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Abstract: Digital transformation, powered by technologies like Al, IoT, and big data, is reshaping industries and societies at an
unprecedented pace. While these innovations promise smarter energy management, precision agriculture, and efficient resource
utilization, they also introduce serious environmental challenges. This paper examines the dual impact of digital technologies, high-
lighting key threats such as rising energy consumption, growing e-waste, and increased extraction of raw materials. For instance,
global e-waste reached 62 million metric tons in 2022, and data centers alone accounted for nearly 1% of the world's electricity de-
mand in 2019. The review synthesizes findings from studies on topics like the energy use of blockchain technologies and the envi-
ronmental costs of raw material extraction in the smartphone industry. Moreover, it identifies critical research gaps, particularly in
understanding the environmental impact of digital usage at individual and household levels. Practical strategies such as integrating
circular economy principles, promoting renewable energy, and green computing are proposed to balance technological advancement
with sustainability goals. This study highlights the need for a holistic approach, suggesting future research directions to minimize
digital transformation’s environmental footprint while maximizing its sustainability benefits.
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1. Introduction

In this technological age, digital transformation has become the face of the future. It has transformed the way
industries operate, governments work, and individual communicate or interact. Digital transformation, driven by tech-
nologies such as Al IoT, blockchain, and big data analytics, has played a major role in improving the efficiency, produc-
tivity, and innovation in businesses. It is a force shaping not only industry practices but also the lives of individuals and
the broader society by redefining social interactions, employment patterns, education, and even healthcare [1]. How-
ever, this rapid digital transformation has resulted into a very critical and often overlooked issue i.e. its environmental
impact.

One of the most important developments in the global fight against environmental degradation is the meeting of
environmental sustainability and digital transformation. There may be a lot of bright sides to the digital economy, but
it does have its drawbacks, such as higher energy usage, resource depletion, and an ever-growing amount of electronic
waste, or "e-waste." The International Energy Agency estimated that the data centers and data transmission networks
accounted for approximately 1% of the world's electricity demand in 2019. This percentage is only projected to rise as
the rate of digital transformation continues to rise [2]. The manufacturing of digital devices, ranging from smartphones
to servers, uses huge amounts of raw materials, including rare earth elements, that are normally extracted through
environmentally degrading processes [3].

The environmental challenges of digital transformation must be overcome for a number of reasons. First, there will
be an increasing environmental footprint from the digital economy as more digital technologies get integrated into daily
life. For example, with an estimated 75.44 billion IoT devices by 2025, a rapid rise in IoT devices would not only increase
energy demand but also significantly add to e-waste production [4]. Second, the effect of digital technologies on the
environment does not stay local but is global in scope and may magnify current environmental problems associated
with climate change, pollution, and resource depletion [5].

1.1 The Importance of Addressing Environmental Challenges

It is very important for us to resolve the environmental matters that the DT has brought about. In fact, if left un-
addressed, such problems might even reverse the very same benefits that digital technologies have in the first place.
For instance, Al and big data analytics, while holding future potential to optimize resource use and stimulate
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environmental monitoring, demand huge computing resources, thus increasing energy use and in turn greenhouse
gases [6]. It is like a paradox, which needs a harmonious approach, i.e. allow people to benefit from the DT, while
lessening the environmental degradation caused by it.

The environmental challenges of digital transformations also have a direct connection to the larger, socio-economic
sustainability issues. The gap between those with and without access to digital technology is known as the "digital
divide," and it has the potential to worsen inequality and obstruct the achievement of the Sustainable Development
Goals (SDGs) [7]. For example, digital infrastructure expansion could increase fossil fuel use in places where renewable
energy is not easily accessible, thereby increasing the rate of environmental degradation and climate change [8]

The urgency of acting on these challenges comes out even more strongly in the face of growing awareness by
policymakers, businesses, and civil society regarding the transition to a more sustainable digital economy. According
to the European Green Deal, on one hand, digital technologies are instrumental in the attainment of the climate neu-
trality goals of the EU by 2050; on the other hand, their impacts are equally a reason for concern (European Commission,
2019). Similarly, the United Nations has also called for a "green digital transformation" that has principles of environ-
mental sustainability and social equity within it [9].

1.2 The Need for Balance Between Progress and Sustainability

Finding the right balance between technological progress and environmental sustainability is becoming more chal-
lenging. To achieve a sustainable DT, we need to consider the environment at every stage—starting from how digital
technologies are designed and developed, all the way through their use and disposal. This means taking a life cycle
approach, which involves looking at the entire process from the extraction of raw materials to manufacturing, usage,
and eventual disposal to minimize environmental harm. This balance demands a change in mindset and way of gov-
ernance. Although technology on its own can balance these two facets, there lies a role for policymakers, businesses,
and consumers in encouraging sustainable DT. Policymakers can, for example, adopt regulations that would encourage
the use of renewable energy in digital infrastructure, while businesses adopt the circular economy principles with re-
duced e-waste and use of resources [10]. Consumers can make informed decisions by selecting the best environmentally
friendly digital products and services and also support companies following the best sustainable development practices.

In a digital economy, global supply chains are highly interconnected and complex, which increases the difficulty
of attaining progress and sustainability. Mostly, the production cycle of digital devices involves several stages of man-
ufacturing across countries with different environmental standards and practices [11]. Hence it is a challenge to distrib-
ute and address the environmental impact evenly at each supply chain stage. Also, due to the continuous new and
improved digital products in demand, there is a possibility of shorter product cycles, increasing resource use, and in-
creased e-waste generation [12].

Considering the criticality of this current issue, very few reviews and studies are found to present a holistic ap-
proach to the issue focusing on all the aspects. In a study by Belkhir & Elmeligi [13] global carbon footprint of Infor-
mation and Communication Technology (ICT) sectors are accessed projecting trends up to 2040. It provides a detailed
analysis of the carbon emissions associated with various digital technologies, including smartphones, data centers, and
networks.

A review by Feroz et al. [14] focuses on how digital transformation impacts environmental sustainability, identify-
ing disruptions in pollution control, waste management, sustainable production, and urban sustainability. The authors
conduct a systematic literature review to categorize these impacts and propose a research agenda centered on the capa-
bilities required for sustainable digital transformation. Another review by Truong [15] investigates the impacts of digital
transformation on environmental sustainability, focusing on three main areas: waste management and handling, pollu-
tion prevention and control, and sustainable resource management. It examines both the positive and negative effects
of digital technologies like Al, big data, IoT, and blockchain on the environment, providing a comprehensive under-
standing of their implications. While Alojail & Khan [16] highlighted that aligning digital transformation with sustain-
ability principles enhances environmental, social, and economic performance, providing organizations with a compet-
itive advantage and improving long-term outcomes through effective governance, stakeholder engagement, and stra-
tegic resource allocation.

While this extensive literature provides information on the impacts of digital transformation, a holistic review
considering all the aspects of opportunities, threats, and mitigation strategies to attain environmental sustainability
while enjoying the benefits of digital transformation is missing. The present review is built on this foundation by provid-
ing a more holistic analysis, covering areas such as the opportunities and threats of digital technologies, and practical
mitigation strategies to address the environmental challenges posed by digital transformation. The review also explores
the long-term and systemic impacts of digital transformation on environmental sustainability, including more detailed
assessments of the resource demands and broader ecological effects of digital technologies. It also provides new insights
into the mitigation strategies required to manage these impacts, fulfilling a critical need in the current literature.
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Specifically, the review seeks to:
1. Critical analysis of the existing literature on the environmental footprint of the digital economy, with a focus
on both the positive and negative impacts of digital transformation.
2. Identify and evaluate strategies for mitigating the environmental impact of digital transformation.
3. Identify gaps in the existing literature and suggest areas for future research.

2. Theoretical Framework
2.1. Understanding Digital Transformation

Digital transformation refers to the integration of digital technologies into all areas of a business or society, funda-
mentally changing how organizations operate and deliver value to customers. It is not merely about implementing new
technologies but involves a cultural shift that requires organizations, governments, and individuals to continually chal-
lenge the status quo, experiment, and adapt to new realities [17,18].

