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As demand for food production continues to rise, it is clear that in order to meet

the challenges of the future in terms of food security and environmental sustainability,

radical changes are required throughout all levels of the global food system. Controlled

Environment Agriculture (CEA) (a.k.a. indoor farming) has an advantage over conventional

farming methods in that production processes can be largely separated from the

natural environment, thus, production is less reliant on environmental conditions, and

pollution can be better restricted and controlled. While output potential of conventional

farming at a global scale is predicted to suffer due to the effects of climate change,

technological advancements in this time will drastically improve both the economic

and environmental performance of CEA systems. This article summarizes the current

understanding and gaps in knowledge surrounding the environmental sustainability of

CEA systems, and assesses whether these systems may allow for intensive and fully

sustainable agriculture at a global scale. The energy requirements and subsequent

carbon footprint of many systems is currently the greatest environmental hurdle to

overcome. The lack of economically grown staple crops which make up the majority

of calories consumed by humans is also a major limiting factor in the expansion of

CEA systems to reduce the environmental impacts of food production at a global

scale. This review introduces the concept of Integrated System CEA (ISCEA) in which

multiple CEA systems can be deployed in an integrated localized fashion to increase

efficiency and reduce environmental impacts of food production. We conclude that it is

feasible that with sufficient green energy, that ISCEA systems could largely negate most

forms of environmental damage associated with conventional farming at a global scale

(e.g., GHGs, deforestation, nitrogen, phosphorus, pesticide use, etc.). However, while

there is plenty of research being carried out into improving energy efficiency, renewable

energy and crop diversification in CEA systems, the circular economy approach to

waste is largely ignored. We recommend that industries begin to investigate how nutrient

flows and efficiencies in systems can be better managed to improve the environmental

performance of CEA systems of the future.
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HIGHLIGHTS

- CEA systems have large potential for environmentally
sustainable food production

- Expansion of current CEA systems is limited by economic
factors and technological constraints

- Environmental sustainability of CEA systems depends largely
on availability of low or zero-carbon electricity

- Integrated system CEA (ISCEA) may be the most sustainable
form of food production possible in the future

INTRODUCTION

The major challenge of the 21st century will be feeding a global
population of 8–11 billion in a sustainable way (UN sustainable
development goals 2, 6, 11). Human activities directly associated
with agriculture (including land-use change, food waste and the
supply chain) account for 21–37% of all greenhouse gas (GHG)
emissions each year (IPCC, 2019). Just as food demand increases,
climate models predict that conditions for crop production in
much of the world will deteriorate through increases in the
frequency and intensity of extreme hydro-meteorological events
such as extended periods of drought and flooding (e.g., Eyring
et al., 2021). Furthermore, the expansion and intensification of
conventional farming practices to meet global food demand may
result in severe detrimental environmental consequences (e.g.,
deforestation, eutrophication, reduced biodiversity, and poor air
and water quality) (e.g., IPCC, 2019; Malone and Newton, 2020;
Wade et al., 2020). The global food system accounts for 38% of
global land surface cover (Roser, 2019) and is recognized to be the
primary driver of global biodiversity loss due to human activities
such as land use change (LUC), pesticide use and pollution
(Benton et al., 2021). Agriculture accounts for approximately
70% of global freshwater withdrawals globally, on top of water
consumption after rainfall and evapotranspiration (World Bank,
2020). Taking all of these impacts into account, it is clear that,
in order to meet the challenges of the future in terms of food
security and environmental sustainability, radical changes are
required throughout all levels of the global food system, including
production, land-use and supply chain stages.

One potential option to help realize this radical change,
and meet future food demand in a more sustainable way, is
the application of controlled environment agriculture (CEA)
systems. CEA systems cover a range of production methods,
and are defined by the ability to control the environment in
which crops are grown. This means that crops are typically
grown within some form of fabricated structure, i.e., “indoor
agriculture.” Indoor agriculture includes cultivation within a
glasshouse or plastic structure (any structure that can controlled
from external environmental factors) with a single layer of
crops exposed to direct sunlight, or within multiple vertical
stacked racks under artificial lighting with nutrient solutions
delivered via automated systems (e.g., vertical farming). As well
as traditional crop production, other common food production
methods such as mushroom, insect and fish farming (aquaculture
and aquaponics) are also typically carried out in CEA systems
(indoor controlled environments). And while it is still in its

infancy, lab-grown meat methods may also fall into the category
of CEA as a food production industry that operates in a synthetic
environment, with a large degree of separation from nature.

