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ABSTRACT: The worldwide emphasis on reducing greenhouse gas (GHG)
emissions has increased focus on the potential to mitigate emissions through
climate-smart agricultural practices, including regenerative, digital, and controlled
environment farming systems. The effectiveness of these solutions largely depends on
their ability to address environmental concerns, generate economic returns, and meet
supply chain needs. In this Review, we summarize the state of knowledge on the GHG
impacts and profitability of these three existing and emerging farming systems.
Although we find potential for CO2 mitigation in all three approaches (depending on
site-specific and climatic factors), we point to the greater level of research covering the
efficacy of regenerative and digital agriculture in tackling non-CO2 emissions (i.e., N2O
and CH4), which account for the majority of agriculture’s GHG footprint. Despite this
greater research coverage, we still find significant methodological and data limitations
in accounting for the major GHG fluxes of these practices, especially the lifetime CH4
footprint of more nascent climate-smart regenerative agriculture practices. Across the
approaches explored, uncertainties remain about the overall efficacy and persistence of mitigation�particularly with respect to the
offsetting of soil carbon sequestration gains by N2O emissions and the lifecycle emissions of controlled environment agriculture
systems compared to traditional systems. We find that the economic feasibility of these practices is also system-specific, although
regenerative agriculture is generally the most accessible climate-smart approach. Robust incentives (including carbon credit
considerations), investments, and policy changes would make these practices more financially accessible to farmers.
KEYWORDS: greenhouse gas emissions, regenerative agriculture, digital agriculture, precision agriculture,
controlled environment agriculture, climate-smart agriculture, soil carbon cycle, economics

I. INTRODUCTION
The agricultural and food supply chain accounts for 26−31%
of total global greenhouse gas (GHG) emissions.1,2 The GHGs
most responsible for agriculture’s hefty climate footprint�and
climate change in general�are CO2, CH4, and N2O, with the
latter two gases boasting global warming potentials 25 and 300
times that of CO2.

3 Agriculture is a large source of these non-
CO2 emissions and can constitute more than 50 and 75% of
total global emissions of CH4 and N2O, respectively, largely
due to on-farm processes, such as enteric fermentation and
manure management.2,4,5 From 1990 to 2019, agricultural
emissions from all three critical GHGs�CO2, CH4, and
N2O�increased 16%.2 Forecasts project a continued increase
(∼10% by 2030), especially of non-CO2 emissions related to
increased nitrogen fertilizer use and livestock numbers in
economically developing nations.6,7 The pathway toward
emissions reductions ultimately presents an uphill battle,
especially as environmental and socioeconomic stresses due to
climate change worsen, but limiting global warming to 2 °C

(per the Paris Agreement) fundamentally requires addressing
the agriculture industry.8

Although agriculture represents a substantive emissions
source, it also presents a viable emissions sink.9 Terrestrial
soils, composed of soil organic carbon (SOC) and soil
inorganic carbon (SIC) pools,10 can store almost three times
as much carbon as the atmospheric pool.11 Scientists have
estimated that, by implementing practices that promote an
increase in carbon storage and/or reduce turnover rates of
existing carbon stocks in agricultural soils, four to five billion
tons of carbon can be sequestered annually in managed
ecosystems.12 Scaling of SOC- and SIC-increasing activities
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across agricultural topsoils could result in the sequestration of
up to 130 billion tons of carbon globally by the end of the
century, at a cost between $0 and $100 per ton of CO2.

13

However, the effectiveness of agricultural management
practices in combating climate change is not just contingent
on emissions mitigation potential, but also the environmental
and economic cobenefits realized through implementation.14

Climate impacts have already begun to challenge agricultural
productivity and food and fuel security,15 demanding solutions
that reduce agriculture’s contribution to climate change while
also strengthening its resilience to climate risks.16,17

In this paper, we summarize the current literature regarding
the mitigation potential of CO2, CH4, and N2O emissions of
three emerging and existing climate-smart farm management
practices, as well as the economic viability of those practices,
which influences farmer adoption. Climate-smart agriculture
refers to farming practices that advance environmental, social,
and economic sustainability through (1) reduced emissions
and enhanced resilience to climate-related risks (e.g., drought);
(2) increased productivity to sustain food and fuel needs; and
(3) improved financial bottom line for farmers.18,19 Regener-
ative, digital, and controlled environment agriculture have
increasingly gained traction as promising climate-smart farming
approaches, although claims made by proponents of these
systems can be quite dramatic.20−24

Regenerative agriculture (RA)�a term that has increased in
usage in the past decade20�can be defined as a “mashup of
several systems of principles” that emphasize protecting and
enhancing soil health.23 In this paper, we use RA to refer to
farming practices that can be applied synergistically to (1)

build soil fertility, (2) increase water retention and percolation
and/or reduce runoff, (3) bolster system biodiversity and
resiliency (particularly through livestock grazing), and (4)
invert carbon emissions via soil sequestration.23,25,26 RA
practices build upon techniques that enhance natural
processes,27 which lends to its widespread global adoption
and positive impacts, such as increased long-term yields of
staple crops.28

Digital agriculture (DA), another type of climate-smart
agriculture, refers to farming systems that integrate techno-
logical innovations, such as data capture, management, and
analysis, in order to positively affect yields, quality, and profits.
DA can enable real-time or near real-time feedback between
sensors and equipment to make automated adjustments, thus
optimizing inputs and yields, which can also reduce GHG
emissions. DA is associated with a wide variety of similar terms,
including precision agriculture, climate-smart agriculture,
intelligent agriculture, and Agriculture 4.0, all of which have
increased in usage recently.29

Controlled environment agriculture (CEA) describes a suite
of technologies or indoor farming configurations that closely
regulate the environment in which the food is grown. CEA
technologies such as vertical farms, greenhouses, container
farms, and integrated aquaponic systems have increased in
popularity over the past decade, particularly in urban centers
where soilless farms provide the opportunity to bring food
production to the space-constrained built environment.21,30

CEA systems can reduce land and water use in agricultural
production, but they typically increase energy consumption,

Figure 1. Shared principles of climate-smart agriculture among digital agriculture, regenerative agriculture, and controlled environment agriculture
approaches.

ACS Engineering Au pubs.acs.org/engineeringau Review

https://doi.org/10.1021/acsengineeringau.3c00031
ACS Eng. Au 2023, 3, 426−442

427

https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00031?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00031?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00031?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00031?fig=fig1&ref=pdf
pubs.acs.org/engineeringau?ref=pdf
https://doi.org/10.1021/acsengineeringau.3c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


making their overall GHG impact and sustainability more
complex to measure.31

With climate change impacts becoming increasingly palpable
and the need to limit emissions, it is worth exploring the
potential of RA, DA, and CEA to boost environmental and
economic sustainability through improved environmental
outcomes and the sustained well-being of farmers. Figure 1
shows the conceptual relationship between the approaches
explored in this paper and principles of climate smart
agriculture. These practices vary in terms of applicability
(e.g., urban vs field conditions), economic scalability (e.g.,
sizing of operations), and nascency (e.g., emerging vs existing
technologies), and thereby provide contrast in terms of
benefits as well as opportunities for co-optimization to
maximize deployment value. A combination of these practices
can help improve the performance of managed lands to
maintain or increase production, and thereby meet current and
future food and energy needs, while also enhancing environ-
mental outcomes.32

We contribute to the literature by (1) outlining the current
state of knowledge on the CO2, CH4, and N2O emissions
mitigation potential of these practices, (2) informing the
landscape for farmer adoptability through assessment of
practices’ economics, and (3) synthesizing the important
research needs and gaps related to these practices that require
further investigation for successful deployment. In Section II,
we describe our methodology, and in Section III, we provide
definitions for the management practices explored in this
paper. In Section IV, we review the literature on regenerative,
digital, and controlled environment agriculture, describing
both the GHG impacts and the economic aspects of each
practice. In Section V, we discuss our literature review findings,
with conclusions offered in Section VI.

