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ABSTRACT
Integrated optimization in Controlled Environment Agriculture (CEA) has become increasingly important due to
rising concerns about food security, climate change, urbanization, and resource scarcity. This review examines the
combined roles of LED spectral engineering, nutrient delivery systems, and biomass-based heating in improving
crop productivity, resource-use efficiency, and sustainability in indoor and urban farming systems. The study
highlights how environmental variables such as light quality, nutrient availability, temperature, humidity, and
carbon dioxide concentration interact to regulate photosynthesis, plant physiology, biomass accumulation, and crop
quality. Advances in LED technologies have enabled precise spectral control for enhancing plant growth while
reducing energy waste, whereas precision nutrient management and hydroponic systems have improved water and
nutrient efficiency. Biomass-based heating is also explored as a renewable thermal energy strategy capable of
supporting stable greenhouse microclimates while reducing fossil-fuel dependence. The review further discusses the
integration of advanced technologies including sensor networks, artificial intelligence, digital twins, and automation
for real-time monitoring and predictive control in CEA systems. Despite these advances, major challenges remain
regarding energy consumption, economic feasibility, scalability, and system integration. The review concludes that
future progress in CEA will depend on interdisciplinary, systems-based optimization approaches that coordinate
environmental control, renewable energy integration, and smart technologies to improve productivity,
sustainability, and resilience in urban food production systems.
Keywords: Controlled Environment Agriculture (CEA), LED Spectral Engineering, Hydroponic Nutrient
Delivery, Biomass-Based Heating, Sustainable Urban Agriculture

INTRODUCTION
Controlled Environment Agriculture (CEA) has emerged as a critical approach to modern food production because
it allows crops to be cultivated under carefully regulated environmental conditions, including light, temperature,
humidity, carbon dioxide concentration, nutrient supply, and irrigation [17]. Unlike open-field agriculture, which is
highly exposed to seasonal variability, extreme weather, soil degradation, pest pressure, and land limitations, CEA
provides a structured production environment that can improve crop consistency, yield predictability, and resource-
use efficiency. This makes it especially relevant in the context of climate change, rapid urbanization, and the growing
demand for fresh food in cities. CEA includes greenhouse production, indoor farming, plant factories with artificial
lighting, and vertical farming systems [27]. These systems often rely on hydroponics, aeroponics, soilless substrates,
artificial lighting, and automated environmental control to support crop production throughout the year. Plant
factories with artificial lighting are particularly important because they allow cultivation independent of natural
sunlight and external climatic conditions. Kozai [37] described closed plant production systems with artificial light
as highly engineered systems designed to improve resource-use efficiency through controlled lighting, nutrient
circulation, air conditioning, and environmental monitoring. The importance of CEA also lies in its potential to
improve food security in urban and resource-limited environments. Vertical farming and urban indoor agriculture
can reduce dependence on arable land, shorten food supply chains, and support year-round crop production closer
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to consumers. Benke and Tomkins [47] noted that vertical farming and controlled-environment systems offer
possibilities for increasing productivity while reducing environmental pressure in urban food systems. For crops
such as leafy vegetables, herbs, tomatoes, and peppers, CEA offers opportunities to optimize plant growth through
precise control of light spectra, nutrient availability, and thermal conditions [57]. Despite its promise, modern urban
and indoor farming faces significant technical, economic, and environmental challenges [67]. One of the most widely
reported limitations is high energy consumption, especially in fully indoor systems that depend on artificial lighting,
cooling, heating, ventilation, and air circulation [77]. Engler and Krarti [87] emphasized that energy efficiency
remains a central challenge for the long-term sustainability and profitability of CEA systems. Lighting represents
one of the largest energy demands in plant factories and vertical farms. Although LED technologies have improved
energy efficiency and enabled spectral control, their performance depends on crop type, growth stage, photoperiod,
light intensity, and spectral composition. Poorly designed lighting systems can lead to uneven canopy illumination,
excessive energy use, reduced photosynthetic efficiency, and uneven crop development. Recent reviews also show
that artificial lighting is essential for indoor agriculture but must be optimized to balance plant productivity with
operational cost. Nutrient delivery is another major challenge. Hydroponic and soilless systems require careful
management of pH, electrical conductivity, ion balance, oxygenation, and nutrient circulation. In vertical systems,
uneven nutrient distribution can cause differences in crop growth between upper and lower tiers. These issues
become more complex when light gradients, temperature differences, and airflow patterns vary within the same
production unit. Substrate selection also affects root-zone aeration, water retention, microbial activity, nutrient
availability, and plant physiological performance. Thermal regulation presents an additional difficulty. Indoor farms
and greenhouses require stable temperatures for optimal plant growth, yet heating and cooling can increase
production costs [97]. Biomass-based heating offers a potentially sustainable energy option, particularly where
agricultural residues or organic waste streams are available. However, uneven heat distribution may create
microclimatic differences within a greenhouse or vertical farm, affecting plant growth and yield uniformity. These
challenges show that CEA systems cannot be optimized through single-factor adjustments alone [107.
Need for Integrated System Optimization
A major limitation in current CEA research is that lighting, nutrient delivery, substrate design, and heating systems
are often studied separately [117]. This fragmented approach does not fully reflect the biological and engineering
complexity of indoor agriculture. Plant growth depends on the interaction of multiple environmental and
physiological factors, and changes in one variable often influence the effectiveness of others. For example, optimized
LED spectra may improve photosynthesis only when nutrient availability, root-zone conditions, temperature, and
humidity are also properly managed [127. Integrated optimization is therefore necessary to improve both
productivity and sustainability. In CEA, light affects photosynthetic reactions, biomass accumulation, morphology,
flowering, and fruit quality [187. Nutrient supply influences photosynthetic capacity, enzyme activity, tissue
development, and yield formation. Substrates regulate water and nutrient availability at the root zone, while heating
systems affect metabolic activity, transpiration, and nutrient uptake. Treating these components as interconnected
rather than independent can support more precise and efficient system design. The need for system-level
optimization is increasingly important as CEA moves from experimental and niche production toward commercial-
scale urban agriculture. High capital costs, high electricity demand, crop-specific management requirements, and
limited system standardization remain barriers to wider adoption. Reviews on plant factories and indoor farming
highlight the importance of improving resource-use efficiency, reducing energy demand, and developing smarter
environmental control strategies for commercial viability [3, 87. Emerging tools such as sensor networks, artificial
intelligence, mechanistic modeling, and digital twins can support integrated management by linking plant responses
with real-time environmental data. These tools can help predict how crops respond to combinations of light spectra,
nutrient regimes, substrate properties, and thermal conditions [147. Such approaches are especially relevant for
urban agriculture systems seeking to produce food efficiently under limited land, water, and energy resources.
Scope and Objectives of the Review