One major beneficial environmental factor of certain CEA
systems is that the systems are “closed;” meaning that they
are less susceptible to external factors such as fluctuations in
precipitation and temperature, and resilience to environmental
stressors is increased. Exposure to the spread of pests (i.e.,
insects and disease) is also decreased, thus pesticide use, and
resultant environmental exposure to pesticides are both radically
lower than conventional agriculture systems. Nutrients in these
systems also have the potential to be controlled and recirculated,
particularly where hydroponic and aeroponic systems are used
(e.g., Goddek et al., 2019; Rufí-Salís et al., 2020), thus nutrient
use efficiency can be increased and losses into the natural
environment can be negated almost completely, significantly
reducing phosphorus (P) and nitrogen (N) pollution. However,
CEA systems are more complex than this vision may suggest,
and their scaling-up is currently hampered by the limitations of
technology, economics and societal factors.

This article aims to highlight the current understanding and
gaps in knowledge surrounding the environmental sustainability
of CEA systems, and assess whether these systems may allow
for intensive and sustainable agriculture at a global scale. While
focussing on the knowledge available regarding a variety of CEA
systems in their current form, the potential for advancement in
CEA systems will also be discussed in respect to development of
future technology, adaptation to climate change, and integration
of CEA systems to achieve a circular economy and ultimately,
sustainable agriculture at a global scale.

LAND AND WATER USE

While the feasibility of conventional agriculture (i.e., crop
production) is directly related to local environmental conditions,
the needs of CEA systems are drastically different. Commonly-
used CEA systems such as hydroponics and aeroponics are able
to grow crops in inert mediums (e.g., rock wool, saw dust,
coconut husk and hemp) and do not require soil. Therefore,
large-scale CEA operations can be carried out on land where
soils are considered barren or contaminated, as the crops are
not grown using the terrain itself (Khan et al., 2020). This
means that CEA systems can, in theory, be built and thrive
in any location, including deserts, tundra or industrial urban
areas (Al-Chalabi, 2015; Saad et al., 2021). As well as this
adaptability to terrain, CEA systems commonly use artificial
light to grow crops. Using artificial light allows crops to be
stacked in shelf-like growing conditions, thus greatly increasing
the production capability of CEA systems for a given area and
potentially only physically limited by the structures’ housing
production (Banerjee and Adenaeuer, 2014). These controlled
conditions allow production of a large variety of crops to occur
all year round in optimal conditions, and seasonal harvests are no
longer required, thus annual production increases substantially
in comparison to conventional farming (e.g., Wilson and Finlay,
1995; Barbosa et al., 2015). All-year-round production also
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avoids the concentration of activity and production bottlenecks
experienced by conventional farming at certain times of the year,
such as harvest season. While it has been reported that annual
production of certain crops in CEA systems (vertical farming
in particular) can exceed 100 times the yield expected from the
same area of conventional farming (Banerjee and Adenaeuer,
2014; Benke and Tomkins, 2017), the practicalities of this limit
are controlled by economic and structural considerations, based
on the crop type and growing methods. Thus, the true potential
of CEA systems is difficult to predict, as this will be determined
by changing technological availability and economic contexts.

The water requirements of CEA systems are also very different
to conventional agricultural methods. In contained structures
(roofed, glasshouse, plasticulture, etc.) evapotranspiration is
reduced significantly, while precise water application and drip
irrigation also minimize water requirements (O’Connor and
Mehta, 2016). Hydroponic and vertical farming methods may
save up to 99% of water required to grow certain crops (e.g.,
Benke and Tomkins, 2017; Graamans et al., 2017; Kalantari et al.,
2018). It is also possible to recycle municipal wastewater for
use in vertical farm irrigation, with potential to purify water
(Ellingsen and Despommier, 2008), or substitute with brackish
water using desalination processes (Da Silva et al., 2018). As
well as reducing water consumption (and water-related energy
costs), CEA systems can operate in arid desert land at large
scales where conventional agricultural practices are not feasible
and land suitable for crop production is already saturated or
under threat. This is an important advantage when it comes
to food security for nations without adequate land in which
to become self-sustainable [e.g., Singapore (Wang, 2021)] and
arid regions (e.g., the Middle-East). Populations in these areas
typically rely heavily on foreign trade and imports of food which
are susceptible to significant uncertainty in the future due to
the unpredictable impacts of climate change and trade-impacting
events such as the COVID-19 pandemic (e.g., Sippel, 2015; de
Anda and Shear, 2017; Abusin and Mandikiana, 2020; Woertz,
2020).

