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ABSTRACT

Humanity is now facing what may be the biggest challenge to its existence: irreversible climate change brought about by human activity. Our planet
is in a state of emergency, and we only have a short window of time (7-8 years) to enact meaningful change. The goal of this systematic literature
review is to summarize the peer-reviewed literature on proposed solutions to climate change in the last 20 years (2002-2022), and to propose a
framework for a unified approach to solving this climate change crisis. Solutions reviewed include a transition toward use of renewable energy
resources, reduced energy consumption, rethinking the global transport sector, and nature-based solutions. This review highlights one of the most
important but overlooked pieces in the puzzle of solving the climate change problem — the gradual shift to a plant-based diet and global phaseout of
factory (industrialized animal) farming, the most damaging and prolific form of animal agriculture. The gradual global phaseout of industrialized
animal farming can be achieved by increasingly replacing animal meat and other animal products with plant-based products, ending government
subsidies for animal-based meat, dairy, and eggs, and initiating taxes on such products. Failure to act will ultimately result in a scenario of irre-
versible climate change with widespread famine and disease, global devastation, climate refugees, and warfare. We therefore suggest an “All Life”
approach, invoking the interconnectedness of all life forms on our planet. The logistics for achieving this include a global standardization of
Environmental, Social, and Governance (ESG) or similar measures and the introduction of a regulatory body for verification of such measures. These
approaches will help deliver environmental and sustainability benefits for our planet far beyond an immediate reduction in global warming.
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1. Introduction
1.1. The problem

Life on our planet is considered to be undergoing a sixth mass extinction brought about primarily as a result of human activity
[1-5]. Since industrialization began in the mid-18th century, our exploitation of natural resources (e.g., water, land, fossil fuels) as
though they are infinite, pollution of the environment, and reliance on animal agriculture, have resulted in unprecedented global
changes to biodiversity, ecosystems, global pandemics, and the Earth’s climate [3,4,6-8]. Although there are numerous environmental
threats such as biodiversity loss and pollution, climate change is the single gravest immediate threat facing humanity [9,10], and we
are in a state of planetary emergency [11]. Any solutions to climate change should include other environmental threats (such as
biodiversity loss) and be guided by the principle of interconnectedness of all life forms on our planet [4,6,7,12,13]. Due to the
anthropogenic release of greenhouse gases, a global average temperature increase of more than 1 °C has already occurred (relative to
pre-industrial times) [8]. The human and planetary consequences of this increase already can be seen with severe climate events,
displacement of humans and animals due to climate catastrophes, failing crops and starvation, and increased risk of pandemics
[14-18]. Scientists estimate that we have a 7-8-year time window to enact substantial changes before the effects of climate change are
irreversible [3,11].

It is now widely accepted among scientists that far-reaching global change in human behavior is needed if we are to evade
potentially irreversible climate change [19]. Specifically, if we are to limit global warming to 1.5 °C above pre-industrial levels, global
annual greenhouse gas emissions need to be reduced by 45% by 2030 (at the present trajectory, they are projected to rise by 10-15%)
[2,3,11]. Warming beyond 1.5 °C will put us on a course of irreversible damage and a climate crisis [2,3,9,11,20]. The choices we
make, from governments to corporate entities and individual consumers, are now of the utmost importance and have global conse-
quences for the planet and all life on it. Humanity is facing one of its most important challenges, and as will become clear in this
literature review, the requisite changes in human behavior must be rapid and global and include dietary changes, changes in our
reliance on fossil fuels, and international cooperation in achieving climate change mitigation. A gradual global shift to a plant-based
diet and the gradual global phaseout of industrialized animal agriculture also reduce the risk of zoonoses and future pandemics and
should be part of an integrated global pandemic preparedness response [21-25].

This literature review summarizes research advocating for the mitigation of climate change through a reduction in energy use and
energy substitution, changes to the transportation sector, ending of deforestation, and changes to agriculture and human consumption,
and, in the context of such research, discusses the path forward. Specifically, in Section 2 (Methods), the authors describe how the
literature search was conducted and in Section 3 (Results), the authors present all proposed solutions to climate change in the last 20
years (2002-2022). The solutions are grouped according to their proposed mitigation strategy (e.g., transition toward renewable
energy sources). Section 4 (Discussion) includes a proposal of three strategic approaches for mitigating climate change, and a
Conclusion follows in Section 5.