II. METHODOLOGY
Given the existence of a variety of farming practices that can
bolster soil carbon sequestration (and thereby mitigate critical
GHG emissions), research efforts were limited to three
increasingly cited agricultural practices�regenerative agricul-
ture, digital agriculture, and controlled environment agricul-
ture, because they represent both existing and emerging
climate-smart farm management strategies. They also provide a
contrast in terms of applicability (for site-specific conditions)
and economic scalability (for farming operations). The distinct
environmental benefits, decarbonization potential, and eco-
nomic impacts of RA, DA, and CEA provide a basis for
comparing these practices at a high level, which, to the
knowledge of the authors, has not yet been done.
We conducted our analysis through the lens of environ-

mental and economic perspectives. This Review addresses
three research questions, which are listed as follows:

1. What are the impacts of regenerative agriculture, digital
agriculture, and controlled-environment agricultural
farming systems on GHG emissions?

2. What is the economic viability of these agricultural
approaches relative to yield impacts, input requirements,
and farmers’ overall bottom-line?

3. What research gaps must be explored in order to deploy
suitable climate-smart approaches and increase future
adoptability of climate-smart practices?

The environmental impacts considered in our review include
1) GHG fluxes of CO2, N2O, and CH4 and 2) soil organic and

inorganic carbon cycling and sequestration. We focus
specifically on N2O, CH4, and CO2 emissions because they
are the major GHGs associated with agriculture. The economic
impacts considered relate to farmer and societal benefits and
costs in relation to crop yield, production costs (e.g., pesticide
cost, fertilizer cost, labor cost, transport cost), and ecosystem
services.
Using these guiding questions and topic areas, we performed

a literature review through keyword searches of Web of
Science and Scopus for peer-reviewed literature and conference
proceedings and Google Scholar for highly cited gray literature
and additional peer reviewed material that was not found on
the Web of Science and Scopus platforms. As the most
established and comprehensively studied approach of the
three, a large body of work already exists on RA. To investigate
generalizable emissions and economic trends from the many
practices that fall under the umbrella of RA, we searched for
meta-analyses when possible. Given the nascent technological
nature of some DA and CEA practices, meta-analyses were not
easily available, so we collected and used additional gray
literature, such as organizational reports, newsletters, and
educational and blog materials, to support a baseline
assessment of each practice. We searched using keywords
related to GHG emissions (e.g., greenhouse gas emissions,
CO2, N2O, CH4, etc.) in conjunction with RA (e.g.,
regenerative agriculture, biochar, conservation tillage, reduced
until, no until, cover cropping, organic soil amendments,
manure, compost, crop residues, biochar, enhanced weath-
ering, basalt, etc.), DA (e.g., digital agriculture, precision
agriculture, smart farming, agriculture 4.0, etc.), and CEA
(controlled environment agriculture, greenhouses, vertical
farming, container farming, aquaponics, indoor farming, etc.).
To understand the remunerative aspects of these practices, we
also looked for literature reports that described yields, input
requirements, and incentive structures. We also considered the
potential value added through enhanced ecosystem services.
The search was restricted to references that discussed

environmental and/or economic aspects of RA, DA, and CEA
as they relate to the aforementioned research questions.
Ultimately, we gathered 151 literature sources, including
articles, books, and the gray literature. The findings are
summarized for each of these agricultural practices.

III. BACKGROUND

III.i. Definitions

The working definitions for the agricultural management
practices reviewed in this work are described below.
III.i.a. Regenerative Agriculture (RA). RA practices are

generally considered to build soil fertility, enhance water-
retention and nutrient-holding capacities of soil, reduce
erosion and surface runoff, and reduce carbon emissions via
soil carbon sequestration, but the extent and magnitude of
such benefits vary by practice and system. In building soil
fertility, RA practices, such as no-till, livestock integration, and
cover cropping, can feed the soil microbial community, which
is responsible for nutrient cycling in soils,33 although how
much microbes contribute to the overall organic matter in soil
is still hotly debated.20,34,35 The following regenerative
agricultural practices are considered in this review: applications
of organic soil amendments and livestock integration, cover
cropping (often grown in mixtures, or with multiple species),
conservation tillage (no-tillage or reduced tillage), and
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enhanced weathering. These practices were chosen because
they are among the most commonly explored within the
existing literature and/or are gathering increasing research
interest in their potential to sequester CO2.

20,36,37 The GHG
impacts of livestock integration are considered in conjunction
with organic amendment application primarily because manure
can serve as an organic amendment, although livestock can be
integrated with other RA approaches. However, our focus on
livestock is limited because soil carbon and nitrogen are
removed and embedded in various livestock processes
(consumption, respiration, enteric fermentation, etc.),38

making the resulting nutrient cycles more complex than the
scope of this review allowed. Other RA practices, such as
contour plowing and planting trees between fields, are not
covered in this review to allow for an in-depth exploration of
the above practices.
The practices included in our definition of RA are defined as

follows:
• Organic amendments: Organic materials such as crop
residue, manure, compost, and biochar that are added to
soils to improve water- and nutrient-holding capacity
and soil structure.

• Cover crops: Crops that are planted outside of the
primary growing season to cover the soil, which helps to
improve soil health, decrease erosion, reduce nitrate
leaching and runoff, and ameliorate pest and weed
pressure.39

• Conservation tillage: Refers to reduced tillage or no
tillage practices, which are farming techniques in which
mechanical disruption of the soil is minimized. In
reduced or no-till farming, crop residues are left in the
field and subsequent planting is done without prior
disturbance of the soil.40

• Enhanced weathering: Finely ground rock materials that
are applied to soils to add essential nutrients, stimulate
microbiological and biological plant activity, buffer soil
pH, and promote aggregate formation improving soil
physical properties.41,42

III.i.b. Digital Agriculture (DA). Examples of digital
agricultural technologies include remote sensing, cloud
computing, artificial intelligence techniques, decision support
systems, robotics, and variable rate technologies that enable
precise and location-specific application of fertilizer, herbicide,
water, and other inputs to crop production.29,43

In DA, data are collected at different scales, temporal, spatial,
and spectral, and can be gathered through proximal sensing
installed in the field or through remote sensing from satellites,
unmanned aerial vehicles, and more. Predictive analytics can
be incorporated to help support farmer decisions regarding
unknowns such as future weather conditions, market behaviors,
and water availability. Though more rare, sometimes other
technologies are also included in the definition of DA, such as
genetic engineering, meat culturing, and circular economies,29

but we do not consider these technologies here due to practical
constraints.
III.i.c. Controlled Environment Agriculture (CEA).

