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Closed-loop agriculture systems
meta-research using text mining

Michelle Ragany, May Haggag, Wael El-Dakhakhni and

Benzhong Zhao*

Department of Civil Engineering, McMaster University, Hamilton, ON, Canada

The growing global population and climate change threaten the availability of

many critical resources, and have been directly impacting the food and agriculture

sector. Therefore, new cultivation technologies must be rapidly developed and

implemented to secure the world’s future food needs. Closed-loop greenhouse

agriculture systems provide an opportunity to decrease resource reliance and

increase crop yield. Greenhouses provide versatility in what can be grown and

the resources required to function. Greenhouses can become highly e�cient and

resilient through the application of a closed-loop systems approach that prioritizes

repurposing, reusing, and recirculating resources. Here, we employ a text mining

approach to research the available research (meta-research) and publications

within the area of closed-loop systems in greenhouses. This meta-research

provides a clearer definition of the term “closed-loop system” within the

context of greenhouses, as the term was previously vaguely defined. Using this

meta-research approach, we identify six major existing research topic areas in

closed-loop agriculture systems, which include: models and controls; food waste;

nutrient systems; growing media; heating; and energy. Furthermore, we identify

four areas that require further urgent work, which include the establishment of

better connection between academic research to industry applications; clearer

criteria surrounding growing media selection; critical operational requirements

of a closed-loop system; and the functionality and synergy between the many

modules that comprise a closed-loop greenhouse systems.
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1. Introduction

As a result of the disparate distribution of the global food supply (Messner et al., 2021),

food loss, and food waste (Kusumowardani et al., 2022), current food supply management

and production practices are insufficient to support the projected global population of 9.9

billion by the year 2050 (The International Institute for Sustainable Development, 2020;

Movilla-Pateiro et al., 2021). The increase in global population impacts every country, not

only those experiencing growth. There will be increased demand for food production and

supply in order to feed the world. Environmental factors, including climate change, water

scarcity, and declining soil nutrition, pose additional challenges for producers (Goddek et al.,

2015).

For centuries, agriculture predominantly consists of crop cultivation in

outdoor settings. Food cultivation in indoor environment has been explored as

a viable alternative since the 20th century. Greenhouses are the most common

indoor system for agriculture is a greenhouse, which provides controlled

weather conditions, modulates flow of mass and energy, and minimizes disease

risks (Goto et al., 2013; Manonmani et al., 2018). More recently, closed-loop

systems emerged as an area for innovation in agriculture. A closed-loop system is
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used for repurposing, reusing, and recirculating resources within a

system. In the context of agriculture, the objective of a closed-loop

system is to minimize the inputs needed throughout a growing

cycle in all aspects, including water, nutrients, and soil, among

others. Due to their ability to conserve resources, closed-loop

systems within greenhouse infrastructure show promise in

advancing the food and agriculture industry (Goumopoulos et al.,

2014; Rufí-Salís et al., 2020). The implementation of closed-loop

systems in various components of greenhouses contributes to

sustainable production, sustainable agriculture, and food security,

which are included as part of the United Nations Sustainable

Development Goals (SDGs) (United Nations Department of

Economic and Social Affairs, 2022).

There are various sustainability benefits of a closed-loop

greenhouse. Agriculture practices can impact the environment and

ecology as a result of their energy consumption, water use and

disposal, and emissions (Wu et al., 2019). Current agriculture

practices are contributing to the continual rise in water scarcity

around the world, since 72% of the freshwater withdrawn globally

is used for agriculture purposes (United NationsWater, 2021). This

is impacting areas currently suffering from water stress and can

cause water stress in new areas (Goddek et al., 2015). Closed-loop

systems have the potential to alleviate water shortage concerns in

arid and semi-arid climates through water recirculation (Li et al.,

2020). Indeed, water conservation in closed-loop systems has been

demonstrated in numerous experiments (Chrouta et al., 2019).

The conservation of land resources is another beneficial feature

of closed-loop greenhouse systems. The amount of land resources

available for traditional agriculture is decreasing (Helmstedt et al.,

2018) while existing agricultural methods negatively impact the

land’s soil quality (Wu et al., 2019). Farmland is decreasing

as a result of the population sprawling and expanding urban

areas (de Jesus Rubio et al., 2011). Research has shown that

rooftop greenhouses with closed-loop systems are suitable for a

variety of buildings and show promise in solving urban agriculture

limitations and constraints (Rufí-Salís et al., 2020). Optimizing

greenhouses within the framework of closed-loop approach can

allow for increased flexibility in where food is grown and increased

yields while decreasing costs (Su et al., 2017b).

Lastly, closed-loop greenhouse systems contribute to

minimizing and eliminating waste, which reduces the

environmental footprint of food production (Williams, 2021).