For organizations, digital transformation means rethinking how they do business, engage with customers, and run
their operations. This often involves using new technologies like artificial intelligence (AI), cloud computing, the Inter-
net of Things (IoT), and big data analytics. The main goals are to boost efficiency, find new ways to make money and
improve customer experiences. Companies that embrace digital transformation usually see big gains in how they oper-
ate and make decisions [19].

For governments, digital transformation means using technology to improve public services, increase transpar-
ency, and connect with citizens more effectively. Examples include e-governance, digital ID systems, and smart city
projects. Digital transformation can lead to more efficient government operations and better service delivery. At the
societal level, digital transformation involves changes in how people interact, communicate, work, and access infor-
mation. The rise of social media, digital learning platforms, and telehealth services are key examples. It is a global
phenomenon that affects all sectors of society. It has the potential to drive economic growth, improve social welfare,
and address global challenges such as climate change.

2.2 Understanding Environmental Sustainability

Environmental sustainability means using natural resources wisely to prevent their depletion and avoid harming
the environment, ensuring it stays healthy for the long term. It involves protecting ecosystems, conserving wildlife, and
cutting down on pollution and waste. The goal is to meet our needs today without making it harder for future genera-
tions to meet theirs, balancing economic growth, social well-being, and environmental health.

As digital technologies become more common, the importance of environmental sustainability grows. On the pos-
itive side, these technologies can help use resources more efficiently, cut down on emissions with smart tech, and sup-
port efforts to monitor and manage the environment. But there's a downside too: the rapid growth of digitalization can
lead to higher energy use, more electronic waste, and worsen existing environmental problems. Experts stress that it's
crucial to consider sustainability when designing and implementing digital solutions, so that progress in technology
doesn't come at the expense of environmental health [20,21].

3. Materials and Methods

To address the objectives of this review, a qualitative literature review approach was selected. This method was
chosen for its balance between providing a comprehensive overview of relation between digital technologies and envi-
ronmental sustainability and build a comprehensive theoretical framework around the opportunities and threats posed
by digital transformation [22]. The process followed for the review is shown in Figure 1.
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Figure 1. Process followed for the review.

3.1 Literature Review and Data Collection

The literature search was conducted using multiple reputable academic databases, including Google Scholar, IEEE
Xplore, Scopus, SpringerLink, and ScienceDirect. These databases were selected for their extensive collections of peer-
reviewed journal articles, conference papers, and industry reports, ensuring comprehensive coverage of the relevant
research. The search involved a combination of keywords related to digital transformation and environmental impact.
The primary keywords used included: Digital transformation, Environmental impact, Sustainability, IoT, Al, Big data,
E-waste, Energy consumption, Smart grids, Cryptocurrency, Bitcoin, GHG, Internet usage.

An initial search was conducted using the primary keywords in each database to identify a broad range of relevant
studies. The search results were refined by adding more specific keywords to the search. The titles and abstracts of the
retrieved articles were screened to assess their relevance to the research objectives.

Articles were included if they met the following criteria: a. Studies that focused on digital transformation’s oppor-
tunities, threats, and mitigation strategies in relation to environmental sustainability. b. Only peer-reviewed journal
articles, conference papers, and well-regarded industry reports were included to ensure the credibility of the findings.
c. The review included studies published between 2011 and 2024 to capture the latest developments and trends in the
field. d. Only studies published in English were considered to maintain consistency and ease of analysis.

3.2 Data Analysis

The selected literature was analyzed using a thematic analysis approach to identify recurring themes and patterns
related to the environmental impact of digital transformation. The analysis focused on understanding how digital tech-
nologies influence environmental outcomes, both positively and negatively, across various sectors. Key themes identi-
fied included:

Opportunities for Environmental Sustainability: Digital technologies such as Al IoT, and big data analytics can
optimize resource use, enhance energy efficiency, and support sustainable practices in sectors like agriculture, manu-
facturing, and energy management.

Environmental Risks: The proliferation of digital technologies also presents significant challenges, including in-
creased e-waste, high energy consumption, and the environmental cost of raw material extraction.

Mitigation Strategies: The literature highlighted various strategies to mitigate the environmental impact of digital
transformation, such as adopting circular economy principles, promoting green computing practices, and integrating
renewable energy sources into digital infrastructure.

3.3  Synthesis and Results Description

The synthesis and theoretical framework of this review are constructed to provide a comprehensive understanding
of the dual nature of digital transformation in relation to environmental sustainability. While technologies like Al IoT,
and blockchain can enhance resource management and monitoring, they also contribute to higher energy consumption,
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e-waste, and carbon emissions. The theoretical framework highlights the need for a balanced approach, integrating
policy, corporate responsibility, and public awareness to mitigate negative impacts and optimize benefits.

4. Opportunities for Environmental Sustainability Through Digitalization

Digitalization is a powerful tool for environmental sustainability in all sectors. Digital technologies in the environ-
ment sector, agriculture, energy systems, and resource optimization can definitively achieve strides toward a more
sustainable future. This section will look into the opportunities for digital technologies, in particular, how they can drive
sustainability in the critical areas of smart grids and energy management, digital agriculture, the role of Al in resource-
use optimization, reduction in physical resource usage, and environmental monitoring.

4.1 Smart Grids and Energy Management

Smart grid is an important advancement tool in energy management for better, more reliable, and more sustainable
energy distribution. A smart grid integrates digital communication technology with the electrical grid as a whole to
monitor and control energy flows in real-time. Digitalization of this sector can significantly reduce carbon emissions
and greatly improve the share of renewable energies [23,24].

Smart grids allow for the implementation of demand response programs, where consumers are incentivized to
reduce or shift their energy use during peak periods, further decreasing the strain on the grid and reducing emissions
[25]. In addition to these benefits, smart meters, a key component of smart grids, provide consumers with real-time
data on their energy usage, empowering them to make more informed decisions and adopt energy-saving practices.
Studies have shown that households with smart meters can reduce their energy consumption by up to 15% [26]. This
reduction in energy use leads to lower greenhouse gas (GHG) emissions, and hence contributing to overall environ-
mental sustainability. Table 1 provides a comparative analysis of traditional grids and smart grids.

Table 1. Comparative Analysis of Traditional Grids vs. Smart Grids

Feature Traditional Grid Smart Grid
Energy Source Centralized, fossil fuels Decentralized, renewable and fossil fuels
Energy Management Reactive Proactive
Consumer Participation Passive Active, informed
Emission Levels High Reduced
Reliability Moderate High

Smart grids also allow the incorporation of renewable energy sources like wind and solar energy into the power
grid by dynamically balancing the supply and demand, thereby reducing dependence on fossil fuel sources [27]. A
study by Rehman et al. [24] demonstrates that the integration of renewable energy sources into smart grids not only
reduces carbon emissions but also enhances grid stability. Smart grids bring clean energy sources into the system,
contributing to the reduction of greenhouse gases and enhancing the security of energy.

4.2 Digital Agriculture for Sustainable Farming

Digital agriculture has huge potential to deliver improved sustainable agricultural practices due to the essential
role digital technologies play in farming. With the global population projected to reach 9.7 billion by 2050 [28], ensuring
food security while minimizing environmental impact is a key challenge. Digital agriculture offers solutions through
precision farming, smart irrigation, and data-driven decision-making [29].

Precision farming involves the use of GPS, IoT sensors, and drones to monitor crop health, soil conditions, and
weather patterns. This real-time data allows farmers to optimize the use of water, fertilizers, and pesticides, reducing
waste and minimizing the environmental impact of farming [30]. For instance, smart irrigation systems that adjust water
delivery based on soil moisture levels can reduce water usage by up to 40% compared to traditional irrigation methods
[31]. According to Bwambale et al. [32] combining soil-based, plant, and weather-based monitoring methods in a mod-
elling environment with model predictive control can significantly improve water use efficiency. The use of precision
irrigation water-saving systems (PISs) for efficient water management under climate change is also highly recom-
mended approach by researchers [31,33,34].