2. Methods

A systematic literature review was conducted using PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
criteria as a guideline [26] to summarize the peer-reviewed literature on proposed global solutions to climate change in the last 20
years (2002-2022) (Fig. 1). It was surmised that articles older than 20 years may present out-of-date science and any relevant miti-
gation strategies proposed prior to 2002 are likely to be mentioned within the timeframe of this review if they were still relevant today.
Research literature was sourced from several major databases between October and December of 2022 (ScienceDirect, GreenFile,
Google Scholar, Scopus, JSTOR, PsycINFO, SAGE journals, SpringerLink) as well as secondary sources such as reference lists from
accessed articles (Table 1). A total of 704 publications were retrieved (prior to duplicate removal). Keywords used in the search were
solutions, mitigation, strategies, prevention, climate change, and global warming. Duplicates were removed (n = 64).

Sourced literature was initially screened and assessed for eligibility using a pre-determined eligibility checklist (Table 2a). Initial
screening involved scanning all sourced publications for relevance to the topic of proposed global solutions to climate change ac-
cording to keywords, title, and abstract. Direct mention had to be made of proposed solutions to climate change in the keywords, title
or abstract. Mention of proposed solutions or strategies to climate change or global warming (without explicitly stating ‘human-
caused’) and mitigation (or prevention) of climate change also was accepted, provided it was relevant (e.g., if the presentation of
solutions to climate change was the main objective of the article). Global solutions to climate change refers to proposed solutions in a
global context (such as the switch to renewable energy). Studies which did not pass initial screening were excluded. In total, 270 items
were excluded during the initial screening (Table 3).

Following initial screening, full-text eligibility checks were conducted on all remaining records (n = 370). In accordance with
PRISMA recommendations [26], a full-text eligibility checklist was devised to assist with the final screening of publications (Table 2b).
A total of 66 items were removed during full-text eligibility checks (Table 3). All items that passed eligibility were then critically
reviewed and synthesized (a total of 304 items).
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Fig. 1. Flowchart of literature search showing the number of records identified, excluded, and included.
Adapted from Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA
statement. BMJ: British Medical Journal. 2009; 339 (7716):332-6.

Table 2a

Table 1

Databases searched (prior to duplicate removal) (n = 704).

Databases searched (prior to duplicate removal)

Number of records

ScienceDirect
GreenFile
Google Scholar
Scopus

JSTOR
PsycINFO
SAGE journals
Springerlink
Hand search

65
35
130
270
21
25
17
77
64

Eligibility checklist used for initial screening (title, abstract, keywords).
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Checklist

Direct mention of solutions to climate change in keywords and/or title and/or abstract; solutions to climate change can also be referred to as mitigation and/or

mitigation strategies
Climate change referred to as global warming accepted

Mitigation referred to as prevention if in the context of climate change

Peer-reviewed article




S.V. Feigin et al. Heliyon 9 (2023) e20544

Table 2b
Eligibility checklist used for full-text check (after article passed initial screening).

Checklist

Solutions to climate change as main topics in body of article; solutions to global warming; mitigation strategies; prevention;
Climate change referred to as anthropogenic or human caused

Peer reviewed

English and full-text

Table 3
A breakdown of records excluded after initial and full-text checks (n = 336) with reasons.

Number of records
Reason for exclusion

Theology/media/thesis 8
Climate change perceptions without solutions 24
Adaptation/impact without solutions/mitigation 28
Book review/book 12
Not meeting criteria (abstract, keywords) 161
Unavailable (e.g., not English) 37
Not relevant (after full text review) 66

3. Results
3.1. General considerations

There are two broad approaches to the climate change crisis — adaptation and mitigation. Adaptation refers to responding to the
effects of climate change in both precautionary and reactive ways rather than through the preventive approach of mitigation [27].
Mitigation refers to reducing the sources or increasing sinks of greenhouse gas (GHG) emissions. Mitigation policies (also referred to as
abatement) and their effectiveness are affected by two factors. The first is climate inertia, which refers to the period of time it takes the
climate to reach equilibrium after GHG stabilization [28,29]. The second limit on mitigation’s effectiveness is the number of countries
that commit to GHG emission reductions, commitments that often lack stringency [28].