This review focuses on the integrated optimization of LED spectral engineering, nutrient delivery systems, substrate
performance, and biomass-based heating in controlled environment agriculture. It examines how these components
influence plant growth, photosynthetic efficiency, resource-use efficiency, crop quality, and system sustainability.
The review gives particular attention to urban and indoor agriculture systems, including hydroponic and soilless
production systems used for high-value horticultural crops. The objectives of this review are to: first, examine the
role of LED spectral engineering in regulating photosynthesis, plant morphology, biomass accumulation, and crop
quality; second, evaluate nutrient delivery strategies and their influence on plant growth under controlled
environments; third, assess the role of substrates in root-zone management and nutrient-water interactions; fourth,
analyze biomass-based heating as a renewable energy strategy for thermal regulation; and fifth, identify research
gaps and future directions for integrated CEA system design. This review argues that the next stage of advancement
in CEA will depend on moving beyond isolated optimization of lighting, nutrients, substrates, or heating. A systems-
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based framework is needed to understand how these variables interact and how they can be coordinated to improve
plant productivity, reduce resource waste, and support sustainable urban food production.
Principles of CEA and Urban Agriculture Systems
Controlled Environment Agriculture (CEA) refers to crop production systems in which environmental conditions
are monitored, regulated, and optimized to improve plant growth, productivity, and resource-use efficiency. These
systems protect crops from external weather conditions and allow growers to control the cultivation microclimate
through technologies such as sensors, actuators, artificial lighting, ventilation, heating, cooling, irrigation,
fertigation, and automation. Vatistas et al. [157] described CEA as a production approach in which crops are
protected from external weather while the microclimate is controlled to support stable, year-round production. CEA
includes greenhouses, indoor farms, vertical farms, plant factories, and other protected cultivation systems. The
central principle is the creation of an environment where key growth factors can be adjusted according to crop
species, growth stage, production goals, and resource constraints. This makes CEA especially relevant for urban
agriculture, where land availability is limited and food production must often occur close to consumers. Urban CEA
systems can reduce dependence on long supply chains, enable production in non-traditional spaces, and support
year-round cultivation of high-value crops such as leafy greens, herbs, tomatoes, peppers, and strawberries. Urban
agriculture systems also contribute to food security and climate adaptation by reducing vulnerability to seasonal
variation, drought, excessive rainfall, and soil degradation. Vertical farming, a major form of urban CEA, uses
stacked production layers to increase output per unit area. Pennisi et al, [167] emphasized that vertical farming has
become an important subject of sustainability assessment because of'its potential to improve land-use efficiency while
raising questions about energy demand and environmental performance. The effectiveness of CEA depends on the
integration of biological knowledge and engineering design. Crop productivity is influenced not only by individual
environmental factors but also by their interactions. Light intensity, temperature, humidity, carbon dioxide
concentration, water availability, nutrient formulation, and root-zone conditions must be coordinated to achieve
consistent growth. A well-designed CEA system therefore functions as a controlled biological-engineering platform
rather than simply a protected growing space. The major functional components of CEA systems are summarized
in Table 1. Controlled Environment Agriculture operates as an integrated system in which lighting, nutrient
delivery, thermal regulation, monitoring, and automation interact to influence crop productivity and sustainability
( Figure 1)
Table 1: Major Components of Controlled Environment Agriculture Systems