Much like DA aims to better manage the growing environment
in the field, CEA aims to influence the growing environment
indoors. Examples of CEA technologies include greenhouses,
vertical farming, aquaponics, high tunnels, and container
farms.43 The type of environmental control associated with
this type of agriculture creates a number of highly debated

trade-offs, such as more productive local farming with less
wastewater and water use but at the cost of greater energy use
(and associated emissions from that power production).
Regardless of the technology used, the semicontrolled
production environment has made more localized farming
possible around the world, including urban areas where
traditional agriculture is unfeasible because of climate-related
issues�such as hard freezes and low light or dry desert climes,
as well as challenges with production land and water scarcity.

IV. RESULTS: LITERATURE REVIEW FINDINGS

IV.i. Environmental Impacts

The GHG impacts of RA, DA, and CEA are presented in the
subsections below. The state of knowledge surrounding these
practices’ impacts on the biggest agriculture-related GHGs,
CO2, N2O, and CH4, is evaluated by order of research
confidence on these fluxes, with CO2 impacts presented at the
forefront due to breadth of literature. Methane mitigation
potential by practice is evaluated last, as research in this space
is comparatively the least-explored.
IV.i.a. Regenerative Agriculture (RA). Many claims have

been made about the efficacy of climate-smart agriculture
practices, and RA is no exception. For example, Minasny et al.
suggested that about 20%−35% of global anthropogenic GHG
emissions could be offset through agricultural soil management
practices in 20 global regions.44 However, Schlesinger and
Amundson made the argument that RA practices�even the
most promising ones (e.g., biochar application and enhanced
weathering)�are unlikely to make deep decarbonization cuts,
offsetting 5% of global emissions at most.45 Regardless of
magnitude, RA appears to have an effect on the CO2 emissions
via soil carbon sequestration. A 2021 report funded by the
Natural Resources Defense Council reported carbon seques-
tration of regenerative practices from various studies to range
from 1.1−35% of total global annual emissions, assuming an
emissions rate of 10 PgC/yr.46 In the following paragraphs, we
consider the GHG fluxes from the practices mentioned above
in our definition of RA: organic soil amendments and livestock
integration, cover cropping, conservation tillage, and enhanced
weathering.
The carbon sequestration potential of organic amendments

is documented by extensive literature, including long-term field
experiments and literature reviews and meta-analyses of those
experiments. For example, Diacono and Montemurro, and
Gravuer et al. consistently report increases in SOC with long-
term, multiyear application of organic amendments; the former
documents SOC gains anywhere from 24 to 92% above
baseline conditions with amendments of municipal solid waste,
farmyard manure, and compost, with the latter finding that
most of these gains taking two or more years to become
evident. With livestock manure specifically, GHG fluxes are a
bit more complex to track.47,48 The abundance of carbon,
nitrogen, and water in liquid and solid animal waste feeds
microbial activity that generates CO2, N2O, and CH4
emissions, but the use of livestock manure instead of synthetic
fertilizers can result in a lower overall emissions footprint and
increased soil carbon storage, as determined by a study on
anaerobic dairy lagoons in California.49 Moreover, high-
nitrogen amendments such as manure are expected to provide
greater SOC gains over lifetime application compared to low-
nitrogen amendments, partially due to their quicker decom-
position and the greater nutrient availability for plant growth.48
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The trampling effect of livestock on manure incorporation was
also been studied. To a certain point, trampling assists with
carbon sequestration, but if too heavy, it can actually accelerate
release of soil carbon for legumes.38 However, research on the
GHG fluxes and trade-offs of integrated crop-livestock systems
is still poorly understood.50

The GHG-mitigation potential of biochar, another organic
amendment, is particularly impressive. According to data
collected from published meta-analyses, biochar amendments
can increase SOC stocks by as much as 40%.51 Short-term
studies show that biochar can be approximately four times
more efficient than soil organic matter to produce persistent
carbon in soil at longer residence times (>100 years).51 The
application rate of biochar, among its carbon-to-nitrogen ratio
and soil pH, are the biggest factors in its GHG mitigation
potential.52 While the literature generally indicates that organic
amendments have an ability to remove atmospheric carbon via
enhanced soil sequestration, further research is needed to
understand how long carbon gains persist48 and how the
availability of nitrogen (in amendments) influences this storage
process.53 Another key concern is whether amendment
decomposition and increased root respiration could negate
the plant and soil carbon gains made with such applications.48

Depending on crop type and rotation, cover cropping has
also been demonstrated to promote SOC sequestration
through the additional carbon input provided by the cover
crops, though the nitrogen cycle is important to account for as
well.54 In a “green manure” cover cropping scenario (in which
nitrogen-fixing cover crops are incorporated or plowed back
into the soil before the main crop is planted), a meta-analysis
by Poeplau and Don suggests that carbon sequestration could
last for more than 100 years, although 50% of the total effect
on SOC stocks is likely to occur within the first 20 years.55

Under this scenario, a sequestration rate of 0.32 Mg C/ha/year
would take 155 years to reach soil carbon saturation (in the
first 22 cm of soil).55 Another global meta-analysis reported a
higher average sequestration rate under cover cropping�0.56
Mg C/ha/year.56 The authors of that analysis found the
significant SOC increases associated with cover cropping to be
related to nitrogen fertilizer application rates, interactions with
soil pH, and soil bulk density.56 A meta-analysis on cover crop-
cash crop rotations (in various soil and climatic conditions
across the world) also finds cover crops increase soil carbon by
15% compared to systems with no cover crops but may
increase CO2 emissions because of increased cover crop
biomass and incorporated cover crop residues in the soil.57 Soil
texture and management practices can greatly influence
emission fluxes of cover cropping for both CO2 and N2O,

57

the latter of which can increase, albeit marginally, with cover
crops.56 An uncertainty of the sequestration potential of this
practice arises from the counteracting effect of resulting N2O
emissions, making it difficult to understand cover cropping’s
overall impact on the net GHG balance.56

Conservation tillage can also improve SOC but typically
mostly in soil surface layers.58,59 SOC impacts vary depending
on site-specific characteristics (e.g., soil saturation, climate
conditions, etc.), and substantial inconsistencies in individual
field experiments, particularly in terms of measurement depth,
have long obscured actual GHG mitigation.60 A recent meta-
analysis shows that under certain soil types and climate
conditions, SOC is increased with no until practices, but
uncertainties in the distribution of carbon throughout the soil
profile (particularly deep soil) may compromise the full

picture.59 While no-till practices likely reduce carbon losses in
the field, sampling studies that have gone beyond the 30 cm
benchmark show no consistent gains in SOC.61 A meta-
analysis by Cai et al. on no-tillage compared to conventional
tillage practices found that SOC sequestration under the
former are limited to surface soil, and SOC storage is reduced
in the entire soil profile compared to the latter (although this
reduction stabilizes over time).58 Ogle et al. found the impact
of SOC from no-till practices to be restricted to topsoil (<20
cm), with full tillage showing higher SOC stocks beyond the
surface (>20 cm), especially for soils in tropical and warm
temperate climates.59 The authors of both meta-analyses
suggest that the GHG mitigation of no-till practices is
limited.58,59 Maucieri et al. reported an increase in CO2,
N2O, and CH4 emissions from no-till practices due to soil
changes facilitated by the decomposition of residues.62 The
level of soil disturbance (or redistribution of organic carbon)
and decomposition rates within the soil profile can influence
sequestration potential.59 Some empirical studies have shown
that conservation tillage reduces net system CO2 emis-
sions,59,63 but it is important to stress that these studies relied
on data from limited soil depths. Whether no-till practices
generate any climate benefits in the form of emission
reductions remains an important research topic in the scientific
community.64

Enhanced weathering, or the application of finely ground
rock to farming systems, has particularly high SIC sequestra-
tion potential because it mimics chemical weathering of silicate
rocks, which sequesters atmospheric CO2 as carbonate
minerals in soils.10,41,42 As an example, a recent study looking
at the North American Corn Belt region found that applying
basalt annually at a rate of 50 tons/ha/yr to 70 million hectares
of land could sequester up to 13% of global annual agricultural
emissions (or 1 billion tons of CO2).