Proponents of adaptation over mitigation strategies argue that we can develop technology/lifestyles to cope with a climate-
changed world [30]. This argument fails to acknowledge the devastating impact climate change has and will have on low- and
middle-income-countries (LMICs). This argument also fails to consider the effects that irreversible changes will have on the planet, to
which adaptation may prove difficult, if not impossible. Further, more environmental damage is done when countries invest in
adaptation measures before mitigation measures [28]. This increased damage occurs because countries that adopt adaptation ap-
proaches take advantage of a strategic effect and, in turn, invest less in mitigation, which does little to help solve the climate change
crisis [28]. The most effective approach combines adaptive and mitigating measures simultaneously [28].

The present literature review synthesizes proposed solutions (mitigation strategies) to anthropogenic climate change. Although the
proposed solutions discussed in this review are categorized, no single solution on its own is sufficient for mitigating the climate crisis.
Such an approach can lead to overestimating or underestimating the potential of solutions to reduce carbon [31].

3.2. Proposed solutions

3.2.1. Transition toward renewable energy sources

Humanity’s heavy reliance on and consumption of fossil fuels has resulted in the increasing of the atmospheric concentration of
greenhouse gases, particularly Carbon Dioxide (CO2) [32-34]. COz accounts for 78% of total GHG emissions [33], and 68% of global
GHG emissions is attributable to fossil fuels [35]. Two solutions have been proposed to address the growing emissions of CO2 from
anthropogenic sources: a reduction of energy use by way of improved energy efficiency and transitioning to low/zero carbon energy
sources, such as renewables [32,36-42]. Researchers examining which of the two strategies (i.e. energy efficiency and renewable
energy) is most effective in curbing CO2 emissions have found that renewable energy has a slight advantage over energy efficiency
[32]. Authors of this study point out, however, that curbing unnecessary energy demands needs to go together with both strategies
[32].

Examples of renewable energy sources include hydropower, fuelwood, biomass, vegetable oils, biogas, geothermal energy, solar
heating/cooling of buildings, tidal and thermal ocean energy, solar drying [41,43-47], and clean technology adoption within the
minerals sector (i.e. cement, glass, ceramic, lime) [48]. For example, the burning of biomass (e.g. wood pellets) for energy, as long as
this biofuel is sustainably sourced, has the potential to form part of the solution portfolio to climate change [49]. Transitioning to
renewable energy sources involves developing and widely implementing affordable renewable energy sources (e.g., wind and solar
power) [32,44,50,51]. If countries are to shift to reliance on renewable energy sources (e.g., solar, hydraulic, wind, geothermal,
biomass), other energy producing technologies will need to be developed to keep the electricity network stable during periods of little
to no renewable energy production [52]. Researchers have proposed several techniques to cope with the intermittent nature of



S.V. Feigin et al. Heliyon 9 (2023) e20544

renewable energy sources, including batteries and power-to-gas technologies (converting surplus renewable energy into hydrogen gas)
[44,52,53]. Hydrogen gas can then be injected into the natural gas grid, thereby reducing GHG emissions and our reliance on
high-carbon fuels [52,54,55].

Growing urbanization in LMICs (such as India) means increased demand for energy. Renewable energies have been suggested as
potentially playing a role in ending energy poverty in LMICs [37]. Reducing black carbon emissions [56], by replacing coal and oil
consumption with natural gas has been suggested for both LMICs [44] and worldwide [57], with high-emitting countries like China
specifically urged to also adopt hydroelectric, wind, solar, nuclear, and biomass technologies [58]. Researchers have proposed a
renewable energy grid integration in the design of ‘smart’ cities (environmentally-sustainable cities in LMICs) involving ‘smart’
metering and grid level storage [59]. Other renewable energy solutions include cogeneration (i.e. capture of waste heat), rooftop solar
systems and solar farms, capturing landfill methane [31,41,60,61], capturing farm methane [45], ‘clean’ coal [62], carbon capture and
storage (CCS) technology [44,45,63], hydrogen fusion technology, natural refrigerants [64], and nuclear energy [44,45,65-67].