Component Function in CEA Examples Scholarly
Support
Lighting systems Regulate photosynthesis, LED lamps, supplemental [8, 14
photomorphogenesis, biomass lighting, spectral control
accumulation, and crop quality systems
Nutrient delivery Supply mineral nutrients and regulate Hydroponics, aeroponics, [17, 18]
systems root-zone chemistry fertigation, nutrient film
technique
Thermal regulation | Maintain optimal crop temperature and | Heating pipes, biomass 8, 19]
systems reduce climatic stress boilers, heat pumps, thermal
screens
Environmental Measure climate and crop conditions Sensors, [oT platforms, data [20, 21]
monitoring systems | for real-time decision-making loggers, imaging systems
Automation and Coordinate climate, irrigation, Smart controllers, model [22, 23]
control systems fertigation, and lighting operations predictive control, Al-based
systems
Sustainability Improve resource efficiency and reduce | Water recycling, nutrient [24, 25]
systems environmental impact recirculation, renewable
energy, circular systems
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Figure 1: Integrated framework of controlled environment agriculture systems.
Environmental Control Variables: Light, Temperature, Humidity, and CO:
Environmental control is the foundation of CEA. Light, temperature, humidity, and carbon dioxide concentration
directly affect photosynthesis, respiration, transpiration, nutrient uptake, biomass accumulation, flowering, and crop
quality [267]. The ability to regulate these variables distinguishes CEA from open-field production and allows crops
to be grown under conditions that are closer to their physiological optimum. Light is one of the most important
variables in indoor and vertical farming systems [277]. It provides the energy required for photosynthesis and
influences plant morphology, leaf expansion, flowering, pigment formation, and secondary metabolite production.
In systems using artificial lighting, LED technology allows growers to adjust light intensity, photoperiod, and
spectral composition [287]. Red and blue wavelengths are particularly important for photosynthetic activity, while
far-red, green, and ultraviolet wavelengths can influence morphology, canopy penetration, stress responses, and
quality traits. Lighting strategies must balance crop productivity with electricity consumption because artificial
lighting is one of the largest energy demands in indoor farms [297]. Temperature regulates enzyme activity,
respiration, transpiration, root function, and reproductive development. Crops grown outside their optimal
temperature range may show reduced growth, poor fruit set, lower nutrient uptake, or physiological disorders.
Temperature also interacts strongly with light and carbon dioxide concentration [307. A high light intensity may
not improve yield if temperature or carbon availability is limiting. Conversely, excessive temperature can increase
respiration losses and reduce net biomass accumulation [817. Humidity is equally important because it affects
transpiration and vapor pressure deficit. Low humidity can increase plant water loss and stress, while excessive
humidity may reduce transpiration, limit calcium transport, and increase disease risk [327]. Maintaining appropriate
humidity is especially important in dense vertical farming systems where air circulation may be uneven across crop
layers. Carbon dioxide enrichment can enhance photosynthesis and biomass production when light, temperature,
and nutrients are sufficient. However, the benefit of CO2 supplementation depends on crop species, growth stage,
light intensity, and ventilation strategy. In energy-intensive CEA systems, CO: management must also be
considered alongside heating, ventilation, and air exchange. Engler and Krarti [87] noted that optimal indoor
growing conditions and energy-efficient environmental control remain central challenges for improving the
sustainability and profitability of CEA.
Crop Production Systems: Hydroponics, Aeroponics, and Soilless Systems

Crop production in CEA commonly relies on hydroponic, aeroponic, or other soilless systems. These methods
separate plant growth from conventional soil and allow more precise control over water, nutrients, oxygen, and
root-zone conditions [337]. Their adoption is driven by the need to improve productivity, reduce water use, avoid
soil-borne diseases, and enable cultivation in urban or degraded environments where agricultural soil may be
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unavailable. Hydroponics involves growing plants in nutrient-rich water or inert substrates rather than soil.
Common hydroponic methods include nutrient film technique, deep water culture, drip irrigation, ebb-and-flow
systems, and substrate-based systems using materials such as coco coir, perlite, rockwool, peat, or vermiculite [34].
Nutrient solution management is central to hydroponic performance because pH, electrical conductivity, dissolved
oxygen, ion concentration, and nutrient ratios influence plant growth and yield. Rajendran et al. [187 highlighted
hydroponics as a sustainable and efficient cultivation approach with growing importance for controlled crop
production. Aeroponics is a soilless technique in which plant roots are suspended in air and periodically misted with
a nutrient solution. This system improves root oxygenation and can support rapid growth when moisture, mist
frequency, nutrient composition, and environmental conditions are well controlled [357]. Garzén et al. [36]
described aeroponics as a technology-driven soilless technique that depends heavily on precise nutrient misting and
control systems. Soilless substrate systems provide physical root support while allowing controlled delivery of
water and nutrients. Substrates influence water retention, aeration, root development, microbial activity, and
nutrient availability. The choice of substrate must consider crop type, irrigation strategy, environmental conditions,
cost, sustainability, and disposal or reuse potential. In integrated CEA systems, substrate design is not an isolated
component; it interacts with nutrient delivery, root-zone temperature, oxygen availability, and plant water relations.
Each production system has advantages and limitations [37]. Hydroponics is widely adopted because it is flexible
and scalable, but it requires careful nutrient monitoring and disease control in recirculating solutions. Aeroponics
can improve oxygen availability and reduce water use, but it is technically sensitive and vulnerable to pump or nozzle
failures. Substrate-based systems offer stability and root support but may introduce challenges related to material
cost, disposal, salinity buildup, or inconsistent water distribution [887]. Selection of the production system should
therefore be based on crop physiology, infrastructure capacity, management skill, and sustainability goals. Table 2
compares the major soilless production systems used in controlled environment agriculture.
Table 2: Comparison of Hydroponic, Aeroponic, and Substrate-Based Production Systems