41 Strefler et al. also found
substantial CO2 removal potential with both basalt and dunite,
writing that either could potentially reduce 4 Gt CO2 per acre
per year.42 However, to sequester even just a quarter of that
would require more than 3 Gt basalt to be applied annually,
which is a significant amount of basalt.42 The energy demand
from mining, grinding, and pulverizing these minerals could
ultimately offset 10−30% of the CO2 sequestered.

65

There is a connection between the weathering rate of these
silicate materials and their grain size, with larger sizes having
the potential of having slow weathering rates.66 Weathering
rate also is subject to site-specific conditions.42 For example, an
Oxford University study found that climatic conditions are a
key factor behind the efficacy of enhanced weathering, noting
that tropical conditions (i.e., warmer and more humid
climates) accelerate CO2 drawdown due to quicker breakdown
of rocks and minerals.67 The study also found that 99% of the
crushed basalt applied to the study soil cores did not dissolve,
leading to formation of a projected 10-in. layer accumulation
over 50 years, which suggests that enhanced weathering may
not sequester as much carbon as previously thought.67 Much
like no-till practices, there also are researchers who believe that
the GHG mitigation potential of enhanced weathering is
limited and unscalable to adequately compensate for needed
climate change mitigation measures.68 Clearly, additional
research efforts are required to investigate how different soil
types and climate conditions influence the ability of enhanced
weathering technologies to sequester inorganic carbon.67

Because the chemical weathering reaction requires water, the
dynamics between soil hydrology and water flow paths also
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needs to be unraveled to better estimate rates of CO2
consumption from the weathering process.42

While organic amendment application, cover cropping,
conservation tillage, and enhanced weathering have the
potential to enhance SOC and SIC, these practices have
been shown, in the case of SOC, to provide greater SOC
retention at the onset of application and then stabilize over
time.69,70 In other words, as soil carbon inputs increase with
these practices, SOC levels move toward an equilibrium state,
making carbon gains increasingly smaller within a system over
time.12 These SOC retention mechanisms still are not
understood well and require further research.71 In terms of
the SIC−SOC relationship, studies have found a positive
correlation between the two but this is not always the case and
more research is needed to investigate this relationship under
various anthropogenic and environmental conditions, as well as
explore the mechanisms of SIC accumulation in alkaline
soils.72,73

In terms of the impact of RA on other GHGs, results are
variable by practice and context and can even potentially
negate the overall GHG mitigation potential of the practice.
Organic amendments, cover cropping, and conservation tillage
can increase N2O emissions in certain situations. Organic
amendments of compost and manure can enhance denitrifica-
tion rates, particularly through anaerobiosis and soil nitrogen
availability, increasing N2O emissions.74 Similarly, Chen et al.
found that crop residue amendments generally do not lower
soil N2O emissions, although the residue effects on emissions
are highly dependent on soil moisture content and texture.75

This also is consistent with the results presented in the study
by Pilecco et al. who demonstrate that animal manure
promotes N2O emissions, but they also found that higher
carbon accumulations in manured soils more than offset these
emissions.76 Brenzinger et al. suggest that N2O fluxes of
various nonpyrolyzed organic amendments are influenced
highly by soil moisture, especially under water-saturated
conditions.77 While nonpyrogenic organic amendments can
amplify the N2O emissions profile of various soil types, biochar
amendments have been shown to decrease denitrification due
to their absorptive capacity for nitrogen in the mineral.78 In
fact, biochar addition can decrease soil N2O emissions by an
average of 38%, according to a recent meta-analysis.78 Biochar
applications appear to reduce N2O emissions via reduced
nitrogen availability, enzyme activity, and nitrification/
denitrification rates.79

Conservation tillage and cover cropping may increase the
level of N2O emissions. Measuring N2O emissions under field
conditions is challenging, expensive, and, as such, usually short-
term. Findings from a 2018 meta-analysis on soil N2O
emissions concluded that conservation tillage practices can
promote denitrification and subsequent soil N2O emissions as
much as ∼18% more (on average) than conventional tillage,
although soil chemical and physical properties such as pH and
clay content significantly affect these emissions.80 Mei et al.
found that emissions were greater under no-till practices
compared to reduced tillage, with soil aeration and substrate
availability�factors that influence nitrification and denitrifica-
tion processes�mainly contributing to this variability.80 With
respect to cover cropping, a “green manure” scenario can
increase atmospheric releases, partly due to the higher nitrogen
input associated with cover cropping and biological nitrogen
fixation replacing or exceeding mineral fertilization.54 How-
ever, cover cropping may reduce indirect N2O emissions by

decreasing field runoff.39,81 A meta-analysis on cover crops
conducted by Abdalla et al. also found that this practice
significantly decreased indirect emissions via decreased nitro-
gen leaching, but with no major effect on direct N2O
emissions.56 In fact, the authors concluded that the increased
SOC and reduced indirect N2O release of cover crops
contribute to its lower net GHG balance compared to the
control (i.e., a fertilized primary crop with a fallow period
between the next harvest season).56 In contrast, Lugato et al.
found that under a milder end-century temperature-rise
scenario, fields using cover crops could become a net source
of GHGs by 2060 because initial enhancements of SOC are
progressively offset by higher N2O emissions over time.54

Some studies have documented correlations between N2O
emissions and the type of cover crop used as well as the
climatic conditions of the site. Higher N2O emissions are seen
when legume cover crops are used and in high precipitation
areas.57 Unlike cover cropping, enhanced weathering may
potentially limit N2O emissions through its soil pH manage-
ment properties.82 A carbon modeling study found that
enhanced weathering can reduce soil acidity�a key factor of
soil nutrient efficiency�and optimize N usage, resulting in
N2O emissions reductions as large as 1.5 Mt CO2e/yr on UK
croplands by 2070.83 Another modeling study by Blanc-Betes
et al. also reported N2O reductions with enhanced weathering,
showing that soils amended with basalt reduced the N2O
emission factor of maize and miscanthus cropping systems.84

However, the mechanisms guiding these reductions varied by
crop type: phosphorus added to soil through basalt amend-
ments decreased N2O emissions from the nutrient-limited
maize system but not from the miscanthus.84

The impacts of RA on CH4 emissions, another significant
GHG byproduct of agricultural operations, are not as well
understood or researched as CO2 and N2O fluxes�especially
beyond the context of livestock-related emissions. Across all
RA practices examined in this paper, CH4 emissions are either
variable or unknown. By examining the abundance of
methanogens (a common anaerobic microbe and proxy for
CH4 emissions) in straw residue-amended soils, Zhou et al.
found that residue application increased soil CH4 production,
and ultimately, atmospheric releases of CH4.