Renewable energy solutions which are in their infancy or considered to be controversial include hydrogen fusion technology,
nuclear energy, and utilization of COz by converting it into fuels. Solutions such as hydrogen fusion technology will likely not become
viable on a scale large enough and affordable enough for mass energy production for another 20-30 years [67]. Similarly, some
scholars have proposed the utilization of COz by thermochemical, photochemical, and electrochemical pathways to be converted into
fuels, chemical feedstock, and concrete [68]. This approach, however, is in its infancy and assumes a ’business-as-usual’ model for
industrial development and urbanization [68]. Nuclear energy is a zero-carbon energy which can be integrated into existing infra-
structure and provide for future energy needs [44,45,65]. Public concerns need to be addressed first, however, such as those of safety,
management of waste, storage, and weaponization [44,45,69,70]. Also, some critics of nuclear energy argue that widespread use of
nuclear power is too expensive and would take too long to achieve to be a viable climate solution, contending that the focus needs to be
directed at energy efficiency and renewable energy instead [69]. Another example of an ambitious proposal is to use large sailing ships
to create storable energy (hydrogen) by converting ocean wind power [71,72]. However, such an approach is logistically challenging
as a means of meeting global energy demands [71].

Some scholars argue that solutions to climate change mitigation already exist and it is a matter of scaling them up to achieve
climate goals [73]. For example, to stabilize the climate and solve the problem for the next half-century, technologies such as biofuels,
wind electricity, renewable hydrogen, soil management, and photovoltaic electricity can be scaled up and used in combination [73].
Turning to renewable energy, however, may increase reliance on other resources (e.g., wood, metals) and neglect other mitigation
strategies (such as lifestyle changes) which, in turn, may negatively impact the environment such as loss of biodiversity and land use
change [32,49,74,75]. For example, increased exploitation of biofuels may lead to further deforestation and monoculture plantations,
in turn, increasing biodiversity loss [49]. Also, mining for materials such as metals used in renewable energy production can threaten
biodiversity by impinging on protected wilderness areas [75]. Furthermore, the push for renewable energy involves substantial initial
investment, requiring large amounts of energy which would come predominantly from fossil fuels [76]. Meeting projected global
demands for energy with only renewable energy sources will likely take too much time and not occur at the pace required by the targets
of the Paris Agreement [76].

3.2.2. Reducing the consumption of energy, energy efficiency improvement, and moving beyond a consumer culture

Scholars have argued that for technological solutions to be successful in addressing climate change, they must be accompanied by
reductions in consumption and production [76-80]. Although a carbon tax would be one way to reduce consumption, public support
for such a measure is low [81]. Reducing energy consumption involves conservation efforts coupled with behavioral changes (such as
increasing beliefs about individual and collective efficacy) [82], and energy efficiency improvement involving technological in-
novations [32].

Reducing emissions from decreased use of electricity can be achieved through demand side energy efficiency solutions [45]. For
example, numerous technologies are available (such as fluorescent lighting, low water using devices) that reduce energy consumption
while meeting industrial, residential, and commercial energy demands (e.g., heating, lighting, and refrigeration) [45]. Improving
energy efficiency to reduce energy consumption can, however, have a rebound effect whereby energy efficiency increases con-
sumption, for which this strategy has been criticized as a sole solution to the CO2 problem [32].

To avoid the rebound effect, individuals must be intrinsically motivated (i.e. rather than being extrinsically motivated by, for
example, financial incentives) to forego personal benefits in the form of commodities and convenience [80]. Intrinsic motivation to
forego benefits such as convenience is challenging to achieve and research is lacking in this area [80]. Education initiatives, however,
have been proposed as a starting point [80,83], as well as government incentives in the form of material support [84,85]. Moreover,
there is a school of thought arguing against globalization and a re-localization of trade [78,86]. No state or country alone can solve the
problem of climate change; it is the collective effort that can produce change [87-91]. Research also has suggested that successful
mitigation requires both diverse city-level and national-level actions [92-94]. If democratic countries work collectively to mitigate the
problem, then other countries may be more inclined to join the collective effort [95].

Any gains of technological innovations are offset by increased affluence and consumerism in society [36,76,80]. The reluctance of
governments to promote changes in individual behavior may be explained by voter considerations or the lack of far-sightedness by
voters and policymakers [77,95]. Further, proactive climate change mitigation policies may be perceived as threatening the economic
growth of a country [36]. For example, in countries reliant on primary industries (such as New Zealand), protecting the economic
interests of industries such as animal agriculture becomes intertwined with protecting ‘national interests’ [36].