Production Description Main advantages Main limitations Supporting
system sources
Hydroponics Plants are grown in High water-use Requires careful pH, [17]
nutrient solution with efficiency, precise EC, oxygen, and
or without inert nutrient control, disease management
support media suitability for urban
farming
Aeroponics Roots are suspended in | High root oxygenation, | Sensitive to pump [18, 36]
air and periodically efficient water use, rapid | failure, nozzle
misted with nutrient growth potential blockage, and system
solution interruptions
Substrate- Plants are grown in Provides root support, Substrate disposal, C17]
based systems | inert or organic improves water salinity buildup,
substrates supplied with | retention, supports crop | variable physical
nutrient solution stability properties
Aquaponics Fish culture is Nutrient recycling, Complex biological [76]
integrated with reduced fertilizer input, | balance, food safety
hydroponic plant circular resource use concerns, nutrient
production imbalance risk

Performance Metrics: Yield, Resource Efficiency, and Sustainability

Performance assessment in CEA requires more than measuring crop yield alone. While yield remains a central
indicator of production success, modern CEA systems must also be evaluated through resource efficiency,
environmental impact, economic feasibility, and crop quality [397. A system that produces high yields but consumes
excessive electricity, water, nutrients, or capital may not be sustainable or commercially viable. Yield metrics include
fresh weight, dry biomass, fruit number, fruit weight, harvest index, growth rate, and productivity per unit area or
volume [407. In vertical farming, yield per square meter must often be evaluated alongside yield per unit of energy
consumed because stacked production can increase land-use efficiency while also increasing lighting and climate-
control demands. Pennisi et al. [157] emphasized the importance of benchmarking vertical farming using productivity
and resource-use efficiency indicators rather than productivity alone. Resource-use efficiency includes water-use
efficiency, nutrient-use efficiency, energy-use efficiency, land-use efficiency, and labor efficiency. Hydroponic and
recirculating systems can reduce water use compared with soil-based cultivation, but nutrient losses, solution
imbalance, and disease risks must be managed carefully. Energy-use efficiency is especially important in indoor farms
where lighting, heating, cooling, dehumidification, and ventilation are major operating costs. Engler and Krarti [87
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identified energy efficiency as one of the most important determinants of CEA sustainability and profitability.
Sustainability metrics include carbon footprint, life-cycle energy demand, waste generation, nutrient discharge,
water consumption, renewable energy integration, and economic viability [417]. Social indicators are also relevant,
particularly in urban agriculture systems that aim to improve local food access, reduce transport distance, create
employment, and support resilient food systems. A comprehensive evaluation of CEA should therefore connect plant
productivity with environmental, technical, and socioeconomic outcomes [427]. Integrated performance assessment
is essential because improvements in one metric may create trade-offs in another. Increasing light intensity may
improve yield but raise electricity use. CO2 enrichment may enhance photosynthesis but require tighter ventilation
control. Biomass heating may reduce reliance on fossil energy but may create uneven thermal distribution if system
design is poor [437. Effective CEA design therefore requires multi-variable optimization that balances productivity,
energy demand, water and nutrient efficiency, crop quality, and long-term sustainability [44-.

LED Spectral Engineering and Plant Physiology

Evolution of LED technologies in agriculture
Light-emitting diode technology has transformed controlled environment agriculture because it allows plant
lighting to be designed with greater precision than conventional light sources [457]. Earlier horticultural lighting
systems relied mainly on high-pressure sodium, metal halide, fluorescent, or incandescent lamps. These systems
provided useful light for plant growth but had limitations related to high heat emission, fixed spectral output, lower
energy efficiency, and limited control over wavelength composition [467]. LEDs introduced a major shift because
they can deliver specific wavelengths, operate with comparatively high energy efficiency, produce less radiant heat,
and support flexible lighting arrangements in greenhouses, growth chambers, and vertical farms. The adoption of
LEDs in agriculture has also changed the way light is understood as a crop-management tool. Light is no longer
viewed only as an energy source for photosynthesis; it is also a signal that regulates plant morphology, flowering,
pigment accumulation, stomatal behavior, and secondary metabolism. Zheng et al. [477] noted that LED technology
allows plant growth and development to be regulated through modification of spectral composition, making it
particularly useful in horticultural production systems. Modern LED systems make it possible to adjust light
quality, intensity, photoperiod, and daily light integral according to crop species and developmental stage. This
flexibility is especially important in vertical farming, where natural sunlight is absent or limited and artificial
lighting determines much of the crop’s productivity and energy cost. Reviews on LED lighting in agriculture
emphasize that spectral control can improve growth, yield, nutritional quality, and energy-use efficiency when
lighting strategies are designed according to crop-specific physiological requirements [48, 497].