GREENHOUSE GAS EMISSIONS

Food Production
The most significant environmental disadvantage to CEA
systems is the carbon footprint associated with the energy use
required by the systems. CEA systems are not always reliant on
electricity use (e.g., glasshouse horticulture); however, to reach
full potential, artificial lighting and temperature control (heating
and cooling) would be required to maximize productivity in
many systems (e.g., Badiola et al., 2018; Kalantari et al., 2018).
While it is possible to use solar, geothermal or waste heat from
industrial processes to mitigate energy use and costs (e.g., Adams
et al., 2011; Teo and Go, 2021), the world is still highly reliant
on fossil fuels for electricity. Few nations are able to generate
enough renewable energy to meet their needs fully without
supplementing power grids with fossil fuels. The importance
of this is that with renewable energy, CEA systems are able
to become a net uptake of carbon (until consumption) as the
process of photosynthesis will become larger than emissions

(which can be theoretically zero). An example of this would be in
bioenergy production, which could contribute to cutting carbon
emissions where the correct systems are in place (e.g., Harris and
Kountouris, 2020).

Global offsetting of N2O (and CH4 for livestock) will always
be necessary to reach net-zero global warming impact (i.e.,
reforestation and carbon capture); however, where net carbon-
uptake CEA systems can be integrated, this offsetting could
remain within the agricultural sector without the need for
continual land-use change or industrial CO2 removals. The
future value of integrating CEA systems for carbon capture is that
agricultural and industrial emissions of CO2 from other sources
(e.g., fossil fuel burning, sugar refining, composting, etc. . . )
can be redirected through and captured by crop production
systems which benefit from elevated CO2 concentrations in
the atmosphere. Here, emissions can be reduced drastically
from exterior operations while providing a benefit to CEA
crop production.

In terms of other major GHG sources from food production
(i.e., CH4 and N2O), little research has been carried out in
CEA systems. Any CH4 emissions from CEA systems would
be dependent on the system, primarily the substrates used in
which to grow crops (i.e., organic materials). While activities
such as mushroom farming will inherently emit small quantities
of CH4 from substrates (e.g., Dorr et al., 2021), emissions from
the vast majority of CEA crop production systems would be
negligible as the carbon-rich anaerobic conditions required for
methanogens to thrive would not be present. One potential
for CEA systems to drastically reduce GHG emissions in
the food supply is by shifting meat production away from
traditional ruminant livestock methods toward insect production
and lab-grown meat. Emissions of all GHGs associated with
insect production is extremely small compared to traditional
ruminant livestock, especially that of beef (Oonincx et al., 2010).
However, unlike insect farming, current technology prohibits
any environmental advantage of the mass production of lab-
grown meat, which currently has a higher carbon footprint
than conventional meat production processes due to very
high energy requirements (Lynch and Pierrehumbert, 2019).
While there is potential for CEA systems such as insect
farming and lab-grown meat to gradually replace the relatively
highly polluting livestock industry, a significant amount of
research and development into system efficiency and the long-
term impacts of these changes on human health is required
(van Huis and Oonincx, 2017; Specht et al., 2019; Tuomisto,
2019).