Digital platforms and apps also provide farmers with access to critical information, such as weather forecasts,
market prices, and best practices, enabling them to make informed decisions that enhance productivity and sustaina-
bility [35,36]. In addition to improving resource efficiency, digital agriculture also supports sustainable land manage-
ment by allowing the farmers to track and manage soil health over time [37,38].
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4.3 The Role of Al in Optimizing Resource Use

Artificial Intelligence (Al) is viewed as a great optimization tool in the use of resources across various industries.
By analyzing large datasets and identifying patterns, Al can help reduce waste, improve efficiency, and minimize the
environmental footprint of production processes [39,40]. Kristian et al. [41] suggests that AI models significantly en-
hance efficiency and sustainability by providing accurate predictions and automation recommendations. Table 2 lists
the applications of Al in Resource Optimization in various industries.

Table 2. Applications of Al in Resource Optimization

Industry Application Environmental Impact
Manufacturing Predictive maintenance Reduced energy consumption and waste
Transportation Supply chain optimization Lower carbon emissions

Energy Demand forecasting and energy man- Enhanced efficiency, integration of renewables
agement
Agriculture Precision farming Optimized use of water and fertilizers

Al-driven predictive maintenance systems in manufacturing can reduce downtime and minimize energy consump-
tion by identifying the indicators of potential failures and help prevent some production stops from happening [42].
This not only extends the lifespan of machinery but also reduces the need for new equipment, thereby lowering resource
consumption [43,44]. Similarly, Al algorithms can optimize supply chain operations, reducing the environmental im-
pact of transportation by identifying the most efficient routes and minimizing empty miles [45].

Al also plays a critical role in the energy sector, where it is used to optimize the operation of power plants, manage
energy storage systems, and integrate renewable energy sources into the grid [46,47]. For example, Al algorithms can
predict energy demand and adjust the output of power plants accordingly, reducing waste and enhancing the efficiency
of energy production [48,49].

Besides, Al is used within agriculture to optimize inputs, in activities related to water or fertilizers, and monitoring
and predicting outputs of certain crops; thereby, helping farmers to maximize productivity [50].

4.4 Environmental Monitoring

Digital technologies have revolutionized environmental monitoring, providing tools for real-time data collection,
analysis, and reporting [51]. These technologies enable more accurate and comprehensive monitoring of environmental
parameters such as air and water quality, deforestation, and wildlife populations [52].

Remote sensing technologies, including satellite imagery and drones [53], are used to monitor deforestation, land
use changes, and the health of ecosystems [54]. These technologies provide critical data that can inform conservation
efforts and policy decisions. For example, the use of satellite data to monitor deforestation in the Amazon has enabled
more effective enforcement of conservation laws and the identification of illegal logging activities [55]. Another study
by Hadi et al. [56] successfully utilized the Landsat Time Series data to demonstrate effective sub-annual deforestation
detection in Kalimantan, Indonesia, showing the potential of remote sensing for high spatial accuracy in monitoring
forest changes under persistent cloud cover.

In addition to remote sensing, IoT sensors are increasingly being used to monitor environmental conditions in real-
time [57]. These sensors can be deployed in various settings, from urban areas to remote wilderness, to track air and
water quality [58,59], soil moisture levels [60,61], and other environmental parameters. The data collected by these sen-
sors can be analyzed using Al and big data analytics to identify trends, predict future conditions, and inform environ-
mental management strategies [62]. Table 3 gives the list of studies in the area of opportunities for digital transfor-
mation.

Table 3. Key Studies on Smart Grids, Energy Management, and Digital Technologies in Sustainability

Area of Study Key Findings Contribution to Sustainability thlzl:(-s)
Remote sensing technologies Informs conservation strategies and supports
Remote Sensing monitor ecosystem health ecosystem protection through precise environ-  [54]
and land use changes mental data.
Al optimizes energy opera- Enhances energy management efficiency and
Alin Energy tions and integrates renewa- increases the share of renewables, reducing  [46]

ble energy into the grid carbon emissions.
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L - L Au-
Area of Study Key Findings Contribution to Sustainability thor(s)
Smart grids reduce carbon . .
ars . Enables energy efficiency, reduces reliance on
. emissions and increase the .
Smart Grids fossil fuels, and promotes renewable energy  [23]
share of renewable energy
C e sources.
through digitalization
Digital technologies enable
accurate monitoring of envi- . .
Supports comprehensive environmental as-
. o ronmental parameters such ) N
Environmental Monitoring ) . sessments, crucial for sustainability efforts [52]
as air and water quality, de- .
. S and conservation.
forestation, and wildlife pop-
ulations
Demand response programs Encourages consumer participation in reduc-
Smart Grids in smart grids reduce energy ing emissions and alleviating grid strain dur-  [25]
usage during peak periods ing high-demand times.
Al-driven predictive mainte-
nance systems reduce down- Extends machinery lifespan, reduces the need
Al in Manufacturing time and minimize energy  for new equipment, and lowers overall re- [42]
consumption in manufactur- source consumption.
ing
Digital technologies provide
tools for real-time data col- Enhances accuracy and comprehensiveness of
Environmental Monitoring  lection, analysis, and report- environmental monitoring, aiding in better [51]
ing for environmental moni- decision-making.
toring
Al models predict energy de- , . . . .
. precict Y %€ Minimizes energy waste and ensures optimal
Alin Energy mand and optimize energy . . [47]
. use of resources in energy production.
production
Precision irrigation systems . .
. . . Supports water conservation and sustainable
Precision Agriculture enhance water-saving and ) . . . [33]
. . farming under changing climate conditions.
adaptation to climate change
Monitoring soil, plant, and . . . .
§ SOl prant, Contributes to sustainable agriculture by opti-
. . weather data in precision .. .
Precision Agriculture . mizing water management under climate [32]
farming improves water-use .\
. change conditions.
efficiency
Al models optimize energy
roduction by predicting en- Promotes sustainable energy management
Al'in Energy P yPp . g. . &Y & . [49]
ergy demand and adjusting  and reduces waste in energy production.
power output accordingly
IoT-based environ- - L
o Supports decision-making in
mental monitoring . .
) L . ; pollution management and im-
Environmental Monitoring ~ provides data on air ) [59]
S proves environmental protec-
and water quality in . .
. tion strategies.
real-time
Sustainable land manage-
ment is supported through  Helps maintain soil quality, contributing to
Sustainable Land Management .. PP . & P ) d Y . & [38]
digital technologies that long-term agricultural sustainability.
monitor soil health
Al algorithms optimize sup- . .
89 > OPHIL: P” Reduces the environmental impact of trans-
. . ply chains by identifying effi- ) . .
Al in Supply Chain portation, cutting down carbon emissions and  [45]

cient routes and reducing
empty miles

fuel usage.
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Area of Study

Key Findings

Contribution to Sustainability

Au-
thor(s)

Remote Sensing

Remote Sensing

Alin Agriculture

Al in Industry

Smart Irrigation

Al in Predictive Maintenance

Smart Meters

IoT in Environmental Monitor-

ing

IoT in Agriculture

Alin Energy

Smart Grids

Digital Agriculture

Utilized Landsat Time Series
data for sub-annual defor-
estation detection in Kali-

mantan, Indonesia

Remote sensing technologies
like satellite imagery and
drones are used to monitor
deforestation and land use

changes
Al optimizes inputs in agri-
culture, improving produc-
tivity while minimizing envi-
ronmental impact

Al models enhance efficiency

and sustainability by provid-

ing accurate predictions and
automation recommenda-
tions

Smart irrigation reduces wa- Optimizes water resources in agriculture, sup-

ter usage by up to 40% com-
pared to traditional methods
Al in predictive maintenance
reduces resource consump-
tion by preventing produc-
tion stops
Smart meters can reduce
household energy consump-
tion by up to 15%
IoT sensors effec-
tively track air and
water quality in di-
verse environments

Soil moisture moni-
toring using IoT
sensors helps in-

form water manage-

ment strategies

Al predicts energy demand
and optimizes energy pro-
duction
Integration of renewable en-
ergy into smart grids en-
hances grid stability and re-
duces emissions
Digital platforms provide
farmers with real-time infor-
mation on market conditions
and best practices

Demonstrates the potential of remote sensing
for high spatial accuracy in forest change
monitoring under challenging conditions.

Provides critical data for conservation and
land management efforts, improving policy-
making and enforcement.

Maximizes crop yields and resource use effi-
ciency, supporting sustainable farming prac-
tices.