Light Spectra and Photosynthetic Light Reactions

Photosynthesis depends on the absorption of light energy by photosynthetic pigments, mainly chlorophyll a,
chlorophyll b, and carotenoids [507]. These pigments absorb strongly in the blue and red regions of the spectrum,
which explains why red and blue LEDs are widely used in controlled crop production. Red light is highly efficient
in driving photosynthetic electron transport, while blue light supports chlorophyll formation, stomatal regulation,
leaf development, and photomorphogenic responses [517]. The interaction between these wavelengths influences
not only biomass production but also plant architecture and quality. The light reactions of photosynthesis occur in
the thylakoid membranes of chloroplasts, where absorbed photons drive electron transport through photosystems
IT and I [527]. This process produces ATP and NADPH, which are later used in carbon fixation. Although red light
is effective for photosynthesis, plants grown under red light alone often show abnormal morphology, including
excessive elongation or poor leaf development [537. Blue light is therefore important for balanced growth because
it regulates stomatal opening, chloroplast development, and photoreceptor-mediated signaling. Light spectra also
influence plant responses through photoreceptors such as phytochromes, cryptochromes, phototropins, and UVRS.
These photoreceptors help plants detect red, far-red, blue, and ultraviolet wavelengths and translate light signals
into developmental and metabolic responses. Paradiso and Proietti [ 547 emphasized that light quantity and spectral
quality interact with environmental and cultivation factors to determine plant growth, physiology, and
photomorphogenesis. The physiological effects of major LED spectral regions are summarized in Table 3.
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Table 3: Physiological Effects of LED Spectral Regions in Controlled Environment Agriculture

Spectral Approximate Major physiological role Typical plant response | Supporting
region wavelength sources
range
Blue light 400-500 nm | Regulates stomatal opening, Compact growth, [45, 55
chlorophyll formation, leaf improved stomatal
development, and function, enhanced
photomorphogenesis pigment formation
Green light 500-600 nm | Penetrates deeper into the Improved light [54, 45
canopy and contributes to whole- | distribution within dense
canopy photosynthesis canopies
Red light 600-700 nm | Drives photosynthetic electron Increased [49, 54
transport and biomass photosynthetic activity
accumulation and dry matter
production
Far-red 700-750 nm | Influences phytochrome Canopy expansion, stem | [56, 54
light responses, leaf expansion, and elongation, altered
shade-avoidance responses morphology
Ultraviolet 280-400 nm | Stimulates stress responses and Increased antioxidant [49, 54
light secondary metabolite production | compounds but possible
tissue stress at high
doses

Green light, once considered less important because of lower chlorophyll absorption, is now recognized as relevant
for canopy penetration and whole-plant photosynthesis. Far-red light also plays a significant role in shade-avoidance
responses, leaf expansion, and canopy-level light capture. Recent studies have examined far-red supplementation in
lettuce and other crops because its contribution to photosynthesis and morphology remains complex and crop-
dependent. Li et al. [567] showed that far-red supplementation in indoor lettuce production requires careful
quantification because its effects on photosynthesis and growth depend on light ratio and canopy structure.
Effects of Light Intensity, Photoperiod, and Spectral Composition