85 In terms of
pyrolyzed additives, biochar effects on CH4 emissions can be
dependent on water saturation and soil pH, with flooded fields
and acidic soils tending to have reduced CH4 emissions when
biochar is added.86 This is consistent with results reported by
Joseph et al., whose summary of meta-analyses shows that
biochar application can reduce non-CO2 GHG emissions in
soils by 12−50%.87 Much like biochar, soil temperature and
moisture are significant factors on net CH4 emissions for
conservation tillage systems.62 Previous studies have demon-
strated CH4 emission reductions in no-till farming of rice due
to increased oxidation activity,62,88,89 but Hao et al. noted
increased emissions due to the continuously flooded
conditions.90 Depending on the application, cover cropping
can act as a CH4 source, as documented in rice paddies,

91,92

and also a CH4 sink, as documented in Mediterranean soils.
93

Higher CH4 emissions have been observed in cover crops with
high carbon-to-nitrogen ratios, which stimulate CH4 emissions
under anaerobic conditions; however, the same has been
observed for residues with low carbon-to-nitrogen ratios, as the
elevated amounts of NH4

+ and NO2
− in these residues pose a

strong inhibitory effect on CH4 uptake.
94 Farming systems,

crop residues, fertilization, and fertilizer types are the main
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driving forces of CH4 emissions; for example, the presence of
nitrogen fertilizer in the soil can reduce the CH4 oxidation
capacity of the soil. Regarding enhanced weathering, one study
found that applying basalt to conventionally managed crops
and artificial silicate to rice does have the potential to abate soil
N2O and CH4 emissions, respectively, although more research
is needed to qualify and quantify the effects of enhanced
weathering on non-CO2 GHG emissions.95

IV.i.b. Digital Agriculture (DA). DA can provide several
important environmental benefits. It can reduce overapplica-
tion of inputs by better matching the application of fertilizer,
pesticide, herbicide, and water with spatial and temporal needs
in the field, such as patterns in soil fertility, crop nutrient need,
and pest pressure.96,97

DA can also improve nutrient management, reducing
volatilization of excess nitrogen into N2O and the overall
quantity of inputs required.96 This leads directly to reduced
N2O emissions from soil, which is the main source of
emissions from agriculture. Because large amounts of energy
are needed to produce fertilizers and because they often must
be transported long distances to points of application, reducing
fertilizer use can reduce the lifecycle emissions associated with
crops.98 A study on precision fertilizer management for paddy
fields found that application timing and controlling total N
input increased overall rice yields (and in tandem, net profit)
and N use efficiency compared to conventional farmer
practices, resulting in lower total N2O emissions fluxes (3.5
kg ha−1 for select DA practices vs ∼5 kg ha−1 for conventional
practices).99 This is echoed by Sanches et al., who find that
intensifying Brazilian bioenergy (i.e., sugar cane) production
with DA technologies to meet future emissions reductions and
supply targets could reduce the global warming impact of sugar
cane production (on a per-Mg basis) by roughly 13%
compared to a business-as-usual situation, primarily due to
lower use of agricultural inputs (e.g., fertilizers and agro-
chemicals).100 Similarly, in a case examining the use of optical
crop sensors for variable rate nitrogen application in Austrian
wheat production, DA was linked to a global warming potential
reduction of 8.6% compared to conventional fertilizer
application.101 These types of sensors have also reduced
9,548 tons of GHGs (CO2e) since pilot demonstrations were
first deployed in in wheat-producing regions of Mexico in
2012.102 In a study assessing the relationship between digital
technologies and the carbon intensity of dairy farms in China,
results found that precision feeding, followed by manure
management technologies, had the greatest statistical correla-
tion to improved CO2 emissions outcomes via optimization of
feed input and effluent management on farms�which
ultimately helped to improve carbon emission efficiency by
nearly 12% in adopting farms compared to nonusers.103 DA
techniques were also examined in a study on cotton grown in
India, where N fertilizer management was tailored to leaf N
status as measured by leaf color charts (with chlorophyll
content or “greenness” as a proxy for N-estimation); this cost-
effective, low-tech strategy for N applications lowered N2O
emissions by almost 67% compared to the soil test-based N
application (and without any yield loss).104 Precise application
of inputs also can reduce the risk of leaching pesticides,
herbicides, and nitrogen to land surfaces and groundwater.105

Research is still needed in using big data to drive positive
management practices for certain environmental benefits, such
as reducing agricultural energy demands, increasing pollina-
tion, improving local water and air quality, and managing pests.

To facilitate the gathering of large data sets, more research also
is needed in the development of sensitive microsensors and
nanosensors with strong connectivity and resistance to adverse
weathering conditions that can be used in distributed sensor
networks to continuously collect data in different ecosystems.
While remote sensors are the most used DA technology,106

sensor adoption by famers has been limited primarily due to
technological and data management barriers.107 For example,
the ability of sensors to measure complex soil variables such as
plant stress factors or nutrient concentration and cycling
processes, especially over the long-term (for minimal
maintenance) and in extreme conditions (over seasons of
sun and storms), is not yet robust.107 While physical sensors
can measure traditional phenomena such as soil moisture, pH,
and temperature and imaging sensors can help inform yield
and system health projections, next-generation sensors using
advanced technology (such as quantum or electrochemical) are
needed to accurately prescribe the state of GHG fluxes and
mitigative actions. Additionally, the ability of farmers to
meaningfully use the big data in agricultural systems needs to
be better understood so that decision-making by farmers is
supported, rather than becoming overwhelming and leading to
inaction.106

IV.i.c. Controlled Environment Agriculture (CEA).
Regarding GHG impacts of CEA, current studies vary in
their results and can be difficult to harmonize because of their
different units of measure, systems considered, locations, and
crop type investigated.108 For example, one life-cycle analysis
found that surrounding climate factors and CEA practices can
cause indoor farming to increase GHG emissions in
comparison to on-field cultivation.109 Benis et al. found that,
while rooftop greenhouse farming significantly reduced
emissions in all the tested climates, shipping container farms
only had significant positive GHG impacts in large cities
located in colder climates (hence, traditionally relying on
longer distances to import foods).109 The GHG impacts of
CEA remain difficult to quantify on a full supply chain
spectrum, as energy requirements for heating, cooling, and
lighting can increase its emissions footprint (especially if
relying on fossil-fuel generated energy), but urban applications
of CEA can reduce the distance from “farm to fork” and
thereby limit transportation emissions.110

