at the 
residence. One component of the first part is the energy 
consumption of the metaverse-dependent equipment, 
including the additional energy for end-use devices, data 
centers, and the network infrastructure. The end-use devices 
include augmented reality and virtual reality headsets, laptop, 
desktop, and video game consoles, which changes across 
different metaverse-based applications (35). The energy 
consumption of the end-user devices is projected based on their 
power efficiency, annual usage hours, and the market share of 
each metaverse-dependent device. The extra energy needed for 
data centers and network infrastructure is estimated according 
to the additional network traffic volume (36) resulted from the 
vast expansion of the applications of the metaverse sector, 
while considering the energy efficiency improvements and the 
electricity consumption for different types of network traffic 
(37). For energy efficiency, an annual power efficiency 
improvement of 3% is applied for the end-user devices, and the 
network-related equipment is assumed to improve its energy 
efficiency by 5% every year (38). Another component of the first 
part is the extra energy consumed due to the long hours of 
staying at the residency while using metaverse-based 
applications. The additional energy consumption represented 
by electricity and fossil fuels can be estimated individually, given 
the annual extra hours of residential stay and the consumption 
increase for each energy type (39). Note that energy efficiency 
improvements are factored into calculating the avoided energy. 
For instance, electricity-consuming activities at the residence 
include space cooling, space heating, refrigeration, and lighting, 
among others. The share of electricity usage for each activity 
and its projected energy efficiency improvement are estimated 
based on data and reports from the administrative agency (40, 
41). Thus, metaverse-induced electricity increases in residences 
are calculated while correcting for the deviations from the 
changes in power efficiency in a bottom-up manner. Similarly, 
we incorporate the fossil fuel-consuming activities and their 
individual projected energy efficiency improvements when we 
estimate the residential fossil fuel consumption increases 
resulted from the metaverse expansion for the next three 
decades until 2050.   
The second part of estimating the metaverse-induced climate-
related energy impacts is to quantify the avoided energy 
consumption (42) associated with the non-virtual counterpart 

activities that are replaced by the metaverse-based 
alternatives. The electricity and fossil fuel consumed by the non-
metaverse counterparts in the physical world are projected for 
each application individually. The energy consumption is 
calculated across a series of component activities in a slightly 
different approach compared to what we apply in calculating 
the first part, as the component activities vary for different non-
virtual counterparts in the physical world. For instance, the 
share of natural gas used for cooking in lodging facilities 
(counterpart to metaverse-based virtual travels) is around ten 
times the value of the corresponding share in the offices 
(counterpart to remote working in the metaverse). Therefore, 
we estimate the metaverse-induced avoided energy 
consumption of the non-virtual counterparts using a bottom-up 
approach that investigates multiple component energy-
consuming activities and their efficiency improvements for each 
metaverse application across the prospective analysis period, 
leading to energy consumption reductions compared to the 
business-as-usual scenarios without metaverse growth. The 
energy consumption data and efficiency projections of the 
physical-world facilities in which the counterpart activities of 
the metaverse applications take place are obtained from studies 
conducted by administrative agencies (40, 43). The avoided 
energy consumption for transportation is quantified for each 
application in the metaverse. The conveyance selections and 
distances for different transportation purposes associated with 
the non-metaverse counterpart can be calculated from the 
statistics published by the Department of Transportation (44, 
45). The fuel efficiency improvements throughout the 
prospective analysis periods are incorporated while estimating 
the energy consumption, following the projections from the 
Bureau of Transportation Statistics (46). In addition, note that 
the rebound effects associated with varying energy price and 
energy production variations are not included (47), as 
metaverse expansion has direct impacts on the demand side of 
the energy sector instead of energy production and pricing. In 
comparison, the displacement impacts of the metaverse growth 
have been investigated in this study to measure the additional 
and avoided energy and emissions related to activity changes 
induced by the metaverse, and involving the rebound effects 
from energy efficiency improvements and economic behaviors 
can be a valuable research direction (48). 
We investigate the metaverse-induced energy impacts through 
nine scenarios, based on three different metaverse growth 
projections of slow, nominal, and fast expansion, and three 
energy systems projections, namely the reference projection, 
the projection with low renewable energy cost, and the 
projection with high renewable energy cost. The baseline 
projections without the extensive metaverse expansion are 
sourced from the United States Energy Information 
Administration (EIA) (40). According to EIA forecasts, the three 
energy systems projections without the metaverse adoption 
growth include the reference scenario, low renewable energy 
cost scenario, and high renewable energy cost scenario. These 
three business-as-usual scenarios serve as references to 
highlight the metaverse-induced energy systems variations. In 
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each scenario, the shares of different energy sources of the 
electric power sector are displayed in Supplementary Fig. 2, 
while the annual demand of each non-electric energy source is 
also derived from the EIA forecast (40). It is worth noting that 
the EIA projections may not reflect the impacts of the recent 
climate legislation represented by the Inflation Reduction Act. 
Still, these forecast scenarios from the EIA are presumably the 
most accurate and reliable energy systems projections that are 
publicly accessible. Furthermore, in case the metaverse may not 
grow successfully for some applications, alternative metaverse 
adoption scenarios are developed and investigated to project 
the potential energy, emissions, and climate impacts under 
these cases.   
 