Some studies have conducted life cycle assessments (LCA) on

closed-loop greenhouse systems, which revealed the benefits and

constraints of these systems. Long-term benefits of closed-loop

greenhouse systems include improvement of local resource

production (Williams, 2021). However, short-term negative

impacts of closed-loop greenhouse systems include the use of

fossil fuels and the associated greenhouse gas emissions when

developing new infrastructure (Rufí-Salís et al., 2020). Greenhouses

have a shorter lifespan compared to other infrastructure, which

requires that their carbon footprint and resource demand during

construction to be properly accounted for in an LCA (Torrellas

et al., 2012). LCA of closed-loop greenhouses systems is an essential

step in rationally designing these systems to offset negative impacts

from the construction of greenhouse infrastructure.

In addition to application on Earth, closed-loop systems have

been considered for space missions to the Moon and Mars.

With extremely minimal resources available on space exploration

missions, it is critical that life support systems reuse and repurpose

as many inputs and outputs as possible. The Micro-Ecological Life

Support System Alternative (MELiSSA) design began in 1989, and

evolved over the years to house various compartments for the crew,

food growth, and others, and connect them all together for a fully

operational loop to share inputs and outputs (Poughon et al., 2009).

Since this project, various other research agencies have begun their

own development. Other projects such as the EDEN International

Space Station project have been prototyped and are being tested

(Maiwald et al., 2021). The development of closed-loop systems for

greenhouses for space exploration shows that this is a promising

method to grow a reliable food supply with minimal inputs.

The adoption of a closed-loop system, however, does not come

without challenges. Various components of the overall greenhouse

have differing limitations. For example, while the use of biochar

in closed-loop agriculture systems reduces waste production and

reduces water usage, its production creates higher air pollution (Li

et al., 2020). Another example would be the implementation of

food waste recovery in a closed-loop system (Dsouza et al., 2021).

The implementation of such a system would allow for reduced

system outputs and allow for the reuse of nutrients already within

the system. However, the heterogeneity of food waste makes it

challenging to predict the outcome of the composting process.

With the vast potential application of closed-loop systems

in greenhouses, it is critical to clearly understand the areas

that past research has explored and where knowledge gaps still

remain. Smart literature review and meta-research have used

topic modeling for many years. Topic modeling is a favorable

approach to this form of research as it groups text by similarities

and content, in order to prescribe the topics (Asmussen and

Møller, 2020). This approach can highlight key topics of work

that may not otherwise emerge from a qualitative review of

the literature. Topic modeling is also replicable, allowing further

analysis to be run in the future with additional papers to

identify potential new emerging topics (Asmussen and Møller,

2020). The approach has been applied to various research areas

including but not limited to, supply chain analytics for enterprise

information systems (Asmussen and Møller, 2020), resilient cities’

critical infrastructure interdependence (Haggag et al., 2019), and

prevention of COVID-19 (Nothacker et al., 2022).

This study uses meta-research and text-mining techniques

to identify key topic areas based on past research regarding

closed-loop agriculture systems has explored (Blei et al., 2003).

Quantifiable results were generated by leveraging targeted topic

modeling strategies. This work aims to provide an unbiased

review of existing research on closed-loop systems in greenhouse

infrastructure and demonstrate that there is an opportunity for

greater impact when closed-loop systems are applied to the entirety

of a greenhouse rather than individual components.

2. Methodology

This section details the approach used to employ text analytics

on the dataset of publications under review. Text analytics in the

form of topic modeling was used to uncover significant topics

systematically. Topic modeling reveals existing research areas and
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uncovers knowledge gaps. The approach is advantageous as it

minimizes biases associated with topic selection. This is because

the process is guided by the papers under revisions being grouped

based on relatability which then form the overall research topics

(Asmussen and Møller, 2020). The approach we follow for this

review can be summarized into three stages. Stage 1 of this

review involved using four keywords as a guide for a literature

database search as seen in Figure 1. The selected keywords of

relevance for the desired objective are agriculture, closed-loop,

food and greenhouse. Stage 2 topics were uncovered through

word significance and topic modeling. Following that, Stage 3

provided a quantitative analysis of the topics identified in Stage

2. Stage 3 leveraged the quantifications to then cluster various

words presented in the abstracts being reviewed. These clusters

were an indicator of words frequently being discussed together with

respect to closed-loop systems and provided the basis for the topics

used when discussing the state of current research. The review of

available literature indicated that research is very niche and narrow.

We use Web of Science (https://www.webofscience.com/) to

identify relevant publications in closed-loop agriculture systems

(Figure 2). Specifically, our query leveraged the four keywords in

seven search combinations and is limited to publications between

1990 and February 4, 2022. The word “closed-loop” was a required

word in each search in the following manner: (1) closed-loop

and agriculture, (2) closed-loop and food, (3) closed-loop and

greenhouse, (4) closed-loop and agriculture and food, (5) closed-

loop and agriculture and greenhouse, (6) closed-loop and food and

greenhouse, and (7) closed-loop and agriculture and greenhouse

and food. Search combinations were applied to both title search

and abstract search. The search yielded 2,877 publications, which

were then reviewed manually to assess their relevancy. After the

filtering and evaluation were completed, there was a selection of

287 publications of relevance considered for this study.