Improves operational sustainability by reduc-
ing resource use and increasing efficiency
across industries.

porting efficient water management and re-
ducing wastage.

Enhances sustainability by lowering the need
for new equipment and reducing waste in
manufacturing.

Promotes energy conservation and lowers
greenhouse gas emissions, contributing to a
sustainable energy future.

Enhances environmental moni-
toring efforts by providing
timely data on pollution levels
and water quality.

Promotes efficient water usage
in agriculture, minimizing
wastage and enhancing re-

source sustainability.

Reduces energy waste and enhances the effi-
ciency of power generation, supporting sus-
tainability.

Supports clean energy integration, leading to
a decrease in greenhouse gases and enhanced
grid reliability.

Enhances productivity and sustainability in
agriculture by improving decision-making
processes.

[56]

[63]

[50]

[41]

[31]

[43]

[26]

[58]

[61]

[48]

[24]

[35]
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Sy S R Au-
Area of Study Key Findings Contribution to Sustainability thor(s)
Al and big data ana-
lytics analyze envi-
ronmental data Supports proactive environmental manage-
Al and Big Data from IoT sensors to ment by predicting future conditions and op- [62]
predict trends and timizing resource use.

inform management
strategies

Al helps optimize resource
use across industries by re-
ducing waste and improving

Reduces energy consumption and waste

Al in Industry across sectors, enhancing resource sustainabil-  [39]

. . ity.
efficiency Y
IoT sensors monitor environ-

. . , o\ . ;.. Enables data-driven environmental manage-
IoT in Environmental Monitor- mental conditions, providing 5

ment, reducing pollution and improving re-  [57]
source use.

ing real-time data on air and wa-
ter quality

Digital agriculture improves

resource efficiency through

precision farming and smart
irrigation

Reduces environmental impact in agriculture
by minimizing waste and optimizing resource  [29]
use.

Digital Agriculture

IoT sensors monitor . .
Helps improve water use effi-

ciency in agriculture, contrib-
uting to sustainable farming
practices.

soil moisture levels,
IoT in Agriculture providing essential
data for optimizing

[60]

irrigation practices

Smart grids facilitate the in-
corporation of renewable en-
ergy sources like wind and
solar into the grid

Promotes clean energy usage, reducing de-
pendency on fossil fuels and advancing envi-  [27]
ronmental sustainability.

Smart Grids

5. Threats to the Environment from Digital Transformation

Digital transformation offers a lot of potential for environmental sustainability, but it also brings significant threats
that can't be ignored. The rapid spread of digital technologies leads to more electronic waste, higher energy consump-
tion from data centers and blockchain technologies, large-scale raw material extraction, heavy water use in digital pro-
duction, and rising carbon emissions from digital activities. This section takes a closer look at these risks, drawing on
recent studies to explore their impact on the environment.

5.1 E-Waste and Its Environmental Impact

The rapid rise of digital technologies has increased e-waste to unprecedented levels, earning it a place among the
fastest-growing waste streams in the world. According to the [64], global e-waste generation reached 62 million tonnes
(Mt) in 2022, up 82% from 2010, and only 22.3% of this was recycled properly. E-waste contains hazardous substances
like lead, mercury, cadmium, and brominated flame retardants, which can leach into the environment, further polluting
land and water sources [65]. The improper ways of e-waste disposal and recycling pose a serious threat to the environ-
ment and health [66], particularly in developing countries where much of this waste is shipped.

A large portion of e-waste comes from electronic gadgets that are dumped, like computers, smart phones, tablets,
and other forms of digital devices. The rapid pace of technological innovation results in shorter product life cycles,
which leads to rapid replacement of the gadgets; hence, e-waste tremendously increases [67]. This has further been
driven by the global digitalization shift, based on the rapid adoption of devices, including devices such as Internet of
Things (IoT) gadgets and smart home technologies, which have further intensified the issue at hand [68,69]. Another
area overlooked is the growing popularity of bitcoin. According to De Vries & Stoll [70], bitcoin mining is an extremely
significant generator of global electronic waste, estimated at 30.7 metric kilotons annually, comparable to the electronic
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waste output of countries like the Netherlands, and possibly going up to 64.4 metric kilotons with the rising bitcoin
prices.

The environmental and health impacts of e-waste are huge [71]. A huge amount of e-waste is exported from devel-
oped nations to developing countries, where it is processed using rudimentary and unsafe methods. Abalansa et al. [72]
emphasized that in developing countries, the landfilling and incineration of e-waste cause severe environmental harm,
such as aquatic ecotoxicity and global warming, and while formal recycling can reduce these effects, the high costs make
it impractical in developing nations. Only 22.3.4% of total global e-waste is known to have been collected and properly
recycled and this figure is estimated to drop to 20% by 2030 due to escalating differences in the recycling efforts and the
rate at which the e-waste generation is increasing [64]. Figure 2 shows the global rate of e-waste generation and recycling
percentage.

100
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/f e generation
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- -

60 g2 62

40
34
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Figure 2. Global E-Waste Generation and Recycling Rates (Source: Global E-waste Monitor 2024 [64])

The potential impact of e-waste on soil and water quality has also been extensively studied. For instance, a study
by Cao et al. [73] in Ghana's Agbogbloshie area, one of the largest dumping sites for e-waste in the world, detected high
levels of heavy metals that pose serious risks to soil agriculture and human health. A similar study conducted in China
by Hashmi et al. [74] established that e-waste recycling activities had contaminated the local water bodies with highly
toxic and Persistent Organic Pollutants (POPs), which accumulate in the food chain. Lin et al. [75] have further reported
that open-field incineration of e-waste releases emissions that are highly toxic, emitting dioxins and furans, posing a
serious problem to air pollution, and increasing the potential for respiratory diseases in communities near such facilities.

The health impacts of the of the hazardous substances found in e-waste are many. The toxic elements, such as lead,
mercury, cadmium, and brominated flame retardants, can lead to severe health issues ranging from neurotoxicity and
developmental delays to carcinogenic effects [76]. Table 4 shows the health implications of various hazardous compo-
nents found in e-waste.

Table 4. Health Implications of Hazardous Components in E-Waste.

Hazardous Digital Equipment

Component Health Implications Found References

Neurotoxicity, cognitive

decline, developmental Cathode Ray Tubes
Lead delays in children, kid- (CRTs), solder in printed [77-79]
ney damage, and ane-  circuit boards, batteries

mia
Damage to the central
nervous system, kid-

neys, and immune sys-

Fluorescent lamps, flat
panel displays, switches, [80,81]
and thermostats

Mercury

tem, as well as
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Hazardous . Digital Equipment
Health Implications & awp References
Component Found
neurological and behav-
ioral disorders
Carcinogenic, causes
kidney damage, bone  Rechargeable batteries
damage, respiratory is- (NiCd batteries), semicon-
. 82,83
Cadmium sues, and is known for ductors, resistors, infrared [ ]
its accumulation in hu- detectors
man body tissues
Disruption of endocrine
system, neurodevelop-  Printed circuit boards,
Brominated . . .
mental disorders, repro- plastic casings of comput-
Flame Retard- . . [84,85]
ductive system damage, ers, TVs, mobile phones,
ants (BFRs) . . .
and potential carcino- and other electronics
genic effects
Carcinogenic, immuno-
. toxicity, liver damage, Capacitors, transformers,
Polychlorinated . " . .
. skin conditions (chlor-  older electrical equip-
Biphenyls . . . [86,87]
acne), reproductive sys- ment, and insulation flu-
(PCBs) .
tem damage, and neuro- ids
toxicity
Respiratory issues, skin C
dei‘lmatiti}; ! cl)ientiall Batteries, circuit boards,
Nickel . /P . computer casings, and [88,89]
carcinogen, and allergic .
. mobile phones
reactions
Carcinogenic, chronic
. . Motherboards, connect-
) beryllium disease (be- .
Beryllium ors, spring contacts, and [88,90]

rylliosis), lung damage,

some power s ly boxes
and skin irritation. power supply

Data center equipment,

Carcinogenic, causes . .
metal coatings, corrosion

Chromium VI . .
respiratory tract issues,

(Hexavalent ) . protection in electronics, [91]
. allergic reactions, and .
Chromium) . and dyes for certain plas-
dermatitis .
tics
Release of dioxins and
furans when burned,
. which are blghly FOXIC Cables, casings, and hous-
Polyvinyl and carcinogenic. ings for various electronic [92]
Chloride (PVC) Causes respiratory is- & devices

sues, skin problems,
and endocrine disrup-
tion

5.2 Energy Consumption of Data Centers and Blockchain Technologies

Data centers and blockchain technologies are the integral part of the digital economy; they, however, are also
among the most power-intensive infrastructures. The energy demands of these technologies have significant environ-
mental implications, particularly in terms of carbon emissions and resource use.