Plant response to LED lighting depends on the combined effects of light intensity, photoperiod, and spectral
composition [577]. Light intensity determines the number of photons available for photosynthesis, usually expressed
as photosynthetic photon flux density. Low intensity may limit carbon assimilation and biomass accumulation, while
excessive intensity can cause photoinhibition, oxidative stress, or inefficient energy use [587]. The optimal intensity
varies according to crop species, growth stage, leaf'area, nutrient status, temperature, and carbon dioxide availability.
Photoperiod controls the duration of light exposure and influences daily photosynthetic gain, flowering, circadian
rhythms, and developmental timing. In indoor farming systems, photoperiod is often manipulated to increase the
daily light integral, which represents the total amount of photosynthetically active radiation received by plants each
day [597. A longer photoperiod may increase growth when intensity is moderate, but it can also increase energy
costs and disrupt physiological rhythms if poorly managed. Light management must therefore balance crop
productivity with electricity consumption. Spectral composition affects plant development beyond biomass
accumulation. Blue light generally promotes compact growth, stomatal function, chlorophyll synthesis, and
accumulation of some bioactive compounds. Red light supports photosynthetic efficiency and biomass production,
while far-red light can increase leaf expansion and influence flowering or shade responses [607]. Ultraviolet radiation
can stimulate defense compounds and secondary metabolites, though excessive exposure may damage tissues. Green
light can penetrate deeper into the canopy and support photosynthesis in lower leaves. The combined effects of
spectrum and intensity are especially important in vertical farming, where crop layers may receive different levels
of light depending on fixture placement, canopy density, and reflection patterns [617]. Cavallaro ef al. [62] reported
that LED lighting systems should provide wavelengths involved in photosynthesis and photomorphogenic
responses while avoiding unnecessary energy use on less productive radiation. This principle is central to spectral
engineering because the goal is not simply to increase light input, but to deliver the right light at the right intensity
and duration for a specific crop [637. Plant productivity in controlled environments depends on the interaction
between spectral quality, photosynthesis, nutrient uptake, and physiological responses (Figure 2).
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Figure 2: Interaction between LED Spectra, Nutrient Uptake, and Plant Physiology
Dynamic Lighting Strategies and Spectral Optimization
Static lighting recipes are widely used in indoor agriculture, but they may not fully match the changing physiological
needs of crops during development [647]. A crop’s optimal light requirement may differ during germination,
vegetative growth, flowering, fruiting, or maturation. Dynamic lighting strategies respond to this challenge by
adjusting light intensity, spectral composition, or photoperiod over time [657. These strategies can improve crop
performance and reduce energy waste when they are guided by plant responses and environmental feedback.
Dynamic LED control may involve altering red-to-blue ratios, adding far-red light at specific growth stages,
adjusting light intensity according to canopy development, or dimming fixtures based on real-time crop needs [667].
In greenhouses, dynamic lighting can also respond to natural sunlight availability, reducing artificial lighting when
sunlight is sufficient. In fully indoor systems, sensors and automation can adjust lighting according to growth stage,
canopy photosynthesis, energy price, or desired crop quality traits. Recent advances have linked dynamic lighting
with artificial intelligence, sensor networks, and digital twins [667. Alves et al. [67] introduced an IoT-enabled
vertical farming system that used digital twin technology and genetic algorithms to dynamically optimize RGB
LED spectra throughout the crop cycle, moving beyond fixed red-blue recipes. Such approaches represent an
important shift from empirical lighting recipes toward data-driven spectral management. Spectral optimization also
requires crop-specific understanding [687. A lighting recipe that improves lettuce biomass may not be suitable for
tomato, pepper, basil, or strawberry. Fruit crops require special attention because light affects flowering, fruit set,
fruit quality, sugar accumulation, pigmentation, and canopy architecture. Farhangi et al. [697 reported that
optimized LED spectra can enhance growth in controlled-environment vertical farms and highlighted growing
interest in dynamic lighting approaches.
Limitations and Research Gaps in LED-Based Plant Growth

LED-based plant production still faces several limitations. The first major limitation is energy demand [707].
Although LEDs are more efficient than many older lighting technologies, artificial lighting remains one of the
largest operating costs in indoor farms. High light intensity can increase yield but may reduce economic and
environmental sustainability if energy consumption rises disproportionately [717]. This makes energy-use efficiency
a central concern in LED spectral engineering. A second limitation is the lack of universal lighting recipes. Plant
responses to light differ across species, cultivars, growth stages, and production systems. Even within the same crop,
optimal spectral conditions may vary depending on nutrient availability, temperature, humidity, carbon dioxide
concentration, and substrate properties. Current research often evaluates lighting as an independent factor, even
though plant response depends on interactions among multiple environmental variables [727].

34



https://www.inosr.net/inosr-applied-sciences/ Ugwu

A third limitation is incomplete understanding of whole-canopy light use. Many lighting studies focus on leaf-level
photosynthesis or short-term growth responses, but commercial production depends on canopy-level light
interception, vertical light distribution, and crop uniformity. In multi-layer farms, lower crop tiers may receive less
light or altered spectra because of shading and fixture placement. Research on spatial light distribution, canopy
architecture, and tier-level productivity remains important for improving vertical farming performance [707]. A
fourth gap concerns the integration of lighting with nutrient and thermal management. LED spectra can influence
nutrient uptake, transpiration, leaf temperature, and metabolic activity. At the same time, nutrient status and
temperature can determine how efficiently plants use light. Research that combines spectral engineering with
nutrient delivery, substrate design, and biomass-based heating remains limited. This gap is important because
controlled environment agriculture functions as an integrated system rather than a collection of isolated
technologies. Future research should therefore focus on crop-specific and system-level optimization. Stronger
integration of plant physiology, engineering design, sensors, artificial intelligence, and energy modeling is needed
to develop lighting strategies that improve yield, quality, and sustainability at the same time. LED spectral
engineering will be most effective when it is coordinated with nutrient delivery, root-zone management, climate
control, and renewable energy integration.
Nutrient Delivery Systems in Controlled Environments
Hydroponic Nutrient Solution Management: pH, EC, and Ion Balance