In order to extract topics of significance from the publications,

pre-processing involving steps to clean the text within the dataset

was first applied, followed by word importance techniques. The

outlined steps of (1) pre-processing, (2) word importance, and (3)

Latent Dirichlet Allocation (LDA) were applied to the complete

dataset of publications, including the titles and abstracts. Pre-

processing was completed within R software (RStudio Team,

2019; R Core Team, 2020). A text transformation package,

tm_map function available in R, was applied to the dataset

(RDocumentation, 2019). This allows for the determination of

the frequency of words identified within each individual abstract

under revision and the frequency of words collectively (Haggag

et al., 2019; Feinerer, 2020). LDA was then applied allowing for

the assessment of discrete data through generative probabilistic

modeling (Blei et al., 2003). The application of LDA indicated key

topics for exploration.

2.1. Text analysis procedure

2.1.1. Pre-processing
We subject the abstracts to four data pre-processing steps

(Miner et al., 2012): (1) transformation, which converts all text to

lowercase format, (2) tokenization, which converts larger strings of

words such as paragraphs and sentences into individual words and

characters, (3) treatment, which removes common words such as

“the”, “there”, “a”, etc., and (4) stemming, which removes affixes.

In order to gain a clearer understanding of significant words

within the dataset, the bag of words technique was used to gain

a holistic understanding of word importance within the dataset

(Feinerer, 2020). The bag of words technique counts the number of

occurrences of each word, and the higher occurrence words show

higher significance within the dataset. Additionally, we combine

common synonyms to yield a word cloud of the significant words

within the dataset (Figure 3). Upon inspecting the word clouds,

the following key terms were found to dominate the research field:

system, control, water, food, closed-loop, and product.

2.1.2. Latent Dirichlet Allocation
We apply topic modeling in the form of Latent Dirichlet

Allocation (LDA) to identify key topics within the dataset. LDA

is a probability-based modeling algorithm specifically designed for

text-based datasets (Blei et al., 2003). The Griffiths’ measure was

selected as the LDA model. The Griffiths’ measure (Griffiths and

Steyvers, 2004) provides an indication of the optimal number of

topics. The model aims to maximize the outcomes by indicating

a measurement close to the upper limit of 1.0, based on the input

parameters and constraints. These parameters and constraints set

lower and upper bounds that guide the number of topics the model

assesses. The model leverages Gibbs sampling as well as the Monte

Carlo Markov Chain method. The posterior distribution is used to

assess the given data based on previous distributions of topics and

the function of likelihood.

To determine the key number of topics, instructions were first

provided to analyze only abstracts within the dataset and an upper

limit of topics (k). A maximum number of topics (k) was set at 20,

which was selected based on the limited number of publications

within the dataset for assessment. Following the application of

the constraints and parameters, Griffiths’ measure was generated.

Subsequently, a random assignment will indicate the topic that

applies to each word. A gamma distribution is then generated,

indicating the probabilistic distribution of documents per topic.

It then concludes with a beta distribution which indicates the

probabilistic keywords that are present in each topic and includes a

metric indicating how strongly present the word is within the topic.

Griffiths’ measure was used to assess the distribution of topic

likelihood, as shown in Figure 4. The upper limit of topics (k) was

set at 20, and the lower limit of topics (k) was set at 2. The purpose

of Griffiths’ measure is to find the optimal number of topics which

is shown by indicating the maximized value. When generating

Griffiths’ measure, topic maximization was indicated at 17 topics.

As there are 287 publications under consideration for this study,

proceeding with 17 topics would be far too many. Many of the

topics would overlap and result in a less meaningful and targeted

review. With this consideration, this study will select the number of

topics that are captured at 75% when reviewing Griffiths’ measure.

The selected 75% capture rate results in 7 topics emerging from the

dataset. This lower value in topics should yield well-rounded topics

encompassing various aspects of a closed-loop systemwithminimal

overlap. This results in a better review of the literature available.
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FIGURE 1

An illustration of the meta-research approach of this systematic review paper.

FIGURE 2

The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) (Page et al., 2021) as applied in this systematic review paper,

indicating the number of studies included in the review.

2.2. Topic analysis

The application of Latent Dirichlet Allocation in earlier steps

generated a Beta for each of the seven topics, which is the

probability of words being present in the same document within

each topic. While seven topics have been selected at this stage,

as indicated in Figure 5, it can be seen that some topics have

a significantly lower likelihood of words being present, which is

indicated by the beta value. This simply indicates that they are not

as likely to be present within the dataset, but they contribute to

one of the topics that emerged. It can also be seen that while some

topics have a distinct leading word or term with a high likelihood,
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FIGURE 3

Illustrated word cloud following the application of all pre-processing steps. Words that occur at a higher rate in the dataset appear in larger fonts

within the word cloud, while those that are not as common within the abstracts are smaller in size.