Data centers, which house vast amounts of computing hardware, are essential for supporting cloud computing,
big data analytics, and other digital services. They, however, use vast amounts of electricity i.e. about 1% of global
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electricity consumption and this figure likely to rise sharply in the coming years [93]. According to a report the data
centers consumed 460TWh in 2022, a figure that could rise to more than 1,000TWh by 2026 in a worst-case scenario [94].
A typical data center may consume as much energy as 25,000 households while data center spaces may consume up to
100 to 200 times as much electricity as standard office space [95]. The energy use by data centers is primarily driven by
the continuous demand for power supplies to servers and cooling systems as a vital factor which are critical to main-
taining optimal operating conditions [96]. There are currently more than 8000 data centers globally, with about 33% of
these located in the United States, 16% in Europe and close to 10% in China [94]. Figure 3 shows the increasing trend in
the global electricity demand from data centers, Al, and cryptocurrencies for the years 2019-2026.

Global electricity demand from data centres, Al, and cryptocurrencies, 2019-2026
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600 ===
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Figure 3. Global electricity demand from data centers, Al, and cryptocurrencies for the years 2019-2026 [94].

Blockchain has also gained a lot of attention for its high energy consumption, particularly in the areas of crypto-
currencies like Bitcoin. One of the core mechanisms behind blockchain is a decentralized network of computers, making
it possible for the respective cryptocurrency transactions to be confirmed, a process known as mining. Mining requires
solving complex cryptographic puzzles, which requires enormous computational power, which in turn leads to high
energy consumption. A study by Mora et al. [97] estimates that Bitcoin mining alone could push global warming beyond
the 2°C threshold set by the Paris Agreement within a few decades if left unchecked. Similarly, Stoll et al. [98] reported
that Bitcoin's annual energy consumption was comparable to that of countries like Austria, with a carbon footprint
equivalent to that of a major global city. These results emphasize the environmental effects of blockchain technologies,
particularly in their present energy-intensive formulations.

5.3 Raw Material Extraction and Environmental Impact

The production of digital devices requires extracting raw materials like rare earth elements, metals, and minerals,
which often comes from areas rich in natural resources. Unfortunately, this process can lead to the destruction of habi-
tats, loss of biodiversity, and pollution. Rare earth elements (REE) are critical components in digital devices, such as
smartphones, computers, and renewable energy technologies [99]. Table 5 shows the world reserves of REE by principal
countries. Smartphones and tablets are highly resource-intensive due to their significant use of critical raw materials,
large-scale global shipments, and short lifespans, leading to frequent replacements [100]. These devices account for
substantial portions of the global demand for cobalt (9.4%) and palladium (8.9%), as well as notable shares of tantalum,
silver, gold, indium, and magnesium. The total material inventory of all active smartphones and tablets globally is
estimated to be around 1 million tons [101,102], highlighting their substantial impact on resource consumption and the
need for improved recycling and collection practices.

Table 5. World reserves of Rare Earth Elements (REEs) by principal countries based on data from the U.S. Geological Survey (2018)

Country Reserves (Metric Tons) % Share of Global Reserves

China 44,000,000 33.33%
Brazil 22,000,000 16.67%
Vietnam 22,000,000 16.67%

Russia 18,000,000 13.64%
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Country Reserves (Metric Tons) % Share of Global Reserves

India 6,900,000 5.23%

Australia 3,400,000 2.56%

United States 1,400,000 1.06%
Others 2,800,000 ~2%

But the extraction of rare earth elements is an extremely environmentally destructive process, which includes large-
scale land disturbance, water pollution, and the emission of toxic waste [3]. Table 6 shows the environmental impacts
of raw material extraction of 3 major materials required in digital devices.

Table 6. Environmental Impacts of Raw Material Extraction [103].

Impact Category Lithium Cobalt Rare Earth Elements

Land Use High Moderate High
Water Pollution ~ High High Moderate
Carbon Emissions Moderate  High High

Several studies have documented the environmental impact of raw material extraction for digital technologies.
Zheng et al. [104] emphasize that the extraction and refining of rare earth elements, which are essential for the produc-
tion of high-tech devices, result in significant ecological damage. They found that the processing of rare earths generates
large amounts of toxic waste, including radioactive materials, which can contaminate surrounding ecosystems. Simi-
larly, a study by Ali [105] highlights that the mining of lithium, a key component in rechargeable batteries, particularly
in regions like the Atacama Desert in Chile, leads to severe water depletion and desertification, threatening local com-
munities and ecosystems. Cobalt mining, predominantly in the Democratic Republic of Congo (DRC), has also come
under scrutiny due to its environmental and social impacts [106]. Weng et al. [107] have also highlighted the environ-
mental impacts of REE mining, including issues related to radioactive elements (U-Th), the use of harmful chemicals
during processing, and greenhouse gas emissions emphasizing the need to address these risks in future REE supply.
Table 7 summarizes few studies on impact of rare earth elements (REEs) mining on human health and the environment.

Table 7. Impact of rare earth element (REE) mining on the environment and human health.

Environmental Human Health Im-
Focus Key Findings Study
Impact pact
- Deforestation - Respiratory issues
. P Y - Mining of REEs con-
. and habitat de- from dust exposure . .
Mining . tributes to significant
struction - Heavy metal con- . .
and sus- . . . . ecological degradation,
. - Soil erosion ~ tamination leading ? [108]
tainability . . especially water pollu-
- Water contami- to neurological and . . .
of REEs . . ) tion affecting agricul-
nation from min- developmental is- ture
. ure.
ing by-products sues
- Radioactive - REE mining gener-
Environ- - Increased risk of &8
waste . . ates substantial haz-
mental ep s cancer in communi- _
. - Acidification of . ardous waste, posing
impact of . ties near mining . [105]
water bodies due . . long-term risks to eco-
REE ex- ) sites due to radioac-
. to chemicals used . systems and human
traction . . tive exposure .
in processing populations.
- Recycling re-
Recycling yeung . - Promotes recycling as
duces the need for - Reducing human .
of REEs mary minin exposure fo min- 2 sustainable alterna-
and envi- P . Y . & . P ) tive to mining, reduc- [109]
lowering environ- ing-related toxic . .
ronmental . ing environmental and
. mental destruc- materials .
benefits health risks.

tion
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Envi tal H Health Im-
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Envi tal H Health Im-
Focus nvironmenta uman tiea m Key Findings Study
Impact pact

emission treatment
technologies.

5.4 Water Usage in Digital Manufacturing

Digital manufacturing water use is another area of the environmental footprint that goes with digital change. More
specifically, producing semiconductors, fundamental parts of digital devices, is actually very water-intensive. Semicon-
ductor manufacturing requires ultrapure water (UPW) for various stages, including wafer fabrication, cleaning, and
cooling processes. A single semiconductor manufacturing plant can consume as much as 10 million gallons of water
every day, depending on the size and production capacity of that facility [115]. Ultrapure water consumption for semi-
conductor manufacturing was predicted to be 5.51 x 108 m? worldwide in 2022 [8]. Due to this huge demand for water
in digital manufacturing, there is a resulting over-exploitation of freshwater resources, more specifically in countries
that already have low water availability.

Recent studies have explored the environmental implications of water usage in digital manufacturing, underlining
not just the scale of water use but also the potential for pollution. According to Chamanara et al. [116], the global Bitcoin
mining network had a water footprint of 1.65 km?® during 2020-21, exceeding the domestic water needs of about 300
million people living in rural Sub-Saharan Africa. While, Li et al. [117] suggests that training GPT-3 in Microsoft's U.S.
data centers can evaporate 700,000 liters of fresh water, and with global Al demands, it can reach 4.2 — 6.6 billion cubic
meters of water withdrawal by 2027, equivalent to the annual water use of 4-6 countries like Denmark or half of the
United Kingdom.