Reduction in consumerism should be targeted at the affluent sectors of society. For example, a change in consumption habits in a
high-income context with the highest mitigation potential includes a switch to renewable energy, adoption of a vegan (or less animal-
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based) diet and lifestyle, car-free or electric car transport, and less long-haul flying [40]. Support for this argument comes from
research showing that income level is the primary predictor of energy use and GHG emissions. Specifically, the higher the income, the
more energy is used and the higher the GHG emissions [96-98]. Conversely, strategies for reduced consumption in low-income
countries may focus on providing basic necessities in the context of healthy consumption habits [76] such as advanced and ‘clean’
fuels for cooking, e.g., replacing solid fuel cooking (such as cow dung, coal, wood) with solar and biogas plants to reduce cooking
emissions [99-101]. Governments need to support a shift towards sustainable/green commodities and should be cognizant of how
income inequality can impact efforts toward transitioning to sustainable/green economies [102,103].

The global response to the climate crisis needs to be one of equity. LMICs with low emissions per capita should not have the same
climate mitigation responsibilities as wealthy, industrialized countries [104] that have benefitted the most from climate
change-inducing activities [105]. This includes the lowest income countries and small island nations that are disproportionately
affected by anthropogenic climate change [105]. Each country’s climate response depends on its cumulative, historical contribution to
climate change, its current contribution, and its ability to respond [9,106]. Furthermore, reaching net-zero may not be an appropriate
goal for collectivist action regarding climate change as differences exist as to how net-zero is defined [107]. The definition of net-zero
needs to be standardized internationally by way of good governance, policy, and regulation [107]. The onus is, in effect, on wealthier
countries to respond more quickly by significantly reducing emissions by 2030 [9,31,36,108] and supporting LMICs in their climate
responses [9].

3.2.3. Information technology and Artificial Intelligence as green solutions

Information Communication Technology Services (ICTs) account for about 2% of the ongoing anthropogenic environmental
pollution [109]. The total electricity consumption of ICTs is expected to increase and recent data seems to suggest it has been on the
rise [109,110]. Green ICTs and Green ISs (Information Systems) have been proposed within several areas; for example, using inno-
vative energy use and saver systems, using renewable energy sources, re-cycling, re-using, reducing e-waste, and mobile/internet
services to minimize required energy (e.g., teleconferencing, cloud computing, digital publication), zero power ICT solutions [55,108,
109,111], and designing/implementing ISs that assist with achieving sustainability goals [55,112,113].

Green ICTs can be used to support the development and improvement of natural environment and resources surveillance systems to
protect and restore natural ecosystems [109,111]. Also, big data analytics offer the possibility of precision agriculture and a more
efficient use of resources such as water [111]. Annual improvements in Information Technologies (IT) also are conducive to energy use
reduction [114]. For example, authors argue that an improvement in smartphone technology will lead to increased public trans-
portation usage as it improves accessibility and information/location sharing, such as via GPS technology [114], and mass adoption of
blockchain technologies can help reduce deforestation by creating a paperless world [115]. So far, however, digitalization has
increased energy consumption and this increase has been greater than the ability of ICTs to reduce energy consumption [113].

The use of web-based social media and games have been suggested to educate the public on climate change and encourage sus-
tainability and climate action on the part of individuals [112,116,117]. For example, the availability of Massive Open Online Courses,
provides a focused space to generate discourse on climate change and potential solutions [116]. Also, Artificial Intelligence (AI) has
been proposed as a tool to combat global climate change [111,118]. AI’s potential benefits for addressing climate change include
understanding and facilitating effective responses, particularly for complex tasks, informing policy-making [118], and facilitating
environmental governance [119]. There are some limitations, however, of greenifying IT and Al, such as their dependence on elec-
tricity from non-renewable resources, carbon emissions, electronic waste, and the unsustainability of precious minerals which are used
in hardware production [120].

3.2.4. Global transport sector

The global transport sector is responsible for 19-26% of energy related GHG emissions [121-123]. Among the main contributors
are road freight, car use, and aviation [121]. Road transport is responsible for 81% of GHG emissions within the transport sector, road
freight being the largest emitter at 43% and motor cars the second largest [121]. Scientists have argued that across all impact cate-
gories, public transportation is more sustainable than private car use and have advocated for a modal shift to public transportation (e.
g., metro and rail) as part of climate change mitigation [37,41,60,121,124-126]. Also, car sharing and demand management are
suggested [126,127]. Other research has found that the highest reduction potential, in terms of private consumption habits, is flying
less and using an electric vehicle (or living car-free) [40,128].