FIGURE 4

Latent Dirichlet Allocation of Gri�ths measure. Gri�ths measure

also referred to as Gri�ths and Steyvers (2004) along the y-axis vs.

the number of topics along the x-axis.

there are others, such as topic six, where various words have a high

probability of appearing together.

Within each topic, there are words with a higher beta value;

those are treated as major words that shape the topic’s contents.

They are then complemented by minor words based on the

beta values, these words allow the topics to be tailored. Within

topic 1, the words food and waste have a high probability of

appearing in the same piece of literature. In topic 2, the word

environment appears along words such as supplies, chain and

closed-loop. Topic 3 keywords indicate an emphasis on nutrient

systems, while topic 4 words indicate a focus on water systems.

In topic 5, where the primary word is control, the words

model, greenhouse and crop are often referred to. Topic 6 words

appear as product and soil. Lastly, topic 7 focuses on heat and

considers energy.

While each of these topics identifies different aspects of a

closed-loop system, topic 2 will be removed from the literature

review assessment. This decision has been made since the

concept of the environment, closed-loop systems and supplies are

represented in the literature regarding topics 1, 3, 4, 5, 6, and 7.

A clearer indication of research can be provided regarding each

individual topic that details its contributions and impacts on the

keywords presented in topic 2. The environment is considered one

of the driving factors for the utilization and implementation of

closed-loop systems. Accordingly, six topics will be formed, each

reviewing and assessing various aspects of closed-loop: models

and controls, food waste, nutrient systems, water systems, growing

media, and heat and energy.
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FIGURE 5

Beta distributions of each of the topics generated by the text-mining approach. Graphical representation of the frequency of occurrence of various

words within a topic. Seven topics are uncovered, with the likelihood of a term appearing within each topic indicated along the x-axis.

3. Results

3.1. Models and controls

As the growth in population and climate change continue to

pose challenges regarding food security, greenhouses are emerging

as a favorable solution. Greenhouses provide an opportunity to

grow food in various climates and geographic locations. Food

accessibility is a major driving factor in the desired application of

controlled environment agriculture in urban cities (Dsouza et al.,

2021). Traditional greenhouse systems are challenging to control as

a result of their physical and biological subsystems (Manonmani

et al., 2018). The physical subsystem encompasses components

of such as the greenhouse infrastructure, while the biological

system encompasses factors such as the plant being grown. As

there are multiple subsystems, the application of a closed-loop

system is favorable to enhance the interaction and influences

between the subsystems. Water systems, nutrient systems, food

waste, growing media and heating and energy are some of the

many components of a closed-loop greenhouse system. To best
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understand and optimize their functionality, models and controls

are implemented.

When considering the climate and environment of a closed-

loop greenhouse system, there are various components to

address. When looking at energy utilization and heating, these

components contribute to the biological and physiological

subsystems (Manonmani et al., 2018). As such, a study was

conducted to understand if neural networks could be used to

provide a reliable manner in which growing conditions would

be maintained. Neural networks provide an opportunity to test

performance and alter parameters, such as the algorithms being

used, to best optimize the system. Climate conditions such as

temperature and humidity within greenhouse systems impact

growing conditions and can be user-controlled (del Sagrado et al.,

2016). In order to determine the best manner in which these

can be controlled and optimized, studies have leveraged Bayesian

networks, fuzzy adaptive controls, and parameter self-tuning

proportional–integral–derivative (PID) controls, in addition to

other neural network approaches.

To optimize the climate conditions, the Bayesian network

can be applied to gain probabilistic outcomes of the controls

and environmental conditions (del Sagrado et al., 2016). Studies

have indicated that the Bayesian network provides a good level

of approximation for the controls, which can then be altered by

the grower. Parameter self-tuning PID controls were explored as

a means of retaining aspects of system modularity (Su et al.,

2020). A simulation has indicated that climate controls within

greenhouses can benefit from the utilization of parameter self-

tuning PID control. Various system components are distributed

amongst PID controllers, which allows for modularity to occur

for optimization of specific PID controllers while retaining an

overall closed-loop function. Another simulation which utilized

fuzzy adaptive controls aimed to determine manners in which

energy within the system would be conserved by reallocation (Su

et al., 2017a). Heating, fogging, and CO2 injection are the measured

control laws. The simulation uses a fuzzy logic system to gauge

the difference between the controller and actuator outputs. This is

done as a means of calculating the actuator saturation. Based on the

values captured, energy can then be allocated to other areas of the

greenhouse. This provides an opportunity to resource conservation

and reuse.

