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INTRODUCTION

With the global population projected to reach 9.7 billion within the next 25 years', demand
for food is set to rise dramatically. This growth requires food systems to increase
production by more than 50%? while addressing distribution inefficiencies to ensure food
reaches where it is needed the most.

Opportunities to expand agricultural land are limited and efforts to do so can be
environmentally harmful. While productivity gains can be realised on existing farmland, the
ability to cultivate crops and maximise yields on land that is not typically used for
conventional agriculture will be essential for achieving long-term food security and
environmental sustainability.

Controlled environment agriculture (CEA) does this by using facilities such as greenhouses
or vertical farms alongside a variety of enabling technologies to produce crops in non-
conventional settings.

Photoi:WUNDP: Mauritius and Seychelles/ Michel Denousse

" UN, “Global Issues: Population,” accessed July 15, 2024.
2 World Resources Institute, “Creating_a Sustainable Food Future,” July 2019.



https://www.un.org/en/global-issues/population
https://www.un.org/en/global-issues/population
https://research.wri.org/wrr-food
https://research.wri.org/wrr-food
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CEA can reduce agricultural water usage by between 53%> and 98%*, and chemical usage
by as much as 100%; while using less land to produce the same amount of food as
conventional farming. However, current CEA systems are often energy-intensive and
costly to set up, which could limit their sustainability and accessibility, particularly in
resource-constrained settings. Advances in technology may decrease costs, making CEA
viable in a broader range of contexts.

This article explores the opportunities for CEA to transform food systems, highlights its
potential social and environmental impacts, addresses the key challenges it faces, and
considers pathways for CEA adoption in lower- and middle-income countries.

3 Darlene Steward and Greg Avery, “Controlled-Environment Agriculture and the Geography of Food, Energy and Water
Resilience in the United States,” National Renewable Energy Laboratory, accessed July 15, 2024.

4 Jamie Burrows, “How vertical farming_can save water and support food security,” World Economic Forum, June 20,
2023.



https://www.nrel.gov/docs/fy23osti/82104.pdf
https://www.nrel.gov/docs/fy23osti/82104.pdf
https://www.weforum.org/agenda/2023/06/how-vertical-farming-can-save-water-and-support-food-security/
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1. WHAT IS CEA?

CEA encompasses a range of farming methods and technologies that allow crops to be
cultivated outside their natural or preferred environments. Examples include growing leafy
greens indoors, or cultivating temperate fruit varieties in tropical regions. By controlling
and adjusting environmental factors, CEA optimises crop growth and development.

Table 1 (below) compares some of the key differences between conventional farming and

CEA.

Factor

Conventional Farming

Vulnerability to adverse
environmental conditions

Resource-use efficiency

Yield per unit of area

Year-round production

Location flexibility

Overhead costs

Energy usage

Note: This comparative table is compiled by the Author based on various sources.

High
Low

Low/Medium

No (dependent on crop
variety)

No (rural / open space
only)

High

High
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CEA can be classified along three axes: formats, growing systems, and enabling
technologies. Each format may combine some features of the other two (for example,
vertically stacked growing units within a greenhouse). Each format may use any of the
growing systems and enabling technologies, depending on specific circumstances and
farmer preferences. The chart below outlines the relations between these categories:

Formats
————( Greenhouse

» High-tech greenhouse
» Polytunnel

» Plant factory
» Container farm

—— \Vertical farm ——

Systems e Aquaponics

—— @ Hydroponics —— | e Aeroponics
e Deep water culture

—¢@ Soil-based

Enabling Technologies

® e.g. photovoltaics,
——@ Energy management —— photosensitive films,
LEDs

e e.g. CEA-optimised plant varieties,

—@ Cropscience  — light recipes

® e.g.sensors,
—@ Temperature/humidity control —— photosensitive
films

e e.g. robotics, sensors,

—@ Automation & precision —— cameras

Note: This chart on CEA formats, growing systems, and enabling technologies is created by the Author.
Different formats may use any of the different systems and enabling technologies; i.e., formats, systems, and
enabling technologies are not necessarily mutually exclusive of each other.



Novel Agrifood Technologies & Sustainable Development Article Series 6

5 Formats

Greenhouses are structures that admit
natural light through glass, plastic, or
netted rooves and walls. This natural
light can be supplemented with
artificial light where necessary.
Vertical farms grow crops in vertical
stacks to maximise use of space;
typically, they are partially or fully
enclosed, are often located indoors,
and may rely on artificial lighting.

o Plant factories are usually
completely  enclosed, sunless
environments using a fully
controlled vertical farming format
to optimise cultivation.

o Container farms are small-scale
indoor  farms, using vertical
stacking, that can fit in a shipping
container or similar-sized space to
allow a high degree of modularity
and portability.