The increase in internet usage over recent years, especially during the COVID-19 pandemic, has led to a surge in
data center (DC) operations [118]. This expansion has significantly escalated energy demands and, consequently, water
usage for cooling and power generation. Data centers consume about 9.1 liters of water per kWh of energy, resulting in
an annual consumption of around 660 billion liters in the U.S. alone [119]. Microsoft used 3.96 Gigalitres (GL) of water
in 2020, up from 1.91 GL in 2017, while Google utilized 21.5 GL in 2021, up from 11.62 GL in 2017 [118].

5.5 Carbon Emissions from Digital Activities

Digital activities, including everything from the production and use of devices to data storage and transmission,
have become a significant contributor to global carbon emissions. As our dependence on digital technologies grows, the
impact on the environmental also grows which has been often overlooked in the context of digital transformation. The
digital sector is a significant contributor to global carbon emissions, with activities ranging from the use of devices to
the operation of data centers and blockchain technologies. According to Belkhir & Elmeligi [13] the global greenhouse
gas emissions (GHGE) footprint of the ICT industry has more than doubled from 2007 to 2020, increasing from a mini-
mum of 1.06% to over 3% of total global emissions. The biggest contributors to this rise are smartphones, which by 2020
accounted for over 50% of the total ICT footprint, and data centers, which grew from 33% to 45% during the same
period. Projections indicate that if current trends continue, the ICT sector could account for up to 14% of global emis-
sions by 2040, potentially surpassing the agriculture sector's footprint.

The production and usage of digital devices contribute to carbon emissions at various stages of their lifecycle.
Malmodin and Lundén [120] note that the carbon footprint of all digital devices, including smartphones, tablets, and
laptops, is highly remarkable, considering not just the energy they consume during operation but also the emissions
generated during production. This includes emissions from raw material extraction, manufacturing, transportation,
usage, and eventual disposal. The short life of digital devices further aggravates the carbon footprint arising from digital
activities. Since devices are changed very frequently with the advent of newer versions, the cost of production and
waste generated is adding up. Table 8 provides the CO: emission data for the key digital devices computed by Belkhir
& Elmeligi [13] in their study.

Table 8. Overview of the greenhouse gas emissions (GHGE) across the production, use phase, and lifecycle annual footprint for
various digital devices [13].
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Useful Life Production Energy Use Phase En-  Lifecycle An-

Device Type ergy (kg CO:z- nual Footprint
k -
(years) (kg COz-e) elyr) (kg COz-e/yr)
Desktops 5-7 218 - 628 93 - 116 124 - 241
(Home)
Desktops
-7 218 - 62 -7 100 -2
(Office 5 8- 628 69 - 75 00 - 200
Notebooks 5, 281 - 468 27-35 67 - 129
(Home)
Notebooks
(Office 5-7 281 - 468 20-23 60-117
CRT Dis- 5-7 200 - 200 51-95 79 - 135
plays
LCD Dis- 5.7 95-95 23-43 37-62
plays
Tablets 3-8 80- 116 450 -5.25 14.5-43.9
Smartphones 2 40 - 80 4.50-5.25 24.5-453

Another significant contributor to these emissions is the energy-intensive nature of the data-transmission and stor-
age process. According to [121], data centers alone generated nearly 0.5% CO: emissions globally only due to their ac-
tivities. The energy needed to cool and power these centers holding tens of millions of servers is huge, and as the con-
sumption of digital data rises exponentially, so does the need for these facilities. Carbon emissions from global DCs
have increased significantly since 2018 and are expected to account for 3.2% of the global carbon emissions in 2025 and
14% in 2040 [122]. Moreover, the increasing use of cloud computing has also been identified as a significant contributor
to digital carbon emissions. Research by Andrae and Edler [123] suggests that the shift towards cloud-based services is
leading to higher energy consumption, as more businesses and individuals store their data in the cloud, relying on
massive data centers that require constant power and cooling. Masanet et al. [93] highlighted that while the energy
efficiency of data centers has improved, their overall carbon emissions have not decreased proportionally due to the
rapid growth in digital data traffic.

Other big contributors to digital carbon emissions are video streaming services. According to an estimate in a report
prepared by The Shift Project [124], video streaming emits over 300 million tons of CO: every year, which accounts for
about 1% of total global emissions. In particular, the energy needed to continuously stream high-definition video con-
tent, and lately, the demand for data center capacity in support of this has driven these emissions even higher. Even the
everyday use of the internet also contributes to this environmental burden. According to a study by Jones [6], the aver-
age email, including those that are spam, can generate approximately 4 grams of CO: per message. When multiplied by
the billions of emails sent daily, the carbon impact becomes substantial.

Blockchain technologies, particularly cryptocurrency mining, are also becoming a topic of discussion for their high
energy consumption and resultant carbon emissions. De Vries [70] noted that Bitcoin mining alone could produce an
estimated 22.9 to 22.9 Mt CO; annually, equivalent to the carbon emissions of countries like Jordan or Sri Lanka. The
decentralized nature of blockchain, coupled with its energy-intensive proof-of-work consensus mechanism, makes it a
significant contributor to global carbon emissions.

6. Mitigation Strategies for Reducing Environmental Impact of Digital Transformation

In the previous sections, we have discussed the various environmental impacts of the digital transformation. The
rapid expansion of data centers, the proliferation of electronic devices, and the increasing demand for energy have
resulted in a substantial carbon footprint. This emphasizes on the urgent need for mitigation strategies to reduce the
environmental impact of digitalization.

The primary goal of mitigation is to reduce the environmental footprint of digital technologies while maintaining
the benefits of digital transformation. This involves enhancing energy efficiency, promoting the use of renewable en-
ergy, reducing electronic waste, and integrating sustainable practices throughout the digital value chain. Effective mit-
igation strategies aim to balance technological advancement with environmental sustainability, ensuring that digital
growth does not come at the expense of the planet.
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6.1 Energy Efficiency and Sustainable Computing

The need for data centers is increasing due to the exponential rise in data gathering and consumption. For instance,
cloud computing uses a large number of data centers and servers to service a big number of clients using a pay-per-use
model [125].

Green data centers have emerged as a sustainable alternative to traditional data centers, focusing on reducing en-
ergy consumption and environmental impact through innovative technologies and practices. Green data centers em-
ploy strategies such as energy-efficient hardware, advanced cooling systems, virtualization, and renewable energy
sources like wind, solar, and hydroelectric power [126]. The implementation of these practices not only decreases oper-
ational costs but also reduces the carbon footprint. Table 9 presents high level comparison of the green data center
versus the traditional ones.

Table 9. Comparison of Traditional vs. Green Data Centers.

Aspect Traditional Data Centers Green Data Centers

Primarily rely on fossil fuels | Embrace renewable energy (so-
(coal, gas). lar, wind, hydro).
Energy Source High carbon emissions. Lower carbon footprint.

Liquid cooling (more efficient).

Cooling Sys- Air cooling (inefficient). Free cooling using outside air
tems Energy-intensive chillers. (in cooler climates).
Server Utiliza- Optimize server usage (virtual-
tion Often underutilized servers. ization, load balancing).
Infrastructure Modular designs for scalability
Design Conventional layouts. and efficiency.
Environmental Reduced impact on climate and
Impact High energy consumption. ecosystems.

Lower energy bills and opera-
Cost Efficiency Higher operational costs. tional expenses.

Studies have highlighted various methods for improving energy efficiency in data centers. One of the most critical
areas for improvement is the cooling system, which typically accounts for a significant portion of a data center's energy
consumption. According to Zhu et al. [127] data center energy consumption can be reduced by about 20-40% and 15-
27% through IT equipment optimization and cooling technology improvements, respectively. Techniques such as opti-
mized airflow management, which includes hot aisle/cold aisle containment and the use of raised floors, can prevent
the mixing of hot and cold air, thereby enhancing cooling efficiency [128-130]. The adoption of liquid cooling systems,
which use water or other coolants to remove heat directly from hardware, offers a more efficient alternative to tradi-
tional air-cooling methods [131-133]. Free cooling, which uses the natural environment to cool data centers by using
outside air or water, also represents a promising strategy for reducing reliance on energy-intensive mechanical cooling
systems [134,135].