Lighting, water and nutrients are additional influencers of

growing conditions within greenhouses. Various experiments and

simulations utilizing neural networks, wireless sensor networks,

Irrigation control systems, and electrical conductivity sensors

have aimed to understand optimal conditions and manners in

which conditions can be manipulated based on data from the

system. Various control systems are implemented in order to

conserve resources. A supplemental lighting management model

has been developed, allowing specific plants in a greenhouse to

receive additional wavelengths (Mohagheghi and Moallem, 2021).

The model utilizing neural networks conserves energy by only

supplying plants identified as having a deficiency based on growth

indicators. This experiment was conducted in a proof-of-concept

greenhouse in order to measure the success of the experimental

results and was used to confirm previous studies conducted in this

area. Lighting in a system can influence temperature. As a result, it

influences what might be implemented for irrigation systems.

Irrigation systems can be controlled using data from a crop

water stress index, an evapotranspiration model to assess the

volume of water during irrigation, and infrared thermometry for

the temperature of the plant’s canopy (Prenger et al., 2005). Prenger

et al. (2005) conducted a comparative study comparing a closed-

loop and open-loop irrigation system approach and found that

there was less than a 2 L/m2 per event error based on the amount

of water introduced into the system when applying a closed-

loop irrigation system, which improves the system’s performance.

The application of wireless sensor networks is an alternative

approach that can be considered for irrigation systems (Yin et al.,

2015). When introduced into greenhouse systems, wireless sensor

networks provide automatic monitoring and controls and have

been applied for drip irrigation pipes and ventilation equipment.

Communication nodes allow for a network to be established and

actions to be carried out based on decisions made by a dynamic

simulation model. Based on simulation findings, this approach was

implemented in a greenhouse and found to have a high correlation

efficiency when comparing the model prediction and the observed

values. Nutrients are often introduced and maintained through

the water in a greenhouse system. As such, nutrient monitoring

techniques have been studied for both soil and soilless culture

systems. A greenhouse experiment assessed soilless culture systems

in various system designs, including a closed-loop system applying

electrical conductivity sensors (Ahn et al., 2021). Results indicated

that succeeding nutrient ratios could be controlled by utilizing a

computed nutrient ratio specifically within a closed-loop system

setup. This provides an advantage in better assessing the needs of

the plant being grown, and determining its future needs prior to

any deficiencies possibly presenting themselves.

The simulations and experiments demonstrate the opportunity

available to address various components of closed-loop systems in

order to optimize outcomes and efficiencies. Growing conditions

need to be maintained and monitored for optimal plant and crop

production, while minimizing resource needs (Su et al., 2017b).

3.2. Food waste

Research regarding food waste within the food and agriculture

sector indicated several dominant practices. The practices of

anaerobic digestion, biochar, and bio-gas production are discussed

as emerging solutions (Andriamanohiarisoamanana et al., 2020).

By applying appropriate practices, such as a circular economy

approach to organic food waste, there is an opportunity to generate

revenue, reduce wastemanagement issues, and bolster the economy

(Rashid and Shahzad, 2021). However, the level of understanding

regarding the advantages of adopting closed-loop technologies for

organic waste varies by country and poses a challenge (van der

Velden et al., 2022).

The practices proposed for application are inclusive of biochar

production. Biochar can be produced from various organic

materials. Green waste from tomatoes, an organic material, was

repurposed into a substrate that can effectively be applied in various

growing conditions (Dunlop et al., 2015). Another studied aspect

of biochar is its benefits, allowing for efficient water-reutilization

(Payne et al., 2018).
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The practice of anaerobic digestion presents

advantages for energy recovery and pollution management

(Andriamanohiarisoamanana et al., 2020). Anaerobic digestion

allows organic waste to be converted into biogas and digestate.

Digestate can be used as fertilizer, while biogas, can contribute

to renewable energy sources. There is, however, limited research

on the impacts of biogas (Lin et al., 2021). With food waste being

a growing global concern (Allegue et al., 2020), finding ways in

which it can be repurposed can benefit the cultivation of foods.

3.3. Nutrient systems

Various aspects of a closed-loop system can be considered when

researching nutrients. The vast majority of research that has been

completed on closed-loop nutrient systems has been applied within

hydroponics. Many studies have been conducted in order to assess

the benefits and advantages of hydroponics for the circulation of

nutrients within a system (Rufí-Salís et al., 2020).

Composting is an approach by which nutrient deficiencies

or lack of nutrient accessibility can be addressed (Dsouza et al.,

2021). A conceptual study based on a closed-loop environment

addressed various technologies that could possibly supplement

multiple aspects of the system currently posing a challenge. The

ability to incorporate composting within a closed-loop system

decreases biowaste and repurposes materials that can still have

a positive impact. Leaves, an organic material within greenhouse

systems, also impact and provides indicators in order to optimize

weather regulation, determine mineral nutrient requirements, and

impact the health of flora and fauna (Krupanidhi et al., 2017).