Investigating the environmental sustainability of the metaverse 
market expansion 

The changes in GHG emissions and gaseous air pollution (49) are 
quantified according to the energy systems deviations resulted 
from the growing metaverse adoption. The nationwide annual 
emissions for one type of gas, such as GHG, NOx, and SOx, are 

calculated as the weighted sum based on the total energy 
consumption and the unit emission for all types of energy 
sources. Specifically, the unit GHG emissions for each type of 
energy source in the electric power sector follow the 
projections from the EIA (40), and the NOx and SOx emissions 
for each electricity generation source are obtained from a 
database of the Environmental Protection Agency (50). The unit 
emissions for natural gas and petroleum that are not used for 
electricity generation are obtained from databases of state 
agencies and research articles (46, 51). Note that the total 
domestic emissions impacts associated with the metaverse 
growth are investigated, and scopes 1-3 of GHG emissions are 
not applicable for this work, as these are used to measure 
emissions of companies instead of nationwide emissions.  
The metaverse-induced climate impacts are examined for a 
series of shared socioeconomic pathways (SSPs) using the 
MAGICC v7 climate model (29). The effects of metaverse market 
expansion on climate change have been studied under three 
SSPs with low, medium, and high emissions, namely SSP1-1.9, 
SSP2-4.5, and SSP5-8.5 (52). The SSP1-1.9 scenario reflects the 

Fig. 1 Impacts from the growing metaverse sector on the electric power systems by year and expansion scenario, adoption curves for the metaverse industry, projected 
expansion trajectories for metaverse-based working, and the NFT-dependent electricity consumption throughout the prospective analysis period. a, Annual electricity 
consumption induced by different metaverse growth scenarios. b, Cumulative electricity consumption reduction resulted from metaverse growth. c, Adoption curves 
for the metaverse sector and for a series of modern relevant technologies. d, Projected expansion trajectories for metaverse-based working and its non-metaverse 
counterparts. e, the annual NFT-dependent electricity consumption in the scenarios with metaverse industry growth. In a, the grey curve indicates the overall 
electricity consumption in the United States in the business-as-usual scenarios without metaverse market expansion, and the green arrows on the right of a depict 
the electricity consumption reduction resulted from the increasing metaverse adoption. Each of the thin curves in c represents the technology adoption curves for a
specific modern technology or IT application that was introduced after the Second World War. The blue curve and blue area in c and d indicate the nominal expansion 
trajectory and growth deviations of the metaverse industry, respectively. The nominal adoption curve is obtained following the fitted curve with the coefficient of
discrimination (R2) of over 0.99 according to the median adoption levels of the selected reference technologies and IT applications included in c, while the slower and 
faster growth deviations for the adoption curve are defined by the 25th and 75th percentile of the adoption data. In e, the orange curve and orange area correspond
to the metaverse sector growth projections with the nominal adoption rate and the deviated expansion rate. 
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potential transition pathway that is the closest to pursuing the 
1.5 °C target under the Paris Agreement (53). The SSP2-4.5 
scenario marks the "middle of the road" scenario (54) where the 
social, economic, and technological trends in the world do not 
shift considerably from their historical patterns, and it also 
corresponds to the representative concentration pathway 4.5 
that keeps radiative forcing at 4.5 W/m2 by the end of this 
century without ever exceeding that value. The SSP5-8.5 is 
referred to as the pathway with the highest GHG emissions and 
has high challenges for climate change mitigation. For modeling 
input, the input parameters for a scenario include annual 
anthropogenic emissions that impact the climate system, such 
as greenhouse gases and aerosol precursors. These emissions  
are projected according to the metaverse-induced emissions 
impacts in the scenario and the forecasted emissions of the 
corresponding SSP. As the metaverse sector is projected to 
reach the maximum adoption level by the middle of this 
century, the emissions impacts of metaverse growth for GHG, 
NOx, and SOx are considered to last throughout the second half 
of the 21st century. The metaverse-induced climate impacts for 
each scenario are emulated under each pathway, based on 100 
Monte Carlo runs using the MAGICC climate model. 