Like CH4, emissions of N2O from CEA systems will depend
predominantly on substrates/growing media on which crops are
planted and grown. While emissions of N2O from inert materials
(e.g., rock wool or perlite) without an established microbiome
(hosting microbes to perform nitrification and denitrification)
could be expected to be minimal, few studies have investigated
this; with mixed results for a limited number of crops (e.g.,
Yoshihara et al., 2014; Halbert-Howard et al., 2020). Where
nitrogen and carbon-rich waste products are generated in aquatic
systems, such as aquaculture, high emissions of N2O have been
observed (Hu et al., 2012).
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Infrastructure and Supply Chain
A switch from conventional to CEA farming requires a large
initial investment in infrastructure. This investment comes
in the form of building materials (e.g., steel and concrete)
and a potentially large embedded carbon footprint, as well as
financial cost (e.g., Forchino et al., 2018; Sarkar and Majumder,
2018; Martin and Molin, 2019). The magnitude of this carbon
investment will vary depending on a number of factors,
specifically the size of the facility and the materials used to
construct it, but in most cases, it will be substantial, with larger
facilities in excess of millions of USD. However, CEA systems
can be built on barren land or within urban areas, and often
utilize disused industrial buildings (urban voids) to reduce start-
up costs (e.g., Dal Ri et al., 2020). This means that, while rapid
expansion of CEA systems could significantly boost global food
production, deforestation and large scale land-use change would
not be required-which is often not the case for conventional
farming. It has also been recorded that CEA systems can have
a cooling effect locally due to reflectance of sunlight. Campra
et al. (2008) showed that a continuous area of 26,000 ha of
greenhouse agriculture in Almería (Spain) resulted in a surface
air temperature trend of −0.3◦C over 10 years in contradiction
to rising regional and global warming trends.

While embedded carbon emissions associated with
infrastructure are not trivial, it is the energy demands of CEA
systems that dominate emissions in most systems (e.g., Barbosa
et al., 2015; Martin and Molin, 2019; Song et al., 2022). As a
result, the long-term sustainability of CEA systems (comparative
to conventional farming) will depend on operational/upkeep
carbon emissions, rather than initial infrastructure (same
principal as electric cars). Due to high operational costs, there
is a focus on optimizing energy efficiencies in these systems,
predominantly through improved lighting technology and
techniques (e.g., Avgoustaki and Xydis, 2020; Wong et al., 2020)
and temperature control, which is also highly impacted by
geographic location (Georgiou et al., 2018; Engler and Krarti,
2021).

The carbon footprint of the transportation of goods in the
supply chain is also a significant factor in the sustainability
of CEA systems. While this will vary for both CEA and
conventional systems depending upon mode of transport,
distance between production location and supplier/consumers is
the main factor by which to compare the methods. Availability
of food grown via conventional farming methods is limited
by both seasonality (i.e., harvest timing) and storage of goods.
As a result, availability of certain foods on an all-year-round
basis is subject to either storage requirements (refrigeration or
freezing) or international trade, both of which can have high
associated carbon emissions and high loss and wastage risks
(Dalin and Rodríguez-Iturbe, 2016). The potential advantage for
CEA systems here is that food can be produced at a stable rate,
in or near urban centers all year round, thus greatly reducing
the need for long-range transportation and the associated carbon
emissions. However, future development of sustainable CEA
facilities will have to factor in the balance of emissions as
a result of transportation against energy savings made using
ideal environmental conditions and energy availability (i.e.,

geothermal energy and daylight). These assessments will have
to be made on a case-by-case basis, and priority may change
with emerging technology (i.e., electric vehicles and availability
of renewable energy).

OTHER ENVIRONMENTAL BENEFITS

Pesticides, Pollinators and Pathogens
One potentially significant advantage of CEA systems over
conventional farming is in the ability to drastically reduce
pesticides applied. While argued that pesticides will not be
required in future CEA systems due to their enclosure and
separation from the environment (Despommier, 2013), it is
unlikely that these systems will be capable of remaining
completely pest free. However, compartmentalized systems with
limited exposure to external factors will result in unique
opportunities to significantly reduce both the amount of
pesticides applied and exposure to the external environment. As
well as having physical boundaries to prevent pathogens, there
is also more scope to use technology to monitor and detect
health problems within crops, and therefore prevent spread,
potentially in tandem with automated robotics for real time pest
detection/removal processes (e.g., Lauguico et al., 2019).