Several attempts have also been made to quantify the carbon
footprint of various CEA technologies, with most studies
finding the footprint of this produce to be marginally better, if
not the same, as field-grown produce. For example, studies
have found that vertical farms can grow produce at a
comparable carbon footprint to produce grown in open field
operations (0.156−0.74 kg CO2-eq per kg of lettuce from
vertical farming compared to 0.29 kg CO2-eq per kg of lettuce
grown in a field).111,112 Nicholson et al. compared the
environmental impacts of lettuce grown via CEA methods
(i.e., greenhouses) and conventional field-production ap-
proaches, finding that CEA lettuce supply chains may have
higher global warming potential than field-based supply chains,
although CEA operations used less water per kilogram of
lettuce than field production.113 This is consistent with
Barbosa et al. 2015, who found that lettuce grown in a
greenhouse with the use of hydroponics delivered not only 11
± 1.7 times higher yields than field-grown lettuce, but also
used 13 ± 2.7 times less water on average (when normalized
by yield).114 However, CEA methods ultimately required 82 ±
11 times more energy compared to field-grown lettuce,114
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which may offset any GHG savings with the indirect emissions
required for energy generation.
CEA is extremely energy intensive in comparison to

traditional agriculture because of its lighting, heating, and
cooling needs. In fact, electricity use is the main environmental
burden component in hydroponic and aquaponic CEA
schemes,115 contributing to increased system global warming
potential. The supplemental CO2 pumped into greenhouses to
increase photosynthesis rates also comes with higher
production costs and can introduce complexity into the overall
GHG profile of CEA, which based on the lack of published
information has not yet been explored.50,116 This energy
burden can be significantly reduced by sourcing electricity
from renewable resources, rather than from fossil fuels such as
coal and natural gas.115 However, renewable energy may or
may not be able to supply all of the energy needs of a given
facility. For example, it would take about 1.5 acres of solar
photovoltaics to power a CEA production system producing
25,000 pounds of produce a month.117 Currently, most CEA
adoption does not appear to be taking the place of existing
agricultural land or potential land use conversion, but rather to
bring food production closer to consumers.43

Trade-offs in the environmental performance of CEA
technologies are numerous. For example, greenhouses can
optimize plant growth and yield via the high amount of
sunlight passing through the structure’s transmissive rooftop
materials (usually glass or plastic), which is well-suited for
producing warm-season produce during the winter months.
However, in warm seasons when the temperature rises above
optimal conditions for plant growth, shading is used to release
the heat trapped in the greenhouse, which, in turn, reduces
yields unless supplementary light is provided. Moreover,
transmissive coverings often have low insulation values,
meaning more heat is needed to keep the temperature
stabilized during winter.118 The production of this heat often
comes from the combustion of fossil fuels, which releases
GHG emissions. The low photosynthetic activity associated
with shorter winter days also may need to be compensated by
using supplemental artificial light, which introduces even more
indirect GHG emissions.118 Significant amounts of energy for
lighting, heating, or cooling therefore may be needed to
maximize plant yields in greenhouses.118

Lighting in vertical farms can be powered by solar panels
but, “...this means capturing sunlight to then recreate the sun,
all at a loss in efficiency”.119 Moreover, the input resource use,
including energy, water, and nutrients, is constrained by
technological limits on monitoring plant nutrient uptake. The
authors of one study suggest that this can lead to high nutrient
load in CEA systems that can subsequently contaminate soil
and water unless one captures or treats the leachate/runoff.120

Supply chain proximity can help offset GHG emissions
associated with energy inputs for CEA and also reduce food
waste. Nearly all produce grown in a controlled environment is
harvested near its point of consumption and therefore spends
fewer days in transit. To the authors’ knowledge, no formal life-
cycle analysis of the overall GHG footprint of different CEA
systems has been performed, although such information would
help inform decisions around sustainability.
IV.ii. Economic Impacts

IV.ii.a. Regenerative Agriculture (RA). Despite the
environmental benefits of many of the RA approaches
mentioned above, the current adoption can vary significantly

by practice. There are several practical economic challenges
and barriers such as adoption costs, insufficient technical
assistance from the federal government, poor targeting and
misalignment of owner/renter incentives, and farmer attitudes
and values.121−123

The economic benefits of RA are generally tied to the direct
and indirect effects of regenerative practices on ecosystem
services through changes in crop yields, inputs to production,
soil health, water consumption, nitrate leaching, and GHG
fluxes.51 Perceptions about potentially lower yields can cause
farmers to be hesitant about adopting RA practices; however,
there are situations in which profits can still increase, even if
yields are reduced when inputs are lower. For example,
LaCanne and Lundgren reported a case in which regenerative
corn production had 78% higher profits despite 29% lower
grain production due to reduced use of pesticides and
fertilizers.26 A 2011 literature review found that stabilized
organic amendment application not only improves yield
responses but also the quality of the crops produced.47 The
ability of organic amendments to increase overall soil fertility is
tied to crop yield, although the benefits of increased organic
matter content differ based on the rate of application, which in
turn affects crop nutrition and yield responses. The availability
of organic amendments in a particular farming area can limit or
promote their adoption. While the application rate of biochar
is critical to its GHG reduction potential, the relationship
between rate to yield response is not always clear, although it
remains fundamental to understanding the investment cost of
biochar.124 A 2022 meta-analysis found that increasing the rate
of application of biochar increases the crop yield response;
however, if high rates are needed to maintain high yields, the
added application cost may offset monetary gains achieved
through higher yields.125 Conservation tillage practices can also
affect crop yields, but this is context specific. In a meta-analysis
of 678 studies, no-till tended to have a negative impact on
yield, especially in the first 1−2 years of no-till, though yields
improved in some scenarios; crop type was the most influential
factor affecting yield impact, though climate also had a role in
the direction of yield response.126 A review of 106 studies
found that cover cropping can increase or decrease grain yield
of the primary crops, depending on the cover crop type; yields
increased by 13% on average when a mix of legume and
nonlegume cover crops were used, but decreased by 4% on
average when only legumes or only nonlegumes were used as
cover crops.56

The cost to maintain GHG-friendly practices can be
significant and can affect profitability. Conservation tillage
and cover cropping can require the purchase of additional
equipment, and cover cropping requires the purchase of seed
as well as additional labor and equipment usage to plant and
terminate the cover crop. However, conservation tillage can
reduce labor and equipment usage due to fewer passes through
the field, as well as the use of agrochemicals, such as herbicides
and fertilizer (thereby also reducing associated emis-
sions).127,128 As for soil amendments, a research review by
Guenet et al. found that reductions in N2O emissions after
biochar applications only appear significant for the first year,
resulting in a need for frequent applications to maintain the
effect, which may ultimately limit the cost effectiveness of this
strategy to mitigate N2O emissions.51 Similarly, the enhanced
weathering process of mining, grinding, and spreading rocks
over large-scale areas may impose economic costs to the
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farmer, such as the energy demand associated with pulverizing
rocks into powder.65

Carbon incentive payments can offer remuneration to
farmers for adopting conservation practices. Companies
looking to offset their carbon footprint can turn to voluntary
carbon markets to purchase these credits, which represent a
metric ton of CO2 removed from the atmosphere. Farmers can
opt into programs in which third parties measure and verify
soil carbon credits; however, there are costs associated with
this testing and verification. Some of these costs could be
lowered through innovations in remote, cost-effective sensing
technologies used to measure and verify soil carbon
concentrations. The feasibility of pursuing carbon credits
comes down to the comparison of carbon credit prices to the
costs of adopting new agricultural practices. Current carbon
offset prices do not always justify these changes. Voluntary
carbon credit prices can vary widely from less than a dollar per
ton to over $50 per ton, depending on the type of carbon offset
project, the carbon standard under which it was developed, and
other aspects of the project.129 Costs for adopting regenerative
agricultural practices may be higher than this; adopting cover
cropping cost one farmer in Indiana $40 an acre, while carbon
credits only generated about $11 an acre.130,131 Additionally,
large concerns still remain about the accuracy of estimates for
soil-based carbon sequestration, and there is no regulated
standard for what constitutes a credit. Also in question is the
longevity of the practice adoption. Offsets are often sold with
the understanding that carbon will be stored for decades, but it
may be difficult to ensure that a practice is continued for that
duration of time. Also, most emissions from agriculture are
N2O from soil management, and mitigation of this GHG may
not be adequately considered in current offsetting schemes.
Given that these RA practices can transform the productive

capability of agricultural lands, they can potentially be the key
to meeting renewable fuel targets in the form of biofuel crops.
However, biomass removal (e.g., stover removal or cover crop
removal) can reduce SOC, which is important to consider in
long-term biofuel supply chain economic and environmental
optimization.132 Other biofuel cropping systems, such as corn
for ethanol, offer opportunities for climate-smart agriculture
adoption, both improving soil health and lifecycle emissions for
biofuel.133 Additionally, biofuels have the potential to increase
long-term prices of commodities which could actually enable
farmers to invest in these practices.134