Results 
Climate-related energy systems impacts resulted from the 
metaverse sector growth 

To investigate the impacts of the metaverse adoption growth 
on climate change mitigation, decarbonization, air quality 
improvement, and energy saving in the coming decades, the 
technology adoption curves for the slow, nominal, and fast 
growth of the metaverse industry are projected through 2050. 
In other words, the slow-growing and fast-growing scenarios 
serve as boundaries of expansion uncertainties of the 
metaverse sector, depicting the potential deviation range from 
the nominal metaverse growth scenario. Based on the three 
projected expansion trajectories and three energy systems 
projections, nine scenarios are developed for quantification of 
the metaverse-induced energy deviations for all sectors of the 
economy. Three business-as-usual scenarios, which follow the 
three energy systems projections and involve no metaverse 
expansion, serve as the reference scenarios for quantifying the 
energy deviations resulted from the metaverse growth. The 

Fig. 2 Metaverse-induced energy consumption changes in 2050 and detailed breakdowns by application and by energy source. a, Metaverse-induced annual energy 
consumption reduction for multiple growing trajectories. b, Metaverse-induced cumulative energy consumption reduction for multiple growing trajectories in the
coming decades until 2050. c, Climate-related energy effect breakdowns by metaverse-based applications and by energy source in 2050. d, Shares of component
activities in overall energy consumption reduction and increase in 2050. In c, the first and last columns display the overall energy consumption for all sectors of the
economy under the reference scenario and the scenario with nominal metaverse growth, respectively. Energy impacts related to climate from various metaverse-
based applications are separated by blue dashed lines. Increases and decreases in energy consumption attributed to the metaverse are represented by red and green 
arrows, respectively. The blocks of the same color in d indicate activities that fall under the same application in the metaverse sector.  
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technology adoption curves for the metaverse are projected 
based on 18 technologies that were invented and commercially 
applied after the Second World War, and the metaverse 
technology growth projections are presented in Fig. 1c. The 
influences on the electric power systems induced by the 
metaverse industry expansion in the United States are shown in 
Fig. 1a, Fig. 1b, and Supplementary Fig. 2. The overall electricity 
consumption resulted from the expansion of the metaverse 
sector is projected to decrease by 433–507 TWh by 2050 in the 
country, which corresponds to 7.9–9.3% of the electricity 
demand for the baseline scenario without the metaverse 
market growth. By the end of the analysis period, the shares of 
renewable electricity are projected to increase by around 8–
10%, owing to the growing metaverse industry, while the shares 
of fossil-based electricity will decrease by 8–19% compared to 
the business-as-usual scenarios without metaverse expansion. 
As the metaverse sector growth leads to less electricity 
consumption, higher shares of renewable power, and lower 
shares of fossil energy, it can be inferred that advocating 
metaverse technology adoption will contribute to the 
decarbonization of electric power systems. The consequent 
benefits for climate change mitigation and environmental 
sustainability are further elaborated in the next section. 
Furthermore, the overall electricity usage deviations from the 
slower or faster expansion of the metaverse market are 
insignificant compared to the differences between the 
business-as-usual scenario and metaverse industry growth 
scenarios, indicating that different metaverse expansion trends 
lead to similar impacts on total electricity consumption.  
The electricity consumption deviations resulted from the 
expanding metaverse market are individually quantified for 
each application in the industry, and an example of NFT is 
presented in Fig. 1e. Although the trading amounts of NFT are 
projected to boom, as shown in Supplementary Fig. 1, the 
energy consumption for the NFT-related blockchain in 2050 will 
be lower than that in 2021. This is because the increasing share 
of the proof-of-stake mechanism in NFT trading expects to 
replace the conventional energy-intensive proof-of-work 
mechanism in the coming decade, as marked by the Merge in 
September 2022 for Ethereum (55), a major blockchain for NFT 
trading. The resulting annual electricity consumption for NFT 
indicates that the blockchain mechanism transfer will lead to 
significant energy consumption reduction in the coming years. 
The NFT-related electricity demands will then slightly and 
gradually increase, as more energy-consuming nodes are 
needed to deal with the booming NFT trades resulted from the 
growth of Web 3.0. In the late 2040s, the electricity consumed 
for NFT slightly decreases, because the energy saved from 
efficiency improvements becomes larger than the extra 
electricity needed for the additional nodes, considering that the 
increasing rates of NFT trades are projected to be substantially 
lower than those of the previous years. 
The metaverse-induced climate-related impacts on energy 
systems and the associated breakdowns for each application in 
the metaverse sector are shown in Fig. 2. With the growing 
metaverse market, the domestic total annual energy 
consumption is forecasted to reduce by 6,097–7,054 PJ for the 