Nutrient delivery is a central component of controlled environment agriculture because plant growth in hydroponic
and soilless systems depends directly on the chemical stability, availability, and circulation of the nutrient solution
[5]. In soil-based agriculture, nutrients are buffered through soil minerals, organic matter, microbial activity, and
cation exchange capacity. In hydroponic systems, this buffering capacity is reduced, so growers must manage
nutrient concentration, pH, electrical conductivity, dissolved oxygen, solution temperature, and ion balance with
greater precision. Hydroponics allows crops to grow using water-based mineral nutrient solutions rather than soil,
often with or without inert substrates such as coco coir, perlite, vermiculite, or rockwool [107]. The pH of the
nutrient solution influences nutrient solubility and root uptake. Most hydroponic crops are commonly managed
within a mildly acidic pH range because many macro- and micronutrients remain more available under these
conditions. When pH rises too high, elements such as iron, manganese, zinc, copper, and phosphorus may become
less available, leading to deficiency symptoms even when the nutrients are present in the solution. When pH falls
too low, root damage and nutrient toxicity may occur. Stable pH management is therefore essential for maintaining
nutrient availability and preventing physiological disorders [7387. Electrical conductivity (EC) provides an estimate
of the total dissolved salts in the nutrient solution and is widely used as a practical indicator of nutrient strength.
However, EC does not reveal the concentration of individual ions. A solution may have an acceptable EC but still
contain excessive or deficient levels of specific nutrients. Lee et al. [747] showed that EC-based control in closed
hydroponic tomato systems may provide nutrient quantities that are either excessive or inadequate, because crop
uptake of individual macro- and micronutrients changes during growth. Ion balance is especially important in
recirculating systems because plants do not absorb all nutrients at the same rate [757]. Rapid uptake of nitrate,
potassium, calcium, or magnesium can shift the chemical composition of the solution over time. Accumulation of
sodium, chloride, or unused ions may also affect osmotic balance and crop performance. Effective nutrient
management therefore requires more than maintaining a target EC; it requires periodic solution analysis,
replenishment strategies, water-quality assessment, and crop-specific nutrient formulation. Important nutrient
solution parameters for hydroponic CEA systems are presented in Table 4.
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Table 4: Key Nutrient Solution Parameters in Hydroponic CEA Systems

Parameter Role in nutrient delivery Risk when poorly Supporting
managed sources
Ph Controls nutrient solubility and root Nutrient deficiency, [17]
uptake toxicity, poor root
development
Electrical Indicates total dissolved ion concentration | Salt stress or nutrient [17,74]
conductivity dilution
Dissolved Supports root respiration and nutrient Root stress, low uptake [18]
oxygen absorption efficiency, disease risk
Ion balance Maintains proper ratios of nitrate, Hidden nutrient imbalance [74]
potassium, calcium, magnesium, and despite acceptable EC
micronutrients
Flow rate Influences nutrient distribution and Uneven growth and poor C17]
oxygen delivery nutrient-use efficiency
Solution Affects oxygen availability and root Reduced uptake, root stress, | [20]
temperature metabolism pathogen development

Nutrient Uptake Mechanisms and Plant Physiology
Nutrient uptake is controlled by root morphology, membrane transport processes, ion availability, transpiration,
metabolic demand, and environmental conditions. Roots absorb nutrients from the solution mainly as ions, including
nitrate, ammonium, phosphate, potassium, calcium, magnesium, sulfate, iron, manganese, zinc, copper, boron,
molybdenum, and chloride [207. These ions enter roots through transport proteins located in root-cell membranes
and are then transported through xylem and phloem tissues to support physiological processes such as
photosynthesis, respiration, enzyme activation, cell division, and fruit development. Root architecture plays an
important role in nutrient acquisition [217]. Larger root surface area, greater root length, and active root branching
improve contact between the root system and nutrient solution. In hydroponic systems, oxygen availability around
the root zone is also critical because nutrient uptake requires energy generated through root respiration. Poor
oxygenation can reduce root activity, slow ion uptake, and increase susceptibility to root disease [227. Different
nutrients have different physiological roles. Nitrogen supports chlorophyll formation, amino acid synthesis, and
vegetative growth. Phosphorus is essential for energy transfer, nucleic acids, and root development [247]. Potassium
regulates stomatal function, enzyme activation, carbohydrate transport, and fruit quality. Calcium supports cell-wall
stability and membrane integrity, while magnesium is a central component of chlorophyll. Micronutrients are
required in smaller amounts but are essential for enzymatic and metabolic functions. Nutrient uptake is also dynamic
across crop growth stages. Tomato, pepper, lettuce, and other greenhouse crops may require different nutrient ratios
during vegetative growth, flowering, fruit setting, and fruit development. Lee ef al. [747] demonstrated that major
and minor nutrient uptake in hydroponic tomato changes during plant development, reinforcing the need for stage-
specific nutrient control rather than fixed nutrient supply throughout the crop cycle. Nutrient-flow conditions can
also influence root development and uptake efficiency. Baiyin et al. [777] reported that changes in nutrient solution
flow rate affected Swiss chard growth, nutrient uptake, and nutrient-use efficiency, with higher flow rates improving
leaf area, biomass, and root length under the tested conditions. This finding shows that nutrient delivery is not only
a chemical process but also a physical and hydraulic process that affects root-zone conditions.
Precision Nutrient Delivery and Sensor-Based Monitoring