Another critical approach to enhancing energy efficiency in data centers is the use of virtualization and server
consolidation. Virtualization allows multiple virtual machines to run on a single physical server, thereby maximizing
server resource utilization and reducing the total number of physical servers required [136]. This not only cuts energy
consumption but also optimizes the use of existing hardware. Server consolidation, which involves centralizing work-
loads onto fewer, more powerful servers, further reduces the number of servers and the associated energy use [137,138].

The use of Data Center Infrastructure Management (DCIM) tools is also crucial for monitoring and managing en-
ergy use in real-time [139]. These tools enable better oversight and control, allowing data center operators to identify
inefficiencies and make necessary adjustments promptly. Automated controls, integrated with DCIM systems, can op-
timize power and cooling based on current conditions, reducing energy waste and improving overall efficiency [140].

Lastly, the adoption of edge computing (EC) offers a distributed approach to processing that reduces the need to
transmit large amounts of data to central data centers. EC is a model in which computing and storage utilities are in
proximity to data sources. By processing data closer to the source, edge computing not only decreases latency but also
reduces the energy consumption of central data centers by minimizing their load [141,142].
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6.2 Adopting Circular Economy Principles in the Digital Sector

The integration of circular economy principles into the digital sector represents a transformative approach to re-
ducing the environmental impact of technology. The main pillars of circular economy are based on reducing waste,
reusing materials, and recycling products to create a closed-loop system [143]. This approach contrasts with the tradi-
tional linear economy, which follows a 'take, make, dispose' model. According to a report by the World Economic Forum
[144], the digital sector generates approximately 50 million metric tons of e-waste annually, with less than 20% being
recycled responsibly.

Designing electronic products having long life in mind is a fundamental principle of CE. Products that are easier
to repair and upgrade can reduce the frequency of replacements and minimize e-waste [145]. A study by Bakker et al.
[146] found that modular smartphone designs, which allow for easy replacement of individual components, can extend
the product life by 30-50%. Refurbishment and remanufacturing of electronic devices have also gained attention as
viable strategies to extend product lifecycles. Forti [67] reported that refurbishing just 10% of e-waste could save ap-
proximately 1.2 million metric tons of CO2 emissions annually. Remanufactured electronics not only reduce waste but
also provide cost-effective alternatives for consumers, driving a shift towards more sustainable consumption patterns.

By implementing robust recycling programs, digital companies can recover valuable materials like gold, silver,
and rare earth metals from discarded electronics, reducing the need for new mining activities. The main benefits of
recycling metals from e-waste are that, in e-waste, copper, tin, nickel, silver, gold, and palladium can all be concentrated
at levels much higher than in minerals ores [147]. Recycling elements from electrical and electronic waste equipment is
more cost-effective than mining [148].

Eco-design plays a crucial role in developing sustainable digital devices that align with circular economy princi-
ples. Eco-design involves creating products with a focus on minimizing environmental impact throughout their entire
life cycle, from production to disposal [149,150]. This includes designing devices that are easier to disassemble, repair,
and upgrade, which can significantly extend their usable life and reduce the frequency of replacements. Moreover,
using sustainable materials, such as biodegradable plastics or recycled metals, in the manufacturing process can further
reduce the environmental impact [151]. Companies are also exploring modular designs, where individual components
can be easily replaced or upgraded, rather than discarding the entire device when a single part fails or becomes obsolete
[152,153]. This approach not only reduces waste but also encourages a shift in consumer behavior towards more sus-
tainable consumption patterns.

Despite the potential benefits, adopting CE principles in the digital sector is also facing a lot of challenges. Table
10 lists some of the challenges that need to be overcome to adopt the CE in the digital sector.

Table 10. List of challenges in the adoption of the CE principles in the digital sector.

Challenge Description References

No globally accepted standard
for e-waste recycling and man-
agement, leading to inefficien- [67,154,155]
cies and improper handling of
electronic waste.

Lack of Standardization in E-
Waste Management

The cost of recycling electronics
often exceeds disposal costs,
particularly for complex devices, [156,157]
making them less economically

High Cost of Recycling Pro-
cesses

attractive.

Increasingly complex digital de-
vices, with mixed materials,

Design Complexity and Ma- complicate efforts to design [158,159]

terial Use products that are easy to disas-
semble and recycle.
Consumers often lack awareness
Consumer Behavior and or motivation to recycle elec- [160]
Awareness tronics, leading to low collection

rates for e-waste.


https://doi.org/10.20944/preprints202409.2340.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2024 d0i:10.20944/preprints202409.2340.v1

19

Challenge Description References

Rapid technological advance-
ments shorten product lifecy-

cles, increasing the volume of e- [154,161]

Short Product Lifecycles

waste.

Inconsistent regulations across
different regions challenge the

global implementation of circu- [162,163]

Regulatory Barriers

lar economy practices.

Data security fears hinder the re-
use and refurbishment of digital
Data Security Concerns devices, as users worry about [164,165]
data breaches even after dele-
tion.

6.3 Renewable Energy Integration

Integrating renewable energy sources, such as solar, wind, and hydroelectric power, into the digital infrastructure
is essential for reducing the carbon footprint of digital transformation. Many data centers are now adopting on-site
renewable energy solutions like solar panels and wind turbines to directly power their facilities with clean energy
[126,166]. This shift towards renewable energy not only significantly reduces greenhouse gas emissions but also leads
to long-term cost savings due to the decreasing costs of renewable technologies [167-169].

Several IT companies have already begun integrating renewable energy into their data centers. Google and Mi-
crosoft, for instance, have committed to powering their data centers entirely with renewable energy, demonstrating the
feasibility and benefits of such an approach [170]. Apple has constructed a 40 MW solar array to power its North Carolina
data center, while Facebook has built a solar-powered data center in Oregon and plans to expand its renewable energy
projects in Utah and New Mexico [171]. Additionally, HP has utilized a bio-fuel-based gas turbine in its net-zero data
center to minimize reliance on fossil fuels [172]. The use of renewable energy not only reduces greenhouse gas emissions
but also supports the transition to a low-carbon economy.

Despite these advancements, integrating renewable energy into data centers is not without challenges. For instance,
Sheme et al. [173] explored the feasibility of powering data centers located at 60° north latitude with renewable energy
and highlighted the difficulty of relying solely on solar power due to its variability, which often leads to a fallback on
fossil fuels. They found that combining solar and wind energy sources provided a more consistent surplus compared
to relying on just one renewable source. To address such challenges, advanced demand controllers and job schedulers
have been developed to optimize data center operations based on the availability of green energy, thereby reducing
dependence on fossil fuels. For example, the GreenSlot scheduler by Goiri et al. [174] predicts near-future solar energy
generation and schedules data center workloads to maximize green energy use, significantly reducing grey energy costs.

Ghamkhari & Mohsenian-Rad, H. [175] proposed an optimization-based framework for distributing workloads
across the internet and cloud computing data centers equipped with behind-the-meter renewable energy generators.
The primary goal of this design is to allow data centers to dynamically adjust their power consumption to align with
the fluctuating availability of renewable energy, while simultaneously ensuring that the number of service requests in
the data center queues remains manageable, thus maintaining the quality of service.

These studies highlight both the potential and the challenges of integrating renewable energy into data centers.
Table 11 provides a synthesized overview of the key challenges identified in the literature.

Table 11. Challenges in adopting renewable energy for data centers.

Challenge Description References

Renewable energy sources like solar
and wind are not consistently availa-
ble, leading to reliance on grid power [176,177]
or fossil fuels during low production
periods.

Intermittency of Renew-
able Energy
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Challenge Description References

The installation of renewable energy
systems, such as photovoltaic panels
and wind turbines, requires significant [178]
upfront investment, which can be a
barrier for many data centers.

High Initial Capital
Costs

Solar energy systems need a vast area
Large Area Require- to install enough panels to generate the [179]
ments for Solar Panels  required power for high-density data

centers, which is often impractical.