projected nominal growth rates of the metaverse sector. The 
metaverse-induced cumulative energy saving is up to 125 EJ 
throughout the prospective analysis period, which is more than 
the current domestic total annual energy consumption. Five 
applications in the metaverse industry are investigated in this 
study, namely metaverse-based remote working, virtual 
traveling, distance learning, NFT, and gaming. Four of the five 
applications in the metaverse, including remote working, virtual 
traveling, distance learning, and NFT trading, will result in less 
energy consumption than their non-metaverse alternatives. The 
only exception is metaverse-based gaming, as more electricity 
is required for the devices, the internet infrastructure, and data 
centers for gaming in the metaverse.  
Relocating working from workplaces to the metaverse shows 
the most significant energy systems impacts, corresponding to 
3,337 PJ of total annual energy consumption reduction. 
Specifically, residential energy consumption is projected to 
increase, as more electricity is required for the dependent 
devices for metaverse-based working and longer operational 
hours of household appliances. Furthermore, the longer 
staying-at-home time for people to work in the metaverse will 
lead to more natural gas and other fossil fuel consumed for 
space heating, water heating, and cooking, among others. As 
the share of on-site working decreases with the vast expansion 
of the metaverse industry, the energy consumption in the 
commercial and industrial sectors is expected to reduce 
accordingly. Similarly, the declining labor for non-metaverse on-
site work is forecasted to decrease the overall commuting 
needs, resulting in an energy reduction of over 1,500 PJ in 2050 
in the transportation sector. The increasing residential energy 
consumption induced by the growing metaverse-based working 
can be completely offset by the energy reduced in other end-
use sectors, leading to a combined impact of decreasing overall 
energy demands. 
Metaverse-based travel is projected to lower the overall energy 
consumption by 1,945 PJ in 2050 compared to its physical-world 
counterpart. However, the residential sector will require over 
100 PJ more energy due to the increased electricity demand for 
the metaverse equipment and the additional energy needed for 
the extended periods of staying at home. Conversely, energy 
consumption at lodging facilities is forecasted to decline by 
approximately 850 PJ, as the number of travel nights is 
substantially reduced by the growing prevalence of virtual 
travel. The energy for public and private transportation will 
naturally decrease with the growing metaverse-based traveling, 
owing to the decreased demands of physically moving to a 
traveling destination that is far away from the residence.  
Education in the metaverse can save 1,348 PJ of energy in 
comparison to conventional in-person learning. Similar to the 
working and traveling applications of the metaverse, residential 
energy consumption increases with the expansion of 
metaverse-based education, as a result of the increasing usage 
of metaverse-dependent devices and longer staying-at-home 
hours. The projected energy consumption for the K-12 schools 
and post-secondary education facilities is predicted to decrease 
by 810 PJ in total by 2050. More energy is lowered by 
metaverse-based learning for K-12 education than that of post-
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secondary education, mainly due to the higher total energy 
demands of instructional buildings in K-12 schools, which leave 
more potential for energy reduction from transferring to 
learning in the metaverse. As the students are gradually 
relocated from schools to the metaverse during the next three 
decades through 2050, transportation energy demand falls can 
be naturally expected. In terms of NFT, the energy consumption 
for NFT trading in 2050 will be lower than its current level, as 
analyzed previously through Fig. 1e. 
 
Metaverse-induced environmental and climate impacts 

The emission changes for GHG, NOx, and SOx resulted from the 
rapid expansion of the metaverse adoption are presented in Fig. 
3. The growing metaverse industry will benefit global warming 

mitigation by reducing GHG emissions. Specifically, the 
metaverse sector growth is projected to lower the GHG 
emissions for the energy sector by 11.3–12.3%, 12.4–13.4%, 
and 13.1–14.3% in 2050 for the slow, nominal, and fast 
metaverse growth, respectively, corresponding to 476–570 Mt 
CO2e by the end of the analysis period. The results indicate that 
faster adoption of metaverse-based applications can lead to 
better performances in reducing overall carbon emissions. In 
Fig. 3a-d, the deviations resulted from slower or faster 
metaverse sector expansion projections are represented by the 
error bars. The deviations from different growth rates tend to 
be higher in the middle of the analysis period compared to that 
by the end of the time horizon, because the expanding 
trajectories for all applications are close to the maximum 
adoption levels by the end of the analysis period. On the other 

Fig. 3 Metaverse-induced emission changes for greenhouse gas (GHG), NOx, and SOx. a, GHG emission reductions resulted from the expanding metaverse sector for 
the reference scenario, the scenario with low renewable energy cost, and the scenario with high renewable energy cost. b–d, Annual emission reductions induced 
by the metaverse adoption growth for GHG, NOx, and SOx. e–g, Emission reduction by application in the metaverse and by energy sources. Error bars in a–d depict 
the deviations from slower or faster metaverse industry growth rates compared to the projected nominal scenarios. E and NE in a indicate the emissions from the 
electric power sector or non-electric energy consumption, respectively. 
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hand, the variations are more conspicuous in the middle of the 
transition period for the different metaverse industry growth 
trends. Scenarios with low forecasted renewable energy costs 
tend to have low GHG emissions from electricity generation 
compared to other scenarios with different energy systems 
projections, owing to their high shares of renewable energy in 
the electric power sector, as shown in Fig. 1 and Supplementary 
Fig. 2. For the scenarios with high renewable energy costs, GHG 
emissions from natural gas in 2050 are higher than the other 
scenarios with the same metaverse sector growth trajectories, 
mainly because of using additional natural gas to compensate 
for their low shares of renewable energy.  
The breakdowns for metaverse-induced emissions changes by 
the economic sector are visualized in Fig. 3b–d, while the 
breakdowns for emissions changes in 2050 by application are 
shown in Fig. 3e–g. Under the projected nominal growth of the 
metaverse market, the emissions for GHG, NOx, and SOx are 
projected to decrease by 536 Mt CO2e, 476 kt NOx, and 111 kt 
SOx, respectively, compared to the business-as-usual scenario 
without the metaverse sector expansion. The GHG, NOx, and 
SOx emissions in the residential sector will increase with the 
growing metaverse industry, because of the additional 
electricity and fossil fuel consumption associated with 
metaverse-dependent devices and more hours of staying at the 
residence. In terms of GHG emissions, the commercial and 