IV.ii.b. Digital Agriculture (DA). DA is typically adopted
to optimize farm efficiencies, thus leading to improved financial
returns for farmers.135 Perceptions among early users were that
DA was technologically intensive and time-consuming but did
not necessarily improve output, making it cost prohibitive.136

However, novel technologies and improved management
techniques have made it more profitable since its inception,
and there has been an increase in the adoption of several DA
technologies.135

DA has the potential to improve profitability by reducing
inputs such as fertilizer, labor, fungicide, etc. through
optimization.137−139 Digital agriculture technologies can also
improve yields through more targeted and responsive field
management.138,140 Yield improvements can lead to higher
profits sometimes even if operating costs are higher;138,140,141

however, profit margins may vary depending on the crop and
other farm-specific factors. For example, while Sanches et al.
find improved operational costs when DA is applied to
expanded bioenergy production (vis a vis better field

systematization), the overall production cost of sugar cane
was nearly the same as a business-as-usual scenario (about 23.3
USD Mg1−).100

Additionally, different combinations of technologies can
exhibit different levels of cost savings; for example,
Schimmelpfennig and Ebel found that variable rate technolo-
gies showed cost savings with soil mapping but not with yield
mapping alone.140 While yield increases and input reductions
are generally given as the primary reasons for adopting digital
agriculture, Thompson et al. also found that convenience was a
key factor for some producers.142 Commodity prices also affect
DA adoption because higher prices mean farmers can invest
more in technology and techniques.136 Technologies such as
smart irrigation have the potential to improve the use efficiency
of both water and energy, which can improve crop yields or
potentially enable switching to higher value crops. Smart
irrigation can be achieved through variable rate irrigation,
microirrigation systems, soil moisture detection, temperature
measurements, and other metrics collected through sensors,
and the application of artificial intelligence and automated
systems.143 For example, using a cloud-based decision support
system and a sensor-based irrigation management system for
greenhouse-produced zucchini, researchers were able to
demonstrate a 38.2% reduction in irrigation water needs.144

However, this increased water use efficiency, while potentially
allowing expansion of agricultural production and lower energy
costs, does not necessarily lead to water conservation or cost
savings for the water itself.18 This is particularly relevant in
locations with “use it or lose it” policies that incentivize the full
consumption of water rights.
While optimal fertilizer application can improve farm profits

through maximizing yields and minimizing inputs, the marginal
differences for optimal nitrogen application are not always
large, and farmers rarely face penalties for overapplying
fertilizers.70 This means that unless fertilizer prices and usage
are high, they might not be significant economic drivers in the
adoption of DA practices.
DA can require large upfront investments as well as

significant time to adopt and troubleshoot, which can hinder
its adoption.138,145 Therefore, DA is more often associated
with large-scale operations, partially because those operations
are more able to afford such technologies and sys-
tems.135,146,147 Additionally, much of the digital agricultural
technology available has been developed for larger farms,
which means that tools tailored to the needs of small and
medium farm enterprises may not be available.148

Additional barriers beyond the financial feasibility must be
overcome before farmers adopt DA practices.149 Uncertainty
about anticipated yield results and questions about the ease-of-
use and longevity of new technologies can affect adoption of
such practices.123 Lack of information and farmer perceptions
are also part of the complex array of factors that affect
adoption.145,150,151 To address economic uncertainties, Medici
et al. developed a web-based tool to estimate economic
performance of adopting digital agriculture technologies, but
this tool does not yet analyze regional differences in impacts
and may be overly simplistic for farmer business decisions.146

Farmers also face challenges related to privacy, data ownership,
and cybersecurity within DA.43,152 Broadband Internet needed
to connect digital farm management systems to larger networks
may not be available in many rural locations.
DA can potentially help identify less profitable areas,

allowing farmers to choose alternative cultivation choices for
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those areas, thus leading to more biodiversity. For example,
one study in Southern Ontario in Canada found that up to
14% of the studied farmland was unprofitable and that setting
aside this land could be economically beneficial for the farmer
while also allowing for increased biodiversity.153 In locations
where climate incentives reward carbon sequestration on lands
taken out of production, DA can help farmers understand
whether conversion is economically viable (i.e., whether
carbon sequestration with sustainable cultivation is greater
than on fallow lands).154

IV.iii.c. Controlled Environment Agriculture (CEA).
CEA offers greater control over food safety and plant growth;
however, profitability typically depends on local demand and
supply of food, climate, facility design, and crops produced.155

While financial research firms have predicted incredible growth
in the CEA industry (compound annual growth rates of 10−
20% from 2022 to 2030, depending on the country),156,157

CEA businesses have struggled with profitability, with over
$700 M of the U.S. CEA market exiting in 2021 alone.117 CEA
can be more costly in many circumstances but may meet the
requirements of certain customers who are willing to pay a
premium.155 Profitability can also be seen in cases such as
nursery production, where the most vulnerable part of the
growing process happens in a more environmentally monitored
agriculture system. O’Sullivan et al. suggest that significant
research is needed around crop yield improvement, product
diversity, and profitability in order to scale up CEA
deployment.108

The wide variety of CEA systems and technologies has made
it difficult to develop traditional microeconomic analysis, such
as assessing optimal production size and maximizing profit.
This is compounded by a lack of available costs and data. Some
studies have turned to uncertainty quantification and risk
analysis to model hypothetical systems.158−160 However, many
economic aspects of CEA have been underexplored. For
example, the complex relationship between HVAC systems
and costs is typically excluded from techno-economic studies
(Baumont de Oliveira et al.).158 Automated systems are also
difficult to incorporate, though Morella et al. give an economic
analysis of vertical farm monitoring.161 Existing economic
analyses are often one-off studies that are difficult to
compare.110,114,162,163 As the greatest expenses for CEA
greenhouses are labor and management, energy, and structures,
accounting for more than 80% of landed costs, Nicholson et al.
suggest that it will be difficult to reduce the costs of CEA
systems relative to field-production levels, although there may
be a profitable angle for CEA in the production of leafy greens
(such as microgreens) that command a higher price for their
characteristics and quality.113

Because energy is a significant cost in CEA operations,
vertical farm companies have begun exploring distributed
renewable energy generation, such as biogas from manure or
solar photovoltaics, to power their operations and reduce their
energy costs, which could offer cobenefits like GHG reductions
and energy independence or self-sufficiency.164,165 Likewise,
energy-efficient upgrades for CEA systems may be able to pay
for themselves over time. Energy efficiency is particularly
important when energy prices are volatile; one European CEA
company laid off more than half of its workers in 2022 due to
high energy prices.166 More research is needed to determine
costs across different CEA technologies and different types of
produce, especially as more energy efficiency technologies
become available.