These formats are compared in Table 2 on
the right.

Systems

Yield Lower Higher
Overhead
ver Lower Higher
costs
Peri-urban, :
Location ri-urban Flexible
rural
Water usage Higher Lower
Energy usage Lower Higher
Varies, .
Level of 'r| Typically
. typically
environmental semi fully
control controlled
controlled

Note: This comparative table is compiled by the
Author based on various sources.

« Hydroponics: growing plants in a water-based nutrient solution, rather than soil; this

includes

o Deep water culture: crop roots are directly suspended in water

o Aeroponics: crop roots are suspended in air, fed with nutrient-rich spray

o Aquaponics: combining hydroponics with aquaculture (fish and seafood farming)
to provide nutrient-rich wastewater to crops

« Soil-based: growing crops in soil, or a similarly constituted nutritious substrate, as per

conventional outdoor farming.
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2. CEA: ADVANTAGES & CHALLENGES

Technologies such as artificial intelligence, machine learning, internet-of-things, cameras,
and sensors allow farmers to create and manage consistent growing environments within
enclosed spaces.

The controlled conditions in CEA operations can reduce the impacts of adverse weather
and climate change associated with conventional outdoor farming. This can also decrease
the risk of contamination and pest infiltration, leading to healthier crops and improved
yields as well as reduced reliance on potentially polluting and toxic crop protection
products.

This provides certainty for farmers and their customers: as CEA-grown crops are less
prone to these risks and stresses such as extreme weather, pests, or disease, farms
experience fewer losses, so yields are more predictable.

Controlled environments also open up new business opportunities for farmers by enabling
the cultivation of out-of-season and out-of-range crops. This could be particularly important
for smallholder farmers, who often rely on a single cash crop to provide any income.

Depending on the specific format, growing systems, and enabling technologies which are
used, CEA can be implemented in buildings, urban spaces, arid regions, and other areas
that can’t support conventional outdoor farming. This means that CEA can improve food
security by boosting localised production and reducing reliance on imports.

Photo: UNDP Jordan / Tala Al Shakhanbeh
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As CEA facilities are typically located much closer to
end consumers than conventional farms, CEA-grown
produce enters the market fresher, and with a longer
shelf-life, than conventionally farmed produce.

Proximity to consumers can also reduce the emissions
associated with long-distance transportation, (see
Table 3 below) in turn minimising waste and loss in
the food supply chain; a significant factor given that
as much as one-third of all food currently grown ends
up being wasted?, contributing as much as 6% of total
greenhouse gas emissions®.

Additionally, CEA wuses far less water than
conventional outdoor farming. Enclosed CEA facilities
‘ ‘ can conserve more water compared to open-air fields,
*"gu S VA and typically make use of precision application
SBhotd™Jonas F/Pekels 2 3 through approaches such as drip irrigation, reducing
water waste’.

Conventional Outdoor .
. Greenhouse Vertical Farm
Farming
Water usage (per kg of 250 L 0L 1L
lettuce)
‘Food miles’ 2,000 miles 500-1,000 miles 43 miles

C ield (lett ,

rop yield (lettuce, per 3.9 kg 41 kg 80-120 kg
square metre per year)

Note: This table shows the efficiency comparison of conventional agriculture with two main types of CEA
facility for lettuce production®.

® World Food Programme, “5 facts about food waste and hunger,” June 25, 2024.

¢ Hannah Ritchie, “Food waste is responsible for 6% of global greenhouse gas emissions,” Our World In Data, March 18,
2020.

7 Nolan O’Connor and Khanjan Mehta, “Modes of greenhouse water savings,” Procedia Engineering, vol. 159 (2016):
259-266

8 Tessa Naus, “Is vertical farming_really sustainable?,” EIT Food, August 29, 2018.



https://www.wfp.org/stories/5-facts-about-food-waste-and-hunger
https://ourworldindata.org/food-waste-emissions
https://www.sciencedirect.com/science/article/pii/S1877705816323207
https://www.eitfood.eu/blog/is-vertical-farming-really-sustainable
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While CEA offers a range of potential benefits, there are also drawbacks.

Setting up and operating a CEA facility can require significant investment depending on
the type of format and requirements for labour, technology, and equipment. This can lead
to higher production costs per unit of product compared to conventional outdoor
agriculture.