transportation sectors contribute the most to emission 
reductions, due to the decreases in emissions from metaverse-
based working, education, and travel, as can be inferred from 
Fig. 3e. Note that petroleum is mainly used for transportation 
purposes (40), so most part of the emissions changes from 
reduced petroleum consumption can be categorized in the 
transportation sector. NOx emissions, which is primarily 
resulted from petroleum use in the transportation sector, can 
also be lowered by the metaverse growth. This is owing to the 
petroleum consumption reductions resulted from the 
metaverse-induced decreased transportation demands for 
commuting to work, visiting schools, and long-distance travels, 
as visualized in Fig. 3f. In terms of SOx emissions, the vast 
expansion of the metaverse market will lead to significant SOx 
emission reductions in the commercial sector. As the electric 
power sector is the main source of domestic SOx pollution, the 
reductions are primarily achieved by saving the electricity that 
is originally needed for the physical-world counterpart of the 
applications in the metaverse sector, such as offices, schools, 
colleges, and lodging facilities. In addition, the environmental 
effects of NFT and gaming in the metaverse are not as significant 
as the other metaverse-based applications in 2050, consistent 
with the trend of energy consumption deviations shown in Fig. 
2. 

Fig. 4 Share of emission sources and annual emissions for greenhouse gas (GHG), NOx, and SOx for a series of metaverse industry expansion scenarios. a, Shares of 
sources for metaverse-induced GHG, NOx, and SOx emission reductions. b, Annual NOx and SOx emissions for the scenarios with various metaverse adoption 
projections. c, Annual GHG emissions for the business-as-usual and the metaverse market growing scenarios throughout the prospective analysis period. d, Shares 
of sources for annual GHG, NOx, and SOx emissions in scenarios with different metaverse sector expansion projections. The annual emission reductions directly 
resulted from the vast metaverse expansion in 2050 are represented by the arrows in c. E, NE, and RE stand for electricity generation, non-electric uses, and 
renewable energy, respectively. 
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Fig. 4 presents the shares of emission sources and the annual 
metaverse-induced emissions impacts for GHG, NOx, and SOx 
for all scenarios. Petroleum and natural gas account for most of 
the GHG emission reductions resulted from the growing 
metaverse sector, while coal and petroleum are the main 
sources of metaverse-induced SOx and NOx emission changes, 
respectively. For different metaverse adoption projections, the 
scenarios with faster growth tend to result in larger reductions 
for all types of emissions, because the faster expansion of the 
metaverse-based applications will save more energy by 
replacing the non-virtual energy-intensive activities with the 
energy-efficient metaverse alternatives. As the overall energy 
usage decreases in scenarios with faster metaverse expansion, 
less fossil fuel is needed for consumption, which consequently 
leads to more emission reductions than that of the business-as-
usual scenarios without metaverse industry growth. As for 
different energy systems projections, the scenarios with high 
renewable energy costs tend to have the highest emission levels 
among the scenarios with the same metaverse growth 
expectation, while the scenarios with low renewable energy 
costs correspond to the least amounts for all three types of 
emissions. This is mainly attributed to the shares of fossil and 
renewable energy in these scenarios, considering that fossil 
fuels represent a dominant source of GHG, NOx, and SOx 

emissions for the energy sector. As fossil-based energy becomes 
more economically preferable when the cost of renewable 
energy increases, the shares of fossil energy in scenarios with 
more expensive renewable energy will become relatively 
higher. Therefore, the trend and comparison of annual 
emissions are consistent with the corresponding shares of fossil 
and renewable energy presented in Fig. 1 and Supplementary 
Fig. 2.  
The annual emissions in Fig. 4 are not showing trends of 
monotonically decreasing, and the trend for each type of 
emissions is different from that of the others. For GHG 
emissions, the annual GHG emissions tend to stop decreasing 
and may increase before 2050 for all scenarios, primarily owing 
to the significant increase of natural gas consumption in the 
2040s as projected by administrative agencies (40). Notably, 
although the annual GHG emissions may increase in the 2040s 
for most of the scenarios, the metaverse growth will still result 
in increased GHG emission reductions compared to the 
business-as-usual scenarios, consistent with the trend in Fig. 3b. 
As for NOx pollution, the emissions are likely to increase at the 
beginning of the prospective analysis periods and in the 2040s 
for most scenarios, regardless of metaverse growth projections. 
The NOx pollution increase before 2025 is mainly attributed to 
the significant increase in jet fuel and petroleum consumption, 