The ability to cut out pesticides allows for in-house pollinators
to live within the confines of a CEA cropping system. The use of
bees to pollinate crops in glasshouses is common, especially for
tomato crops (Velthuis and van Doorn, 2006). While most crops
currently grown in CEA systems (e.g., leafy greens) do not require
pollinator interactions, future attempts to produce staple crops
may requiremore bespoke pollinationmethods to account for the
lack of natural ecosystem services within indoor systems. While
technology is developing to account for pollination activities
without the need for manual interaction with crops by using
drones or automated machinery (e.g., Ohi et al., 2018; Guzman
et al., 2021), insects are still by far the most effective and efficient
means by which to pollinate large quantities of crops. However,
where cereal crops are concerned, artificial windmay be all that is
required to replicate conditions required to pollinate crops such
as wheat and barley grown indoors.

Where unwanted insects (pests) infiltrate CEA systems it is
likely that, with appropriate vigilance, simple bio-controls can
be used in place of harmful pesticide compounds [e.g. ladybugs
to combat aphid infestation (Mattson et al., 2017)]. Where
bio-controls are implemented, greater control is possible when
compared to conventional farming, especially for agents that can
fly as they are more likely to remain within structural boundaries
(Roberts et al., 2020). However, the current lack of quantitative
scientific investigation into this subject means that it is not
possible to say with confidence whether CEA systems of the
future are likely to eliminate pesticide use in agriculture, even if
the potential exists (Roberts et al., 2020).

Nutrient Losses
The importance of recycling nutrients in agricultural systems is
2-fold. As well as economic inefficiencies as a result of waste,
nutrient losses in conventional agriculture cause a significant
amount of environmental damage at a global scale. It is
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estimated that over 80% of Nitrogen (N) and 25–75% of
phosphorus (P) applied to agricultural fields globally is lost
to the environment, as well as the energy used to produce
them (Sutton et al., 2013). Losses of N and P from food
systems largely end up in natural aquatic bodies due to leaching
and run-off, which results in significant damage to aquatic
biodiversity and water quality (Malone and Newton, 2020),
as well as increasing GHG emissions from aquatic sources.
An advantage of environmentally segregated CEA systems is
that nutrient solutions can be recycled in a closed-loop, which
can increase efficiency (Rufí-Salís et al., 2020). However, this
approach is not fully circular and nutrients are still lost in
current commercial/industrial scale systems. While solutions
can be recycled in systems, gradual imbalances in the chemical
composition of the solution will typically result in increasing salt
content, and the solution will be flushed and replaced with a
fresh supply. One of the major advantages that CEA systems may
have in regards to nutrient management is that monitoring of
nutrients available to crops can be easily measured, and in some
instances dynamically manipulated (e.g., Michael et al., 2021).
While conventional farming requires a myriad of technology to
provide precision farming methods the capability to attempt to
optimize fertilizer application, the exact amount of nutrients and
the timing of their delivery of the system can be controlled with
exact precision in CEA systems.

Integrated System Controlled Environment
Agriculture
While offering many potential advantages over conventional
farming methods, no CEA system is entirely efficient or
sustainable on its own. However, as waste streams from CEA
systems are fully controlled and predictable, there is potential
to combine multiple systems to increase recycling of nutrients
and materials. The concept of Integrated System Controlled
Environment Agriculture (ISCEA) in its most basic form is most
common in the form of aquaponics: the merging of hydroponics
with aquaculture in such a way as the two systems can operate in
a symbiotic fashion (e.g., Shafahi and Woolston, 2014; Goddek
et al., 2015). While recycling of waste between CEA systems
is not utilized commercially (as described in Figure 1), there
is a large potential to integrate these systems in future and
introduce a circular thinking to nutrient management (Sayadi-
Gmada et al., 2019; Aznar-Sánchez et al., 2020; Rufí-Salís et al.,
2020). Large quantities of nutrient solution will be flushed from
hydroponic and aeroponic systems due to increasing salinity
and to remove pathogens. While crops are sensitive to these
conditions, industrially farmed algae or seaweed crops may
benefit from these nutrients (e.g., Seghetta et al., 2016), while
also stripping pollutants from waste streams (i.e., a form of
low-energy/cost water treatment). Where crops are grown that
produce large quantities of inedible plantmaterial (e.g., tomatoes,
potatoes, beans, etc.), these can be used as a food source for
livestock or insect production. Certain insects may then be used
to produce feed for fish and the aquaculture industry as well
as for human consumption. Composted materials can be used
in mushroom farming, and waste from aquaculture can be fed

back into appropriate hydroponic systems. While food is the
main output of such a circular system, composts, fertilizers and
animal feed could all come as secondary external outputs of a
system that would not require excessive inputs from the natural
environment. External inputs such as wastewaters from sewage or
urban streams may also provide crop systems with the nutrients
required (e.g., Martin et al., 2019), though contamination of these
streams with heavy metals may be difficult to address.