Likewise, energy costs have an impact on CEA unit economics. Maintaining optimal
conditions within a CEA facility may require an almost constant supply of energy for
lighting, air conditioning, heating, cooling, and ventilation. In such scenarios the
sustainability case for CEA can begin to look less compelling unless renewable energy is
used.

Beyond these cost issues, there are further challenges that restrict adoption of CEA
technologies in development contexts.

Overall, investment in CEA in lower- and middle-income regions that could benefit most
from its advantages has been limited®. This means that there are fewer solutions providers
regionally, and scant incentive for technology providers from other regions to enter the
market.

I i T ]

AN - = == W R

9 Jess Halliday, Ralph von Kaufmann and Kumudu Vinodya Herath, “An assessment of CEA in low- and lower-middle
income countries in Asia and Africa, and its potential contribution to sustainable development,” Commission on
Sustainable Agriculture Intensification, November 2021.



https://cgspace.cgiar.org/server/api/core/bitstreams/b68349f8-1d83-4da7-86d9-fedeb7240051/content
https://cgspace.cgiar.org/server/api/core/bitstreams/b68349f8-1d83-4da7-86d9-fedeb7240051/content
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3. MODELS FOR SCALING CEA: CASE
STUDIES & KEY INSIGHTS

One approach to scaling CEA technologies involves private companies transferring their
innovations through business models through licensing, technology sales or leases with
ongoing service provision (‘as-a-service’), and modular systems that can be easily
transported and scaled as required by the end user’s needs.

The following case studies highlight companies employing these models to deploy CEA
technologies in food insecure regions, including lower- and middle-income countries,
offering valuable insights for broader application.

Kheyti

Indian startup Kheyti has developed a CEA device aimed at smallholder farmers
that it calls the “Greenhouse In A Box” — a rapidly deployable enclosure made of a
fine-mesh net that keeps out pests while regulating sunlight and water.

The modular unit can be customised to fit the specific needs of individual
smallholders, and is designed to be as affordable as possible for farmers on lower
incomes to overcome the typical cost constraints associated with CEA
technologies.

Operating across several states of India, Kheyti’'s commitment extends beyond
supplying hardware. Recognising the critical role of knowledge and support in
successful implementation, they offer a comprehensive “one-stop-shop solution”
that encompasses training and ongoing assistance to ensure farmers can
maximise the benefits of the device.

According to the startup — which is an Earthshot Prize winner'® — farmers using its
device can produce up to seven times more food while using 90% less water
compared to conventional methods. This results in enhanced income stability and
improved livelihoods for smallholder farmers, positioning Kheyti’s technology as a
significant instrument for social impact.

'° The Earthshot Prize, “Kheyti,” accessed July 15, 2024.


https://earthshotprize.org/winners-finalists/kheyti/
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Hﬁﬁ Neruva Technologies

Neruva Technologies is a Kenyan company that aims to tackle the challenge of
urban food production with aquaponics-based container farms.

Named Ecocapsules, its mini-farms combine fish farming and crop cultivation.
Waste from the fish is circulated into the crop-growing system, acting as a natural
fertilizer. This closed-loop system is both resource-efficient and minimises waste,
while producing food year-round. Neruva claims its Ecocapsules have yielded up
to 20,000 fish and 30,000 heads of lettuce each year. So far the company has
operations in Kenya’s capital Nairobi.

B LLEAF

LLEAF takes a different approach. The Australian startup is equipping
greenhouses with photosensitive films that can be applied to glass panels to

optimise natural light for a range of different crops.

Its film contains photoluminescent dye that absorbs low-value green light from the
sun. On its reverse side, the film emits increased light from the red side of the
spectrum, which plants use more efficiently.

This has the dual effect of protecting greenhouse crops from excess light while
providing them with more of the specific light needed for growth.

LLEAF’s film has been applied to high-tech glasshouses, simpler polytunnels, and
even to handmade bamboo frames built by smallholders in Indonesia to boost
lettuce production™.

LLEAF was one of 31 finalists of Cultiv@te', an innovation challenge initiative held
by the UNDP Global Centre for Technology, Innovation and Sustainable
Development in Singapore in 2019 to identify radical and transformative
technologies to help and improve sustainable agriculture.

" LLEAF, “Installations,” accessed July 15, 2024.
2 UNDP, “Cultiv@te,” accessed July 15, 2024.


https://lleaf.com/installations/
https://www.undp.org/sgtechcentre/cultivate
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Intelligent Growth Solutions (IGS)

IGS, a UK-based startup, sells pre-built ‘growing towers’ — vertical farming units
equipped with integrated lighting, irrigation, and climate controls — that allow its
clients to rapidly assemble a vertical farm.