Fig. 5 Metaverse-induced climate impacts represented by decreasing surface temperature, declining atmospheric carbon dioxide concentration, and reducing effective 
radiative forcing. a, Metaverse-induced temperature decreases and annual greenhouse gas emissions by the end of the analysis period, for scenarios with different 
metaverse adoption trajectories, energy systems projections, and shared socioeconomic pathways (SSPs). b, Surface temperature decreases compared to the reference 
scenario without the rapid growth of the metaverse. c, Decreases in atmospheric carbon dioxide concentration and effective radiative forcing reductions resulted from the 
increasing adoption of the metaverse-based applications. Considering that the metaverse industry is projected to reach the maximum adoption level by the middle of this 
century, the metaverse-induced emissions impacts for GHG and air pollutants are considered to last throughout the second half of this century. The curves with the same 
color in b and c indicate the metaverse-expanding scenarios under the same SSP, and the metaverse adoption projections are differentiated by their line types. The space 
with the same color in c indicates the potential combination of values for atmospheric carbon dioxide concentration and effective radiative forcing reductions with 
different metaverse industry growing forecasts and different energy systems projections under the same SSP. RE stands for renewable energy in a. 
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as a result of recovering aviation and travel industries from the 
COVID-19 pandemic (44). Similar to GHG, the increasing trends 
of NOx emissions in the late 2040s are attributed to the 
projected increases in petroleum consumption for road 
transportation and aviation that are forecasted by the 
administrative agencies (40). Nevertheless, the NOx reductions 
induced by the rapidly-growing metaverse market 
monotonically decrease throughout the prospective analysis 
period, as can be inferred from Fig. 3c. In terms of SOx, the 
projected increases of natural gas and petroleum have limited 
influences on the trend of annual SOx emissions, as natural gas 
and petroleum are not the primary emitting sources. On the 
contrary, coal accounts for most of the SOx pollution, as 
indicated by Fig. 4a and Fig. 4d. Considering that the growing 
metaverse sector is forecasted to lower the domestic electricity 
consumption, the electricity generated from coal will 
consequently reduce, which can lead to the decreasing trends 

of annual SOx emissions for all metaverse sector expanding 
scenarios. 
The metaverse-induced climate impacts have been investigated 
using the MAGICC climate model on the basis of a series of SSPs, 
as the model has been one of the widely used climate models in 
various assessment reports produced by the IPCC (29). Fig. 5 
presents the variations of multiple climate metrics from 
MAGICC outputs, including surface temperature decrease, 
atmospheric CO2 concentration reduction, and effective 
radiative forcing drop, resulted from the rapid growth of the 
metaverse industry. Specifically, with the expanding metaverse 
market, the surface temperature is emulated to decrease by up 
to 0.02 °C, the atmospheric CO2 concentration can be reduced 
by 4.0 ppm, and the reduction of effective radiative forcing is 
projected to be as high as 0.035 W/m2. For the scenarios with 
the nominal metaverse growth and normal renewable energy 
cost, the surface temperature is projected to decrease by 
0.011–0.016 °C, and the increasing metaverse technology 