Where waste treatment is not considered or given priority in
CEA systems, it can lead to issues. The large amounts of organic
waste generated (rooting media and plant materials) can take
up large amounts of space, and are often industrially composted
(Aznar-Sánchez et al., 2020).While it is also possible to turn some
waste plant material into animal feed, there are limitations on the
economic feasibility of long-range transport of these materials
to livestock farms, which are typically not integrated with large
greenhouse facilities. The fate of inorganic waste is potentially
more environmentally damaging than organic waste due to its
longevity and poor economic return of recycling (Sayadi-Gmada
et al., 2019). Large quantities of plastic waste material can be
produced from industrial CEA systems that can overwhelm local
recycling capabilities and end up in landfill (e.g., Castillo-Díaz
et al., 2021). Rooting media (inert materials used to replicate soil
in CEA systems) can be made of recycled organic or inorganic
materials, and is discarded after each harvest. The fate of these
materials varies, and while organic materials can be composted,
inorganic materials like rock wool can be recycled for re-use or
for materials such as loft insulation.

While adopting an ISCEA approach has the potential to
drastically reduce waste, improving environmental efficiencies
of nutrient use management is not seen as a priority in
the commercial CEA industry as pollution (N and P) has
no associated business cost beyond wasted inputs. Research
in the CEA sector is largely dominated by system specific
economic factors, such as productivity, energy use and staff
requirements. While improving efficiencies here will provide real
environmental benefits (e.g., improved land-use-efficiency and
lower carbon emissions), these outcomes are largely achieved
as a consequence of cost saving rather than deliberate attempts
to improve sustainability of systems. With the exception of
aquaponics systems (which are typically not economically
feasible at large scales), there is a real lack of peer-reviewed
research into circular economy approaches within CEA systems.
To reach their full environmental potential, food producers of
the future will need to consider how CEA systems carried out
at large scale can integrate to improve both cost and nutrient
efficiency. In order for ISCEA systems to be cost effective,
dedicated research would be required to improve understanding
of nutrient flows and how best to integrate crop types to improve
maximum outputs. However, it is uncertain who might carry
out this research as nutrient flows are variable to crop types,
system designs and controlled environment conditions. Thus,
this particular topic of research falls between the cracks of system
developers and growers for which environmental performance is
not currently a primary focus.

As well as addressing concerns with waste management
on Earth, highly efficient ISCEA methods may be the only
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FIGURE 1 | Theoretical Integrated System Controlled Environment Agriculture (ISCEA) approach to achieving a circular economy by recycling waste products

generated in each system.

realistic way in which sustainable off-world food production
may be feasible in the early colonization of inhospitable terrains.
Environments such as that of the moon and Mars do not have
the soil ecosystems required to break down organic materials,
and conventional farming techniques would not be possible.
Although off-planet colonization is still many years away from
reality, we may already have much of the technology required to
produce food in controlled environments, as demonstrated by the
short-lived cotton plants grown on the moon by the Chang’E-
4 craft (Jones et al., 2021). The main weakness in the long-
term sustainability of this concept remains in the closed cycling
of nutrients and elements between waste streams, replicating
the finely balanced natural pathways of the ecosystem services
on Earth. Should ISCEA be utilized effectively by commercial
growers to feed the global population, the lessons learned will
likely play an important role in any off-planet expansion in the
centuries to come.