While much of its business has focused on Europe and North America, IGS has
collaborated with Australian indoor farming firm Eden Towers to upfit an existing
farm in Jakarta, Indonesia™.

It is also working on large-scale projects in other parts of the Middle East and Asia,
such as the GigaFarm in the United Arab Emirates, which could produce enough
food to replace 1% of the desert state’s imports'.

IGS has also established an international research network to drive worldwide
innovation in vertical farming’™. The network includes academic and industry
expertise in areas such as plant science, horticulture, forestry, data science, and
engineering, with the aim of pinpointing the optimal conditions for growing key
crops and establishing best practices for energy and water use.

Notably, IGS also sells its growing towers to conventional farmers and
agribusinesses that are not necessarily seeking to operate vertical farms. Rather,
the growing towers offer a secure way of propagating seedlings for farms,
nurseries, and forestry operations, reducing the risk of loss due to inclement
weather or other unpredictable environmental events. This provides an example
of how CEA technologies can support, rather than compete with, conventional
agriculture including smallholder farming.

'3 Rebekka Boekhout, “A vertical farm in every major city in Australia in the next 24 months and then expanding_into
Asia,” Vertical Farm Daily, July 22, 2021.

'* Rebecca Cairns, “This ‘GigaFarm’ in the desert could produce 3 million kilograms of food,” CNN, March 13, 2024.
' Intelligent Growth Solutions, “Research Network,” accessed July 15, 2024.



https://www.verticalfarmdaily.com/article/9341588/a-vertical-farm-in-every-major-city-in-australia-in-the-next-24-months-and-then-expanding-into-asia/
https://www.verticalfarmdaily.com/article/9341588/a-vertical-farm-in-every-major-city-in-australia-in-the-next-24-months-and-then-expanding-into-asia/
https://edition.cnn.com/world/dubai-gigafarm-biggest-vertical-farm-climate-hnk-spc-int/index.html
https://www.intelligentgrowthsolutions.com/about/research-network
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4. PATHWAYS TO ENABLING CEAIN
DEVELOPING COUNTRIES

The models demonstrated by companies like Intelligent Growth Solutions, LLEAF, Neruva
Technologies, and Kheyti underscore the potential of CEA in maximising food production
in minimal space, reducing water and pesticide use, and delivering fresher, locally grown
produce. Yet, these examples also highlight key challenges — such as high initial costs, the
need for adaptable technologies, and local infrastructure constraints — that need to be
addressed for CEA to reach its full potential, especially in lower- and middle-income
countries.

Creating an enabling environment for CEA adoption in lower- and middle-income regions
requires:

—té;— Greater investment in context-specific R&D

Tailored research and innovation are essential to adapt CEA systems to specific
regional needs. This could involve developing solutions that optimise local water,
energy, and labour availability; or incorporate locally relevant alternative energy
sources.

° Combining low-tech and high-tech

Simpler setups — such as rooftop farms utilising natural sunlight — could evolve
over time to incorporate more advanced features, like hydroponic stacks or solar
power, aligning with local capacity and budget constraints. This would also ease
the transition from an agriculture sector characterised purely by conventional
farming to one which also includes CEA.




Novel Agrifood Technologies & Sustainable Development Article Series 14

gi(% Integrating multi-sector policies

CEA requires a supportive policy framework that bridges sectors such as
agriculture, energy, and infrastructure. Mainstreaming CEA within food security
strategies, national land-use planning, and economic development programs will
be critical. Governments can further support CEA adoption by offering grants,
training programs, and technical assistance to both smallholder farmers and CEA
entrepreneurs. This also means existing agricultural development initiatives could
be leveraged to integrate CEA more effectively into the broader agrifood sector.

6@ Incentives and engagement

Tax breaks or crop input subsidies can help offset the initial investment costs
associated with CEA, making it a more viable option for smallholder farmers; while
building consumer trust through transparency and engagement initiatives will
enhance the social license to operate, positioning CEA as a credible and socially
responsible solution for local food systems.

P

ﬁ. Belarus
"r -

Creating an enabling environment for CEA adoption in lower- and middle-income
countries requires collaboration across policy, technology, and community stakeholders.

By investing in R&D, embracing hybrid ‘low-tech plus high-tech’ solutions, and establishing
supportive policies, developing regions can harness CEA’s full potential to secure their
food systems, improve resilience, and foster sustainable growth.
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