Utilizing organic materials within a system can provide insights

into the health and needs of the system and can often be used as

an input to bolster any deficiencies.

In the early 2000s, the nutrient film technique gained

popularity. This technique provides a shallow channel of water

where the roots of a plant are in contact with the water, allowing

for nutrients to be carried to the plants. A study was conducted

to modify the concentration of nutrients present in irrigation

water depending on the environmental surroundings (Zolnier et al.,

2004). While the experiment had challenges with results early in

the plant’s growth phase and at various times in the day, it put

into practice a closed-loop hydroponic system that aimed to model

evapotranspiration, which influences nutrient concentration.

Lighting within a greenhouse system can lend itself to nutrient

quality and availability in a system. Studies have assessed light

sources and their impacts on the availability of a specific ion.

As an example, a study measuring iron, which interacts and was

thought to be impacted by light, determined that iron is an ion

that is not inherently affected (Lykas et al., 2001). It additionally

noted that there were benefits to agitating the water within a closed

hydroponic system as it helped maintain the ion concentration for

a more extended period.

Overall, there are various benefits when considering the

nutrient systems within closed-loop greenhouse systems, which can

be seen in the plants, the environment, and resource dependency.

Between 35% and 54% of the nutrients within a closed-loop

system were saved through recirculation (Rufí-Salís et al., 2020),

indicating that efficient application of nutrient systems can enhance

sustainability and create a feasible method for food growth.

3.4. Water systems

The agriculture sector is a heavy contributor to water usage.

Determining efficient utilization strategies is significant for a

sustainable closed-loop agriculture system. Literature in this area

looks at both how certain aspects of water systems can be

altered to adopt new practices and how technology can guide the

optimization of the systems.

Transpiration is one of the primary utilizers of water within

a closed-loop system (Goddek and Körner, 2019). In order to

understand methods through which water can be conserved, a

study conducted on a recirculated aquaponic system explored

multi-loop systems. The goal of the study was to determine if a

recirculating aquaculture system could feasibly be decoupled from

a hydroponic unit and turned into a multi-loop aquaponics system.

An aquaponic sizing simulator was then created, and simulations

were run with details regarding plant growth and hydroponic

system needs, amongst others.

Hydroponic research indicates water circulation allows for

the conservation of resources while allowing nutrients to be

reintroduced (Rufí-Salís et al., 2020). A study from the Universitat

Autonoma de Barcelona indicates that experimental conditions

allowed for 40% conservation in irrigation water daily (Rufí-Salís

et al., 2020). The study has proved that when recirculating water

in urban agriculture practices, there could be between 35 and

54% retention in nutrients. While this experimental system had

advantages, there are shortcomings in that additional infrastructure

is required.

Another method that can be applied to water systems discussed

in previous topics is biochar. Biochar has gained traction as it

repurposes organic waste. It has the potential to be used in

various components of a closed-loop system. Within agriculture,

biochar could be applied to treat point-source and diffuse-source

wastewater in a system (Li et al., 2020). The application could

decrease dependency on water while providing economic benefits

as well.

Irrigation is another aspect of food cultivation that is a heavy

utilizer of water.When considering irrigation as an aspect of a water

system, research was conducted to determine how the wastefulness

of water can be mitigated (Bwambale et al., 2022). Technological

advancements have allowed irrigation systems to leverage various

concepts and techniques such as neural network classifications

(Anguraj et al., 2021) and the internet of things (Maja and Robbins,

2018). This allows for smart irrigation systems to surface and

provides an opportunity for precision and accuracy (Castro et al.,

2016), which in return reduces wastefulness.

3.5. Growing media

Various systems utilize different growing media; this section

will review both soil and soilless cultivation. As more strain is

placed on the environment, there are advantages of integrating
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a soilless culture system into a closed-loop greenhouse (Gruda,

2019). While peat and rockwool are two materials available as

alternatives to soil, there are additional solutions and alternatives.

As an example, by repurposing raw materials and organic materials

within the system, growingmedium can be developed. As discussed

within the topic of food waste, biochar, made of organic materials

such as green waste, would possess the ability to act as a substrate

for cultivation under the appropriate conditions (Dunlop et al.,

2015). Converting organic material waste from the plants already

within the system could also benefit nutrient availability. It is

additionally possible to leverage urine, another form of waste.

Human urine that is rich in nitrogen and phosphate can potentially

support cultivation in soilless systems (El-Nakhel et al., 2021).

New techniques, such as the utilization of human urine, as well as

traditional techniques have been shown to positively support the

growth of lettuce.