THE FUTURE OF CEA AND FOOD
SECURITY

Sustainable CEA systems of the future have the potential to
replace some conventional food production systems without

having major impacts on availability of foods. For most of the

EU and wealthier arid nations, the change from conventional
to CEA has already happened with salad crops (e.g., lettuce,
tomatoes, bell peppers, etc.) which are now predominantly grown
in CEA systems in Europe. Here, there has been little objection
to the crossover from conventional to CEA production as the
majority of the public has not perceived any difference over
time and is mostly unaware of the source of their food. Where
questioned on the appeal of CEA systems, the environmental
benefits are positively welcomed by the public; however, there
is still a perception of unnatural and unsustainable practice
surrounding CEA systems (Jürkenbeck et al., 2019). While the
technological aspects such as vertical farming and robotics
of CEA alters human perception to food production (e.g.,

Ares et al., 2021), in some cultures, the placement of large

CEA facilities themselves will cause concern, particularly in
communities where conventional farming is culturally dominant.

Where communities face extreme food security issues and have

limited options (e.g., drought and crop failure), CEA systems are
popular (e.g., Besthorn, 2013).

While CEA systems are able to produce similar crops as those

grown using conventional farming methods, meat production

is more difficult. Global meat consumption increased by 58%
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between 2008 and 2018, predominantly driven by population
growth, but also as a result of increasing preference and income
growth (Whitnall, 2019). If this trend continues, the meat
industry would need to increase production by an estimated
50–73% by 2050 to keep up with demand (Bonny et al., 2017).
The future of meat (or protein) production in CEA systems
that can challenge conventional methods comes in a variety of
forms. While mushroom, fungal and algal feed stocks are already
viable, it is mass-scale insect production and lab-grown meat
that are seen as having the most realistic prospect in terms of
competing with conventional livestock production methods in a
more sustainable way (Alexander et al., 2017). By absorbing some
of the future demand for meat products, these industries may
provide a vital means by which to limit environmental damage.

In terms of economic and environmental sustainability,
geographic location will be a major driver in the feasibility of
CEA development. In areas with high biodiversity or pristine
natural beauty, it does not make sense to build intensive CEA
facilities, nor is there a need to do so. CEA facilities are best
suited to areas where conventional productivity is low, and where
sustainable energy is easily available and cheap. The use of
geothermal energy to heat indoor agriculture in colder regions
(e.g., Barbaresi et al., 2020; Sakai et al., 2022) or cooling in
hotter regions (e.g., Al-Helal et al., 2022) can significantly reduce
power requirements and subsequent GHG emissions associated
with CEA systems. While water requirements are significantly
lower than conventional agricultural needs, the impacts of large-
scale facilities on soil moisture and natural water flow (i.e., soil
impermeabilization and infiltration after rainfall) should still be
considered to avoid destructive interference with hydrological
dynamics. In the example of the Almería region in Spain (>
26,000 ha of glasshouse coverage, the largest concentration of
greenhouses in the world), energy consumption is relatively small
due to the natural temperature and sunlight available, which
was reported as 1.5% of the total production costs by Mendoza-
Fernández et al. (2021). While the expansion of the Almería
glasshouse farming sector initially led to over exploitation of
groundwater, adoption of desalination and water recycling has
improved aquifers in recent years (Mendoza-Fernández et al.,
2021), showing that pre-empting and prioritizing environmental
concerns in regards to CEA is key to creating sustainable food
security in the future.

It is likely that CEA systems will continue to expand rapidly,
predominantly in wealthier nations (especially those with arid
climates), and in doing so, these nations may be the first to
realize the environmental benefits of large-scale industrial food
processing in controlled systems. This expansion is likely to
accelerate in the future if CEA is recognized to play a positive
role in reaching climate goals in these nations, which is becoming
a time-sensitive political concern in itself. However, arguably
it is the less developed nations that are more in need of the
expansion of CEA systems and the stability of food production
that it offers, especially those that will face the worst impacts
of climate change this century (i.e., Sub-Saharan Africa). Here,
while CEA is viable and in demand (e.g., Gumisiriza et al.,
2020) there are many barriers to the expansion of systems
that require expensive investment, skilled workers and access
to renewable energy. While establishing CEA systems may be

relatively expensive in these regions, arguably, local government
and external investment may provide lasting solutions to tackle
food security issues. While CEA systems of the future may
allow for wealthier nations to improve the sustainability of their
agricultural systems, they may be the only way to achieve food
security in nations that will face the worst of climate change in
the coming decades.