Fig. 6 Emissions and climate impacts of alternative metaverse adoption scenarios that incorporate different potential realization of the metaverse applications. a, 
Annual GHG emissions for the alternative metaverse adoption scenarios with nominal expansion rates throughout the prospective analysis period. b, Annual NOx 
and SOx emissions for the alternative metaverse adoption scenarios with nominal metaverse growth projection. c, Surface temperature decreases of the 
alternative metaverse adoption scenarios compared to the reference scenario without metaverse growth. d, Decreases in atmospheric carbon dioxide 
concentration and effective radiative forcing reductions resulted from the increasing adoption of the metaverse-based applications. The realization potentials of 
the metaverse adoption scenarios are reflected by the depth of color of the lines in each subgraph, and the darker colors represent the scenarios that are more 
likely to realize in the nearer term compared to ones in lighter colors. The markers in b and at the end of each curve in a, c, and d indicate different metaverse 
adoption scenarios with different application realizations, and the types of metaverse application realizations are indicated by their line types. The space with the 
same color in d shows the potential values for atmospheric carbon dioxide concentration and effective radiative forcing reductions under the same SSP. 
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adoption tends to lower the atmospheric CO2 concentration and 
effective radiative forcing by 2.2–3.5 ppm and 0.017–0.031 
W/m2, respectively. Varying the metaverse sector expansion 
rates will affect the climate impacts. Faster adoption of the 
metaverse-based applications compared to the nominal growth 
rate is emulated to have more significant effects on mitigating 
climate change, as indicated by the more significant decreases 
for the three climate metrics. This is because the GHG, NOx, and 
SOx emission reductions are higher in the fast-growing 
scenarios than those in the nominal-growing ones, represented 
by the negative error bars in Fig. 3b-d. On the contrary, the 
deviations induced by the expanding metaverse sector tend to 
be milder for the scenarios with slower expansion rates, owing 
to their less considerable emissions reduction impacts. 
The metaverse-induced climate impacts also differ from the 
SSPs. The metaverse industry growth is more effective in 
mitigating climate change for the SSP that is less dependent on 
fossil fuels. Taking scenarios with the nominal metaverse sector 
growth rates, for instance, the effective radiative forcing in 
SSP1-1.9 is projected to decrease by 1.4% compared to the 
corresponding business-as-usual scenario, while the reductions 
for SSP2-4.5 and SSP5-8.5 are 1.2% and 0.8%, respectively. A 
similar trend can also be observed for other metaverse sector 
projections and climate change metrics. This is because the 
shares of metaverse-induced emission reductions are higher in 
the SSP1-1.9 than those in SSP2-4.5 and SSP5-8.5, as SSP1-1.9 
consumes less fossil fuel and produces less fossil-associated 
emissions, such as GHG, NOx, and SOx. Lastly, scenarios with 
lower renewable energy costs are likely to show more 
significant climate effects, because of the higher GHG, SOx, and 
NOx emission reductions in these scenarios, while the scenarios 
with higher renewable energy costs tend to be less impactful on 
climate change mitigation. 
The climate impacts from various potential realizations of 
metaverse applications are presented in Fig. 6 through a set of 
alternative metaverse adoption scenarios, and the emissions of 
these scenarios are also shown in the figure. Metaverse 
adoption scenarios with a higher potential to realize in the 
nearer term are indicated by darker colors in each subgraph. An 
alternative adoption scenario with a single metaverse 
application indicates that only one of the metaverse 
applications may be realized and expanded following the 
growth projections, while alternative adoption scenarios with 
multiple metaverse applications consider that more than one of 
the applications can be realized. Most of the alternative 
metaverse adoption scenarios show clear emissions reductions 
and improved climate impacts compared to the reference 
scenarios without metaverse growth, and such impacts for 
metaverse adoption scenarios with high confidence levels tend 
to be comparable to the expected scenarios with all metaverse 
applications shown in Fig. 4 and Fig. 5. On the other hand, the 
minority alternative metaverse adoption scenarios that have 
similar environmental and climate impacts as the business-as-
usual scenario are less likely to be realized in the near or 
medium terms compared to other metaverse adoption 
scenarios, as a result of the relatively low energy impacts of the 
specific metaverse applications.  