V. DISCUSSION
The pathway for decarbonizing agriculture will involve
multifaceted solutions; no one practice can mitigate emissions
through agriculture. RA, DA, and CEA are not necessarily
mutually exclusive approaches and can be implemented in
conjunction to maximize environmental and economic out-
comes given that these practices vary in the extent to which
they deliver on GHG reductions and farmer profitability.
However, based on the existing research that has been
undertaken as documented in the literature, we can begin to
understand where and why certain practices are more
conducive to mitigating GHG emissions and identify what
research needs to be done to better understand the role these
practices can play in advancing GHG-friendly agriculture that
benefits both society at large and the farmers implementing
them.
In Table 1, we show a summary of our findings regarding

GHG emissions from different agricultural practices. Of note
are the varied results that have been found in different studies
regarding GHG emissions, especially relating to system-specific
parameters. This underscores the importance of improved
modeling of the various factors that influence the CO2, N2O,
and CH4 emissions in agricultural soils. We also show a need
for more research into N2O, and CH4 emissions in agriculture.
While all the RA practices reviewed here can improve SOC,

organic amendments, such as biochar and enhanced weath-
ering, show particularly high carbon sequestration potential.
Many research questions still remain about the duration of and
regional variation in carbon sequestration achieved through
these agricultural practices as well as their life-cycle emissions
and impacts on yields. Digital technologies can reduce CO2,
N2O, and CH4 emissions, mainly through the precision
application of farming inputs that also changes the overall
growth and performance of crop species. For example, DA
technologies can reduce N2O emissions via precision
monitoring systems that can predict plant nitrogen responses
and appropriately match nitrogen fertilizer rates. Overall, DA is
still an emerging field, and more research is needed in the
measurement of soil carbon using digital agricultural
technologies, such as remote sensing and artificial intelligence,
to better verify carbon sequestration for carbon offsetting
programs.167 Similarly, more research is needed to understand
the GHG footprint of CEA, which can vary significantly
depending on the technology, location, crop type, climate, and
other factors. While the localized nature of CEA can eliminate
GHG emissions that would otherwise be involved in the
transport of food, energy usage and its associated GHG
emissions can be significant for these CEA systems, especially
for nongreenhouse systems that require artificial lighting.
The economic feasibility of RA, DA, and CEA also shapes

the ability of these practices to decarbonize agriculture.
Improving the financial bottom line of farmers is important
as it provides motivation for growers to adopt climate-smart
practices. The potential economic benefits of RA are tied to its
impacts on ecosystem health and services, particularly through
changes in crop yields, soil health, water consumption, nitrate
leaching, and GHG fluxes. While DA technologies tend to
cater to larger farms, the efficiencies and targeted decision-
making that DA offers can be a win-win both environmentally
and financially. The semicontrolled production environment of
CEA technologies makes it possible to produce food
throughout the year and to higher quality and safety standards,
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which can increase growers’ profitability margins, but as such,
comes at the cost of greater energy use.
Ultimately, plausible decarbonization pathways that also

address economic (i.e., the financial bottom line) and social
(i.e., food and fuel) considerations may involve the integration
of multiple approaches in ways that the strengths of one
overcome the weaknesses of the other(s), making it critical to
understand trade-offs between practices. As an example, a
regenerative practice, such as enhanced weathering, can be
paired with digital agriculture technologies, such as remote
sensors, to optimize the timing and rate of material
applications for maximum yield and cost-effectiveness. Where
conventional field production may not be an option, such as in
urban environments (where high-value crops may also be
economically feasible), CEA approaches can be deployed in
conjunction with sensors and other digital technologies to
optimize heating, cooling, lighting, nutrient, and other input
requirements; these systems could also be powered by
renewable energy to further mitigate GHG impacts. Combin-
ing these emerging and existing approaches in novel ways can
ultimately help improve the sustainability of the water-energy-
food nexus.168

Many of the approaches studied here have the potential to
increase carbon sequestration in soils and in the process,
reduce CO2 emissions, but the net GHG balance of these
practices is obscured by inadequate accounting and/or
simulation of non-CO2 GHG emissions, namely N2O and
CH4, as well as uncertainties about actual CO2 sequestration
over the long-term. In applying these climate-smart practices,
there also is potential for increased yields and decreased input
requirements (i.e., fertilizers, water, etc.), which can enhance
the bottom lines of farmers. Through increased yields and
added in situ environmental benefits (such as better soil
health), these practices directly impact the quantity and quality
of products in agriculture-dependent supply chains
Regardless of the agricultural approach�be it RA, DA, or

CEA�incentive pricing, ease of implementation, and timelines
influence farmer adoption. Similarly, the practices themselves
can influence yield outcomes for both food and biofuel crops,
which in turn also affect a farmer’s bottom line. These yield
impacts also relate to the per-kilogram GHG emission
reduction potential posed by each practice. More research
into per-kilogram emission reductions in food production
could highlight which practices are more effective for meeting
both global food needs and GHG reduction goals.

VI. CONCLUSION
In this Review, we summarize the GHG and economic impacts
of existing and emerging agricultural practices. With global
initiatives to reduce GHG emissions, agriculture’s sequestra-
tion and mitigation potential have been increasingly important
to understand.
Recently, there has been increasing focus on three main

categories of agricultural approaches and farming systems for
GHG mitigation: (1) RA, (2) DA, and (3) CEA, although
their effectiveness in mitigating GHG emissions is still in the
exploratory phase. For these practices to reach greater
adoption levels, it is vital to characterize their economics and
practical impacts to farmers. Also, as renewable fuel targets are
pursued as a path toward decarbonization, especially in hard-
to-decarbonize transportation sectors, we must understand the
impact of different agricultural practices on biomass
production and biofuel processing.

In the process of reviewing the literature, several knowledge
gaps were identified. These knowledge gaps need to be
explored more deeply to advance our understanding of the
complex environmental interactions within the agricultural
supply chain as they pertain to reducing GHG emissions. For
example, more research is needed on CH4, N2O, and CO2
fluxes that considers regional variations in soil type,
precipitation, climate, and crop type to understand decarbon-
ization potential more broadly. There is also a need to
incorporate these findings into current models of agricultural
GHG emissions, making them more realistic and capable of
finer detail.
To facilitate the gathering of big data on soil GHG

emissions, more research is needed in the development of
sensitive microsensors and nanosensors that are resistant to
harsh environmental conditions while being operationally cost-
effective. This will enable more affordable and accurate GHG
accounting for carbon offsetting schemes, thus, allowing for
more farmer participation. There also is a need to better
understand how to meaningfully integrate artificial intelligence
and machine learning in agriculture to positively impact
ecosystem services and farmer returns. For CEA schemes,
more research is needed into the potential GHG impacts and
landed costs of crop production, in comparison both to one
another and to conventional in-field production.
For us to solve our pressing climate problems while feeding

a growing population, it will be important to continue to
innovate in these agricultural practice categories and address
these research gaps, especially so that the economics of these
practices can be more favorable for farmers, leading to their
sustained adoption.
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