The output from renewable sources
can vary greatly due to environmental
conditions, making it challenging to [180,181]
match energy supply with data center
demand consistently.

Variability in Energy
Output

Effective storage solutions are neces-
sary to store excess energy generated
during peak production times, but cur- [182,183]
rent battery technology is expensive
and has limited capacity.

Energy Storage Limita-
tions

Data centers located in regions with

high solar potential often face cooling
challenges due to the high ambient [176]
temperatures, which can negate the

Cooling Challenges in
Hot Climates

benefits of solar power.

Adapting existing data center infra-
structure to integrate renewable en-
Integration with Exist- ergy sources can be complex and
ing Infrastructure costly, requiring new systems for
power management and load balanc-

mng.

[181]

6.4 Green Computing

Green computing, also known as green IT, refers to the practices and technologies aimed at reducing the environ-
mental impact of computing systems by improving energy efficiency and reducing resource consumption [184]. As the
digital revolution intensifies, the energy demand for data centers, personal devices, and the broader IT infrastructure
has grown substantially.

One significant development in green computing is the design of energy-efficient hardware [185]. Technologies
such as low-power processors, solid-state drives (55Ds), and smart cooling systems are being incorporated into data
centers to reduce energy usage [186]. For instance, Google's data centers, widely considered among the most energy-
efficient globally, operate using machine-learning algorithms to optimize cooling, reducing the energy required for
temperature control by up to 40% [187]. These innovations not only lower carbon footprints but also reduce operational
costs, making green IT an attractive solution for both businesses and the environment.

Cloud computing has also emerged as a critical player in green IT by enabling resource optimization. Research
shows that cloud services can reduce energy use by over 60% compared to traditional on-premise servers [188]. This is
largely due to cloud providers' ability to dynamically allocate resources, which minimizes idle computing power. Ad-
ditionally, many cloud service providers, such as Amazon Web Services (AWS) and Microsoft Azure, are moving to-
ward using renewable energy to power their infrastructure, further reducing environmental impact [189].

Advancements in software development also contribute to green computing. The concept of "green software engi-
neering" encourages developers to write code that optimizes power consumption [190,191]. Green coding practices in-
clude reducing memory use, optimizing algorithms to require fewer processing resources, and minimizing background
activities on devices. These efforts can significantly extend the battery life of mobile devices and decrease the overall
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energy footprint of applications. The integration of Al and machine learning in software development is playing a key
role in identifying inefficiencies in code, allowing developers to create software that is both powerful and energy-effi-
cient [125,192].

Table 12 provides some examples of the latest research in green computing, showcasing a broad range of studies
from energy-efficient hardware design to advanced software methodologies for reducing energy consumption in high-
performance computing environments.

Table 12. List of some studies in the area of Green Computing.

Objectives Category/Area Reference

Addresses energy-aware computing,

. . L High-Perfor-
categorizing strategies, optimizing

: ; mance Compu- [193]
metrics, and energy management in ting (HPC)
modern HPC systems. 8
Di os f . }
1scusses strat§g1e§ or reducing en Energy Efficiency,
ergy consumption in large-scale sys- HPC [194]

tems supporting HPC software.

Conducts an energy/performance
analysis of HPC systems using en-
ergy-efficient interconnects for multi-
job trace-based workloads across dif-
ferent network topologies (torus, fat-

High-Perfor-
mance Compu-
ting (HPC), Inter-

t i -
ree, Dragonfly), épplylng ?ox/\{ power o nection Net- [195]
modes. Results indicate significant
. ] works, Energy Ef-
energy savings with low-power -
. . ficiency
mechanisms, with torus topology
achieving the best energy-perfor-
mance trade-off.
Introduced an ARM-based cluster to
estimate energy consumption using Low-Power Com- [196]
experimental findings from a real-life puting
workload.
Analyzed energy management issues Data Centers. En
faced by data centers and HPC envi- rov Man ;n nt [197]
ronments from 2010-2016. erey Vanageme
Introduced HPC AI500, a benchmark
suite for scientific deep learning ~ HPC, Artificial In- [198]
workloads to measure system accu-  telligence (AI)
racy and performance.
Surveyed er.lergy—efﬁcier?t and Energy Efficiency,
power-constrained computing tech- [199]
. . HPC
niques in HPC systems.
Discussed Al’s impact on computing Al Future Com-
and how it could reinvent computa- puting Technolo- [200]
tion when Moore’s law ends. gies
Presented an undervolting energy-
saving strategy that could save up to Energy Efficiency, [201]
12.1% energy relative to baseline Resilience
models.
Addressed energy-saving opportuni- HPC, Energy Pro- [202]

ties in scientific applications using filing
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Objectives Category/Area Reference

profiling techniques for energy-
aware computing.

Summarized emerging technologies

in HPC and AI, recommending clean HPG, Al Cl.e an [203]
I . Technologies
application solutions.
Reviewed progress in energy-saving
technologies for data centers, includ- Data Centers, Re- [186]
. . ) newable Energy
ing renewable energy integration.
Proposed balancing performance and
energy in HPC systems using closed- HPC, Power Man- [204]
loop feedback designs based on the agement
self-aware computing model.
Aol b e o et S e Lo,
achne feariing a0 5@ ing, Energy Effi- [205]

why they are important in modern

. ciency
computing.

7. Discussion

The primary research question of this review was to determine whether digital transformation can align with en-
vironmental sustainability while minimizing its adverse impacts. The findings suggest that although digital technolo-
gies provide substantial benefits—such as optimizing resource use, enhancing energy efficiency, and enabling better
environmental monitoring—they also pose significant challenges, including increased e-waste, higher energy consump-
tion, and intensive resource extraction. This dual impact highlights the need for a balanced approach to harness digital
transformation in achieving sustainability goals.

An unexpected finding was the high environmental costs associated with technologies like Al and blockchain.
Despite their potential for operational optimization, the energy demands for training Al models and cryptocurrency
mining are significantly high, which can offset the environmental benefits these technologies are meant to provide. This
paradox suggests that while digital solutions are promoted as environmentally friendly, their implementation must be
carefully managed to avoid increasing the environmental issues.

Comparing this review with previous studies [13-15], it is clear that while there is a consensus on the environmen-
tal risks posed by digital technologies, few studies offer a holistic view that integrates both the opportunities and threats
of digital transformation. Also, a critical gap in the existing literature is identified in the lack of studies exploring the
environmental impacts of digital transformation at the individual or household level. The influence of personal digital
consumption such as the proliferation of smart devices, increased internet usage, and data storage is an underexplored
area that requires more attention. Understanding how individual behaviors contribute to digitalization's overall envi-
ronmental footprint is essential for developing targeted mitigation strategies.

8. Conclusion

This review aimed to critically assess the dual impact of digital transformation on environmental sustainability,
addressing a significant gap in the literature that often overlooks the holistic implications of digitalization. While digital
technologies offer promising solutions for optimizing resource use, reducing emissions, and enhancing environmental
monitoring, they also contribute to increased energy consumption, e-waste, and resource depletion. The purpose of this
article was to provide a comprehensive synthesis of these opportunities and challenges, offering insights into how dig-
ital transformation can be aligned with sustainability goals.

The findings highlight the complexity of balancing technological advancement with environmental health. While
there are clear benefits to integrating digital technologies in sectors such as energy, agriculture, and manufacturing,
their implementation must be carefully managed to prevent unintended negative consequences. Moreover, most exist-
ing studies focused at enterprise level, neglecting the role of individual digital consumption patterns in contributing to
environmental degradation. This gap highlights the need for more research at the individual level, exploring how per-
sonal technology use and behaviors affect the environment.
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The implications of these findings are significant for both policymakers and researchers. Policymakers need to
develop frameworks that encourage sustainable digital practices at all levels from industry to individual users, while
researchers should focus on developing standardized metrics and methodologies to assess the environmental impacts
of digital transformation comprehensively. Longitudinal studies are particularly necessary to understand the long-term
effects of digitalization on the environment and to track changes in technology adoption and usage over time. By ad-
dressing these gaps, future research can provide a more detailed understanding of how digital transformation can sup-
port a sustainable future, ensuring that technological progress does not come at the expense of environmental health.
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