Soil moisture dynamics are impacted by water systems and

the climate within the greenhouse. In order to gain a deeper

understanding of soil moisture dynamics, and its impact on plant

growth, a study utilized AQUACROP simulations (Adeyemi et al.,

2018). This simulation applied Dynamic Neural Network models

to predict the volumetric soil moisture. Models were generated

at various locations throughout the greenhouse, to understand

how a dry surface layer of soil interacts with the overall soil

composition, fluid transport and temperature. Various layers of soil

were observed as they influence the overall composition of the soil

and influence the growth of the plant. Through the collection of

several data points, it was found that heat, moisture migration and

temperature strongly influence moisture transport in unsaturated

soil. It was also observed that between 20 and 46% of water could be

conserved with its application. As soil is influenced by other aspects

of a system, such as water and nutrients, additional findings from

the literature review are included amongst other topics that have

been identified, including nutrient systems and water systems.

3.6. Heating and energy

There are various aspects of a greenhouse system to consider

when reviewing heating and energy within a system design. Climate

controls, ventilation, and lights are all internal contributors to

heating and energy. Additionally, there are external conditions

outside of a greenhouse that can impact and influence a closed-loop

greenhouse. The objective of optimizing greenhouses is to have

more favorable growing conditions.

Heating systems can be woven into a system at various locations

and levels. A study conducted on a greenhouse located near Firat

University in Turkey applied a ground-source heat pump heating

system (Benli, 2011). Benli found that utilizing this system is

advantageous in energy savings but noted the higher initial cost

of such investment. Another heating system that has demonstrated

efficiency is the earth-to-air heat exchanger (Hepbasli, 2013). The

heating system has been assessed to have around 72% energy

efficiency. The challenge with an earth-to-air heat exchanger is that

there is a significant amount of infrastructure changes that need

to occur. This is because it relies on transporting heat generated

from power plants to greenhouse infrastructure through various

pipes and subsystems. While the energy efficiency at a reference

environment temperature of 0◦C is around 19%, it drastically

decreased to between 1.01 to 1.24% at 18◦C.

Another system that has been studied within greenhouse

environments is horizontal heat exchangers (Awani et al., 2017).

The system’s objective is to heat the glass substrate of the

greenhouse using a water-air heat pump in conjunction with a

ground heat exchanger. The horizontal heat exchangers leverage

renewable energy in the surrounding area, in this instance, solar

energy. Assessing a geothermal heat pump system, the study

collected data for the operation of both a single heat pump unit

and two heat pump units (Kang et al., 2014). The study concluded

that if a greenhouse relies on multiple heat pumps, all pumps must

function, or there will be a significant decrease in performance.

This is because the number of pumps is influenced by other aspects

within the system, such as water pumps.

While some of the discussed heating systems studies examine

the energy requirements or efficiency, additional practices and

strategies for energy should be considered. Lighting is commonly

found in greenhouses and consumes energy. Roughly 30% energy

savings can be obtained if there is consideration toward using

sunlight integrated with artificial lights (Jiang et al., 2020). To

understand how the sun could be used to save energy, a Smith

predictor was used in order to achieve the balance between the

various spectrums of light in unison with the sun. Since the

sun can be interrupted by clouds, a study applied cloud data to

determine when a system should use reserved energy resources and

when it is most efficient to do so (Li et al., 2018). By integrating

weather information into the system controls for an intelligent solar

greenhouse, the system can use data to drive its decision-making

regarding climate control in the greenhouse. This can ensure that

the climate is regulated to ensure optimal growing conditions and

that there is no waste of energy. It is also important to note that

environmental conditions changes within a greenhouse that occur

for short intervals of time are unlikely to impact the plants which

are being grown (Su et al., 2017a).

4. Research gaps and opportunities

Through this bird’s-eye view of previous research pertaining

to closed-loop systems, it can be seen that there has been a

steady increase in research (Figure 6). However, there was a limited

number of publications that lent themselves to this literature

review. Due to the nature of a closed-loop system and the

agriculture sector, many topics that the LDA models indicated

crossed paths. Implementing a change in one component of a

closed-loop system often affects and influences several others.

When considering the number of publications contributing to each

of these topics, a gamma score was calculated, indicating the per-

document-per-topic probability. As seen in Figure 7, the gamma

scores among topics 1, 2, and 5 were relatively similar, and topics 3,

4, and 6 were in the range of one another. Topic seven is an outlier

with a lower gamma score than all others.

Following the review of literature applicable to each of the

topics pursued, several areas could benefit from additional research:

connecting research and industry application, energy dependency

and other critical operational requirements, criteria to select
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FIGURE 6

The number of publications on closed-loop agricultural systems

increased steadily from 1990 to 2022. *The article pull occurred on

February 2, 2022.

FIGURE 7

Per-document-per-topic summation. An indication of the number

of articles contributing to each proposed topic.

the appropriate soil or soilless growing environment, and the

integration and resilience of a closed-loop system composed of

many individual modules as seen in Figure 8.