Other specific examples of GHG emission-reduction within the transportation sector include energy-efficient cars and trucks,
alternative mobility such as walking and cycling [31,41,53,60,108,121,123,129], private car taxation [121], bicycle tourism [130],
higher car occupancy [125], and sustainable mobility traffic policies (e.g., speed limit reduction, increased bike access) [126,129,131].
Alternative mobility, such as cycling, will require unprecedented behavioral change by individuals [123]; policy changes and in-
vestments will be necessary to make such alternative transport options accessible and attractive [121]. For example, researchers argue
that mobility management campaigns need to focus on normalizing sustainable transport behavior and require national coordination
[132]. Further, freight transportation reliance can be reduced by an increase in use of rail and sea freight [121,129]. The focus in
high-income countries should be on the rate of transition from private to public modes of transportation because a shift to ‘greener’
private cars will not happen fast enough or widespread enough [125].

Public transportation, however, is not without environmental impacts, given its reliance on resources such as electricity and water.
Researchers have proposed using cleaner renewable energy sources to mitigate these impacts (such as wind, solar power, hydrogen,
and electric rail) [52-54,121,124]. For example, hydrogen systems have lower GHG emissions when compared to other alternative
fuels (e.g., hybrid vehicles, natural gas) [54,125,133]. Nuclear energy is used in some countries to power electrified transportation
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networks, such as France’s rail system, which may exacerbate negative impacts of expanding public transportation including nuclear
waste, accident risk, and increased biomass [133].

Decarbonizing land transportation in emerging economies has been identified as one of the major challenges of climate change
mitigation [10,134], largely due to a growing demand in mobility and motorization in these economies. Reduction in COz in emerging
economies has been suggested through means of improvement of fuel economy (e.g., hybrid and electric vehicles) [53,135], improved
public transportation [129], natural gas and hydrogen motors [121,125,134], and eliminating subsidies for oil products to promote
alternate fuels [136] such as biofuels [137-140]. Although some of these solutions offer promising directions, they will require ad-
vances in technology. For example, biofuels are already in use in some countries (such as bioethanol in India), however, technological
advancement is needed to make biofuels an economically viable option for emerging economies [138,141].

The development of biofuels could greatly benefit the aviation industry, which accounts for approximately 2% of human-made CO2
emissions and 5% of cumulative global warming [142]. Replacing fossil fuels with sustainable aviation fuels (e.g., biofuels) has been
argued to be a potential short-term solution [138,143]. Other suggested steps in ‘greening’ the aviation industry include changing the
business model [142], increasing fuel efficiency through upgraded equipment/procedures, upgraded aircraft, and optimizing routes
and procedures [143-145]. Further suggestions are a reduction in short-haul flights by diverting passengers to inter-city rail travel, a
reduction in air freight to transportation of perishable goods only [121], and weight reduction of aircraft using advanced (e.g.,
composite) materials to reduce fuel burn, reduction of drag, managing the aviation operational system more efficiently, and improving
propulsive efficiency [145,146]. Overall, a rethinking and restructuring of the global transportation sector is necessary to reduce its
impact on global climate change. Significant changes in public and private consumption and behaviors are necessary along with the
decarbonization of land transport, and a switch to renewable fuels. Advances in technology, policy changes and national coordination,
significant investment in alternative modes of transport, and normalization of sustainable transport behavior are necessary but present
challenges in achieving climate change mitigation goals within the global transportation sector.

3.2.5. Built environment and materials

Approximately 38% of global GHG emissions are attributable to the building sector (including building construction and material
manufacturing) [147,148]. Waste management [149,150] including wastewater [151,152], recycling, renewable products,
lower-carbon construction, more density housing [153,154], a reduction in per capita floor space [155,156], and building energy
efficiency are thus important considerations for climate change mitigation within the building sector [39,73,157,158]. Examples of
how to decarbonize and raise the building sector’s energy efficiency include ultra-high performance cement composites, nanofibers
instead of steel, sustainable wood materials [146,148], and geosynthetics [159]. However, an increased demand for forest products
may have a detrimental effect on forest biodiversity, carbon sequestration rates (i.e. old growth forests sequester more carbon than
monoculture forests) [160], and forest-dwelling communities [148]. Rammed earth (e.g., clay, sand, gravel) with a small amount of
cement and water has also been suggested as an alternative building material for sustainable housing that has environmental and
structural stability [161]. Strategies to decarbonize the appliances used in the building sector include refrigerant management,
reduction of hydrofluorocarbon (HFC) and chlorofluorocarbon (CFC) emissions due to air conditioning [31,37,40,45,60,92,162-166],
and integrating user involvement [167].