Conclusions and outlook 
As the booming metaverse sector is expected to reach billions 
of users and trillion-dollar global annual revenue in the coming 
years (6, 7), this study aims to improve the understanding of the 
climate impacts of the growing metaverse industry. We perform 
prospective analyses on the metaverse-induced climate impact, 
environmental sustainability, and energy consumption 
deviations in the United States through 2050, by incorporating 
multiple adoption trajectories for the slow, nominal, and fast 
expansion of the metaverse industry. Our results show that the 
metaverse market expansion has the potential to reduce the 
global surface temperature by up to 0.02 °C, lower the 
atmospheric CO2 concentration by 4.0 ppm, and decrease the 
effective radiative forcing by 0.035 W/m2. The climate impacts 
indicate that the increasing adoption of the metaverse 
technologies will benefit climate change mitigation, and the 
metaverse sector growth can also facilitate energy saving, GHG 
emissions reduction, and air quality improvement. Specifically, 
our analysis indicates that the expanding metaverse industry is 
projected to reduce the total domestic energy consumption by 
92 EJ before 2050. This reduction surpasses the annual 
nationwide energy consumption of all end-use sectors in 
previous years. The metaverse growth is projected to reduce 
the GHG, NOx, and SOx emissions by 5.6–10.3 Gt CO2e, 5.1–9.3 
Mt, and 1.1–2.3 Mt, respectively, throughout the expansion 
period from 2022 to 2050. Therefore, deeply integrating 
metaverse with various everyday social, business, and personal 
activities leads to combined positive effects on climate change 
mitigation, GHG emission reduction, air quality improvement, 
and energy supply alleviation, contributing to the 
decarbonization and climate goals. On the other hand, it is 
essential to recognize that, despite the convenience and 
transformative effects of the metaverse’s expansion, there may 
be accompanying drawbacks when real-world activities are 
transitioned to the virtual realm. For instance, in-person 
collaboration may foster a more nurturing work environment 
and strengthen connections between colleagues, since 
communication within the metaverse cannot fully substitute 
the experience of face-to-face meetings. Besides, metaverse-
based education faces challenges, such as the potential for 
addiction to the virtual world, shifts in social norms, and the 
decline of social intelligence, due to reduced physical 
interactions among students. Similarly, virtual travel within the 
metaverse may struggle to satisfy certain desires, such as 
savoring foreign cuisine or diving in the ocean.  
The increasing adoption of metaverse-based applications can 
accelerate the progress toward achieving the net-zero GHG 
emissions target, suggesting that less aggressive climate policies 
can be implemented for all economic sectors. As the metaverse 
has the potential to reduce GHG emissions by 10 Gt CO2e 
throughout the market growth period, the stakeholders will 
have the flexibility of rearranging the priorities of different 
decarbonization strategies, as long as the climate goals remain 
unchanged. For instance, approaches that are economically 
efficient for reducing the unit amount of GHG emissions can be 
adopted from the early years. On the other hand, faster 
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metaverse growth is emulated to have more positive effects on 
mitigating climate change, suggesting that promoting the 
spread of the metaverse technologies provides a valuable 
window of opportunity to put more research efforts into less 
mature carbon reduction technologies and on the last mile of 
decarbonization. It can be inferred that such flexibility in 
decarbonization strategy rearrangement will relieve the 
financial burden on the carbon-neutral transition and climate 
goal achievement, as the necessity for applying the developing 
and costly carbon dioxide removal (CDR) technologies can be 
postponed. From the perspective of energy systems, the 
expanding metaverse sector contributes to higher shares of 
renewable energy while reducing fossil fuel consumption 
compared to the business-as-usual scenario. This finding 
suggests that, in the context of metaverse growth, the 
additional energy demands of the metaverse-dependent 
technologies and infrastructure, such as cryptocurrency and 
data centers, are lower than the energy saved by avoiding 
physical-world counterpart activities. From a policy standpoint, 
the growth of the metaverse sector promotes system-wide 
energy saving and encourages renewable electricity 
penetration, which supports the decarbonization goals in most 
countries.  
As for influences on environmental policies, the growing 
metaverse adoption can alleviate air pollutant emissions by 10–
23%, suggesting that the spread of metaverse technologies can 
be advocated to improve air quality and reduce GHG emissions. 
The environmental implications of the vast metaverse sector 
expansion suggest that less stringent implementation 
approaches are required to meet the same set of environmental 
standards and climate goals compared to that of the business-
as-usual scenarios. We find that petroleum for transportation 
and coal for electricity generation account for most of the 
metaverse-induced NOx and SOx emission reductions, 
respectively. The results suggest that incentivizing the adoption 
of metaverse technologies will lead to significant decreases in 
gaseous air pollutant emissions in the transportation and 
electric power sectors.  
The energy systems should be transformed to accommodate 
the energy consumption deviations resulted from the growing 
metaverse industry, including increasing the energy supply for 
the residential sector, incentivizing distributed generation, and 
reducing the energy provided to the commercial, industrial, and 
transportation sectors. The metaverse-induced climate-related 
energy effects vary for different economic sectors. More energy 
is required for the residential sector, owing to the additional 
electricity demand of using the metaverse-dependent devices 
and the extra energy for the increased time of staying at the 
residence that is associated with household appliances, space 
heating, water heating, and cooking, among others. 
Consequently, the supply capability of each form of energy 
should be re-evaluated for the residential sector, in order to 
accommodate the rapid and smooth adoption growth of 
metaverse-based applications. Incentivizing distributed 
generation can also contribute to addressing the increased 
residential electricity demands resulted from the expanding 
metaverse industry. In contrast to the residential sector, 

metaverse-based work, education, and travel will result in 
significant energy consumption reduction for the commercial 
and transportation sectors. This is because the non-metaverse 
counterpart activities for on-site working, in-person learning, 
and physical traveling can be replaced by their alternatives in 
the metaverse, which require no on-site energy usage and no 
need for long-distance travel. Facilitated by the rapid expansion 
of Web 3.0, NFT trades are forecasted to boom, while the 
associated commercial electricity consumption is projected to 
decrease by the end of the prospective analysis period. This is 
due to the energy efficiency improvements of the nodes and 
mechanism transition from the energy-intensive proof-of-work 
to the more energy-efficient proof-of-stake. Gaming in the 
metaverse tends to slightly increase residential and commercial 
energy consumption, because of the additional electricity 
required for metaverse-dependent gaming devices and data 
centers. From the perspective of overall energy balances in the 
context of metaverse sector growth, the increases in residential 
energy consumption will be offset by the energy reductions in 
other economic sectors, and the total energy usage 
consequently becomes lower than that in the business-as-usual 
scenarios. The implications for energy systems highlight the 
necessity for re-evaluation and reallocation of multiple forms of 
energy supply in a systematic manner, in order to accommodate 
the metaverse-induced energy consumption variations for all 
economic sectors. Otherwise, the metaverse industry may fail 
to expand within the coming decades, leading to the loss of all 
the benefits for climate change mitigation and environmental 
sustainability that are associated with the metaverse sector 
growth.  
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