The first research gap, connecting research and industry

application, is very important within the food and agriculture

sector. The research presented in this paper is based on

modeling various concepts and frameworks, in addition to some

experiments. There was limited information available on whether

there was success in implementing any of the frameworks

discussed throughout the literature. With the various concerns

brought forward in the pieces of literature in regards to climate

change, resource depletion, and human adaptation to technological

advancements, further work needs to be done to understand the

feasibility of applying these frameworks to real-life practice.

The second research gap is energy dependency and other

critical operational requirements. While various papers addressed

components within the topic of energy, there was a lack of evidence

to suggest what the dependency of a functioning closed-loop system

within a greenhouse would be. The usage of solar panels has been

studied in addition to ways that systems can be automated to

make resource allocation decisions. However, given the fact that

each aspect of a closed-loop system influences and impacts one

another, it’s important to understand which aspects will require

energy utilization and how it’s possible to ensure accessibility of

the resource, given that within a closed-loop system, the resource

should be available, reusable and repurposable.

The third research gap is criteria to select the appropriate soil

or soilless growing environment. Research is readily available to

understand nutrient levels within soils and how to understand

moisture within soil and fluid flow. Additionally, it is possible

to review the soilless cultivation opportunities, and one can

understand the demands of this type of cultivation. However, the

gap indicated here refers to research being conducted concerning

how three aspects of the system would interact while ensuring

that the plants being grown are effectively being taken care of.

Given a soil-based growing environment, as it is influenced by

heat, moisture, and temperature, among others, it is feasible to

conduct additional research in this space. This will allow for a better

understanding of what types of growing media will optimize the

closed-loop greenhouse system, which in turn would yield optimal

production rates.

The fourth and final research gap refers to the integration and

resilience of a closed-loop system composed of many individual

modules. Given the discussion throughout the paper and how

each component influences one another, it would be valuable

to have further research on understanding how a fully closed-

loop greenhouse system can be built. As discussed in the topic

of heat and energy, having one pump stop running amongst a

group of four pumps may not on its own critically impact the

greenhouse. If, however, we’re creating a closed-loop system where

these pumps are dependent on various energy sources, and those

energy sources are dependent on other resource availability and

the repurposing of existing resources, then it is critical that there

is experimental-based research that assesses these various aspects.

The application of Internet-of-Things (Maraveas et al., 2022) and

artificial intelligence (Maraveas, 2023) can potentially allow for

the optimization and increased communication between various

components of a closed-loop greenhouse. In addition, there are

benefits concerning data collection in the system, allowing the

closed-loop system to be more robust and resilient to factors such

as climate change. This fourth research gap truly does present itself

as the most challenging research gap as it requires infrastructure

accessibility and likely numerous experimental and optimization

methods; however, a thorough understanding will allow for the

development of a method through which food production can be

optimized and implemented in the real world. The more rapidly

solutions can be applied into practice, the greater the opportunity to

overcome some of the challenges that humanity is currently facing

regarding food production and climate change.

5. Conclusion

Implementing dependable and sustainable food systems ismore

critical than ever before. The United Nations SDGs prompt society

to mitigate and adapt in order to preserve the world as a collective.

Utilizing a text-mining approach allowed for a data-driven

approach to examining existing research. The method provided

a qualitative and quantitative lens on an arguably important area

of study. Topic modeling allowed for a categorical review of 287

research publications, which revealed six unique topics. Each topic

focused on a component of closed-loop systems in greenhouses:

models and controls, food waste, nutrient systems, water systems,

growing media, and heat and energy. Various techniques have

Frontiers in Sustainable FoodSystems 10 frontiersin.org

https://doi.org/10.3389/fsufs.2023.1074419
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Ragany et al. 10.3389/fsufs.2023.1074419

FIGURE 8

Future avenues of research and study.

been assessed through simulations and experiments to understand

the viability, feasibility, and sustainability of the six topics. The

studies yielded some best practices dependent on the component

and prescribed closed-loop technique. For example, the use of

biochar can reduce the amount of organic waste present in the

system. A second example is that nutrient ratios can be effectively

used to determine a system’s needs in advance, which could

be a best practice for resource conservation. However, research

regarding closed-loop systems in greenhouse infrastructure still

keeps a narrow focus. As a result of the narrow research on only

some components and not all, areas requiring more investigation

and study have been summarized. While discussion and impact

are broader, the application of closed-loop is limited to one to

three components of a greenhouse system rather than the larger

infrastructure as a whole. Furthermore, there remains a disconnect

between academic research and industry implementation and

application. The area of energy dependence and critical operational

requirements also demand more research. Climate and resource

availability has been indicated to vary between different growing

media, and its strong connection with various system components

lends itself to additional research. Lastly, and most challenging, is

the need for detailed research that evaluates each component of a

greenhouse utilizing a closed-loop system as one. The intent of this

study is to highlight exciting developments occurring within this

area of research while calling attention to aspects where there is

an opportunity for additional research. As research on closed-loop

greenhouse progresses, it will supply relief to the current food and

agriculture production system.
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