Other examples of decarbonizing the building sector include eco-houses (low-carbon or zero-carbon houses/buildings) [158,
168-170], sustainable design principles [171], high-albedo (reflective) roofs [172], and bio-inspired building design [173]. Mitigation
efforts using existing infrastructure could include building design principles and retrofitting, and improvement of public transport
systems [92,102,131,162,174-176]. Improving the public transport system assists in decarbonizing the built environment by
improving accessibility and transport options [121].

Growing global urbanization provides an opportunity for climate mitigation through urban planning, design, governance, and
provides an opportunity of achieving a high quality of life with lower emissions [127,154]. Most urban GHG emissions involve energy
production, transportation systems, and building heating/cooling systems [92]. Existing, new, and future urban infrastructure can be
used to create urban solutions to climate change which address urban GHG emissions. Some limitations and challenges exist, however,
in decarbonizing the built environment. For example, the rebound effect due to increased energy efficiency, economic investment in
low-carbon building components will need to be substantially increased, and the built environment will also need to be adapted to the
effects of climate change which requires effective engineering and planning [177].

3.2.6. Reduction in and management of deforestation

Deforestation and forest degradation releases stored carbon, causes biodiversity loss, affects the remaining forest’s ability to absorb
carbon from the atmosphere and negatively affects the planet’s natural climate stabilizers [178-180]. Deforestation is a significant
source of anthropogenic COz emissions (accounting for up to 18% globally) and it also prevents the sequestration of CO2 from the
atmosphere [178-180]. Some scholars propose that in combatting deforestation, livestock and cropland expansion reduction is the
best strategy to tackle climate change, biodiversity loss, and infectious diseases [181]. Some important climate change mitigation
benefits provided by forests are achieved through storage, sequestration, and substitution [13,49,148,160,182-186].

Forests can also prevent GHG emissions by wood substitution (wood is used instead of fossil fuel-intensive products). Woody
biomass can be used for energy, cellulosic ethanol, and avoids land use change [49,184]. A Climate-Smart Forest Economy (CSFE)
reinforces these benefits [148]. In a CSFE the aim is to restore, reduce, and safeguard the interests of small-scale growers and
forest-dwelling communities [148]. Engaging small-scale forest growers in tropical landscapes can assist with restoration of degraded
forest areas and provide renewable, carbon positive wood materials [187]. Existing mechanisms to control deforestation, such as
Reducing Emissions from Deforestation and Forest Degradation (REDD+), have been criticized for lack of effective implementation,
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monitoring, permanence, and leakage (moving deforestation to an unregulated area) [178,179,187-190]. If tropical deforestation is to
be stopped and reversed, the global community needs to focus on the link between global beef consumption/trade levels and
regional/global change [191,192].

Reforestation has been argued to have the largest maximum mitigation potential in the United States and globally via the refor-
esting of pasture lands and formerly forested land (creating a large carbon sink) [41,193-195]. Natural forest management of privately
owned forests, which includes extending harvest cycles, reduced impact logging, forest fire management, and improved silvicultural
practices, has been argued as having the second largest mitigation potential [193,194]. Other potentially valuable strategies include
reduced further land conversion (whether for urban expansion, croplands or pasture), carbon sequestration through cover crops,
utilizing crops with higher carbon storage potential, improved cropland nutrient management, and carbon crediting schemes (to allow
for carbon trading) [131,178,193,194,196]. Scholars argue that deforestation must stop and that regeneration of natural forests for
sequestering carbon must be prioritized over all other land use conversions [160,197].

Rapid and widespread afforestation (i.e., creation of new forests) for carbon sequestration has been a strategy employed by
countries such as China [182,198]. There are limits to afforestation’s effectiveness, however, and researchers have proposed forest
management and protection strategies instead (carbon stocks will be increased and limit carbon emissions by avoiding deforestation),
and reforestation [13,182,194,199,200]. Afforestation that involves monocultures is also problemati