Time is a significant factor in preventing the worst of the
environmental damage to come over the next few decades. The
available industrial expertise and lack of regulation in the CEA
industry are both barriers that will slow development on top of
economic issues (Al-Kodmany, 2018). The greatest weakness of
the CEA industry at this point in time is the lack of economically
viable food products available to growers. While salad crops,
some fruits, mushrooms, fish and insects are viable and are
already produced in large quantities in commercially available
systems, staple crops such as rice, maize and wheat are not
considered viable. These three foods provide 60% of the world’s
food energy intake. While wheat (e.g., Asseng et al., 2020) and
potatoes (e.g., Tunio et al., 2020) are possible to grow in CEA
systems, the limitation is the cost of production, as is for lab-
grown meat. This is a major limitation, specifically in poorer
nations in which there are greater sensitivities to food prices than
in wealthier nations where consumers can more readily absorb
these costs. This is expected to change as technology progresses
and costs are reduced, but significant investment in this research
would be required, including technological advances, and likely
significant genetic modification of crops to maximize crop
production in CEA systems.

Further investment in renewable (or green) energy would also
be required to expand CEA systems in a way that would allow
environmental sustainability to be achieved in the future. While
not all CEA systems require the use of additional energy, it is the
vertical stacking and high productivity aspects of CEA systems
that are most environmentally attractive when comparing with
conventional farming methods. Thus, where staple crops are
grown, there will likely be the need for large amounts of artificial
lighting and extremely large energy requirements. As with the
electrification of the transport sector (e.g., electric vehicles), the
shift from conventional to CEA farming would require to some
extent the electrification of the agricultural sector. This increase
in energy consumption could be expected to be at least an order
of magnitude larger than that required by the transport sector,
due to the scale of energy required to grow crops. Expansion of
sustainable agriculture through CEA systems would therefore be
tied closely with the availability of green energy and the industry
may need to consider integrating facility design with the capture
of renewable (or carbon neutral) energy sources in the future
(i.e., wind turbines, solar arrays, wave power, nuclear, etc.) This
energy requirement is perhaps the greatest challenge facing the
expansion of CEA at the scale required to achieve environmental
sustainability at a global scale.

CONCLUSIONS

Currently, CEA systems have a wide array of advantages
and disadvantages associated with their use, both in terms of
economic and environmental sustainability. While CEA systems
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such as glasshouse production or vertical farming are expanding
rapidly in competition with conventional farming for some food
types (predominantly salad crops), the majority food production,
primarily staple crops and meat, will remain economically
unfeasible in these systems for the foreseeable future. While
some environmental savings may be possible with current CEA
systems (especially water saving and minimizing of pesticide
use), the carbon footprint of many systems (construction and
operations) is significantly higher than that of conventional
systems, and availability of renewable energy is not sufficient to
power systems in most regions (especially poorer nations) to
counter this.

However, the true strength of CEA lies in the technological
development of the systems that is likely to come in the next
few decades. While we have already reached the threshold in
which CEA systems can begin to improve the sustainability
of food production via the use of renewable energy, it is in
the development of economically sustainable mass production
of staple crops in which the true potential will be realized.
With climate change likely to disrupt conventional farming at
a global scale, numerous regions will turn to CEA technologies
to adapt to changing environmental conditions such as droughts
and desertification. Eventually, CEA systems and specialized
(e.g., GM) crops could be developed that will enable cheap and
intensive production of staple foods. With access to plentiful
renewable (carbon-neutral) energy and the appropriate systems
in place, it is feasible that CEA systems of the future could largely
negate most forms of environmental damage associated with
conventional farming at a global scale (e.g., GHGs, deforestation,
nitrogen, phosphorus, pesticide use, etc.).

To achieve the advances in sustainability that CEA potentially
offers, future development should focus on integrating economic
and environmental aspects of system design. As well as basic
aspects such as energy and water use, quantitative assessments
of nutrient flows in these systems are required, which may
allow for advanced circular waste management. Integrating this
research in the development stages of CEA systems now will
lead to more sustainable food production in the future, that
in time, could be expected to provide the industry with more
economically efficient systems, lower operating costs, allowing
more competitive food prices and developing a more positive
image in the public domain.
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