Precision nutrient delivery uses monitoring technologies, automation, and data-driven control to supply nutrients
according to crop needs. Traditional hydroponic management often relies on manual measurements of pH and EC,
periodic nutrient replacement, and visual diagnosis of plant symptoms [687. Although these methods remain useful,
they may not provide enough resolution for commercial indoor farms, vertical systems, or research-scale controlled
environments where rapid changes in nutrient composition can affect crop uniformity. Sensor-based monitoring
improves nutrient management through continuous or near-real-time measurement of key variables. Common
monitoring parameters include pH, EC, total dissolved solids, water temperature, dissolved oxygen, solution level,
and flow rate. More advanced systems attempt to measure individual ions such as nitrate, potassium, calcium, and
phosphate. Real-time monitoring allows growers to detect nutrient drift, equipment failure, water imbalance, or
abnormal uptake patterns before visible crop damage occurs [587]. Recent research has emphasized the importance
of precision nutrient monitoring in hydroponics. Lim et al. [787] developed a real-time on-site nutrient monitoring
approach for hydroponic systems using laser-induced breakdown spectroscopy, noting that many existing methods
for measuring individual nutrient levels are expensive, invasive, require sample preparation, and demand skilled
operation. Their work reflects the growing need for rapid, practical, and crop-relevant nutrient diagnostics in
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controlled environments. Internet of Things (IoT) systems is also increasingly used in hydroponic management.
These systems connect sensors, microcontrollers, pumps, dosing units, and cloud-based data platforms to automate
nutrient adjustment and environmental control. Awal et al. [797 developed an IoT-based hydroponic system that
continuously measured pH, temperature, total dissolved solids, and EC, demonstrating how automated monitoring
can support crop performance in small-scale hydroponic production. Precision nutrient delivery is especially valuable
in vertical farming because plants at different tiers may experience different light levels, airflow, temperature, and
transpiration rates. These differences can affect nutrient demand and uptake. A sensor-based system can help identify
uneven distribution patterns and support corrective actions such as adjusting flow rate, fertigation timing, nutrient
concentration, or supplemental lighting [797].
Interaction between Nutrients and Environmental Conditions
Nutrient uptake does not occur independently of the growing environment. Light, temperature, humidity, carbon
dioxide concentration, airflow, root-zone oxygen, and nutrient solution temperature all influence how plants absorb,
transport, and use nutrients. This interaction is particularly important in controlled environments because
environmental variables are actively manipulated and can either support or limit nutrient-use efficiency [707. Light
affects nutrient demand because photosynthesis drives biomass accumulation and metabolic activity. Under higher
light intensity, plants may require greater supplies of nitrogen, potassium, magnesium, and micronutrients to
support chlorophyll synthesis, enzyme activity, and carbohydrate transport. Changes in spectral composition can
also influence nutrient uptake and accumulation. Research on hydroponics and artificial lighting has shown that
light quality can affect physiological and biochemical responses in plants, including nutrient-related processes [727].
Temperature affects nutrient uptake through root metabolism, membrane activity, transpiration, and solution
oxygen availability. Low root-zone temperature can reduce ion absorption and slow root growth, while excessively
high temperatures may reduce dissolved oxygen and increase root stress. Air temperature also affects transpiration,
which influences the movement of calcium and other nutrients transported mainly through the xylem. Humidity
and vapor pressure deficit influence nutrient transport through their effects on transpiration. Low humidity may
increase water loss and stress, while high humidity may reduce transpiration and limit calcium transport to rapidly
growing tissues [75]. This can contribute to physiological disorders such as blossom-end rot in tomato and pepper,
especially when calcium supply, water movement, and environmental conditions are not properly coordinated.
Carbon dioxide enrichment can increase photosynthetic rates when light and nutrients are sufficient. However,
additional carbon assimilation creates higher nutrient demand. A crop receiving elevated CO2 may not show
improved productivity if nitrogen, potassium, magnesium, or other nutrients become limiting. This highlights the
need for coordinated management of carbon supply, light intensity, nutrient formulation, and thermal conditions.
Environmental interactions are also important in recirculating nutrient systems. For example, high light and high
temperature may increase water uptake faster than nutrient uptake, raising EC in the remaining solution. In
contrast, rapid ion uptake may lower specific nutrient concentrations even when EC appears stable. Rauf et al. [807]
noted that temperature, humidity, and light intensity influence transpiration and nutrient transport in hydroponic
systems, reinforcing the need for real-time nutrient management in controlled environments.
Challenges and Optimization Strategies

Nutrient delivery systems in controlled environments face several challenges. The first is maintaining chemical
stability in the nutrient solution. pH drift, EC fluctuation, ion imbalance, and salt accumulation can reduce nutrient
availability and crop performance. The second is managing crop-specific and growth-stage-specific nutrient
requirements [50 . A single nutrient formulation may not be optimal throughout the entire crop cycle, particularly
for fruiting crops such as tomato and pepper. The third challenge is uneven nutrient distribution in vertical or multi-
layer systems. Differences in hydraulic flow, root density, light exposure, and temperature can produce uneven crop
growth between tiers. The fourth challenge is the limited ability of conventional EC and pH monitoring to diagnose
individual nutrient deficiencies or excesses. EC reflects total dissolved ions but does not indicate whether calcium,
potassium, nitrate, magnesium, or micronutrients are balanced [307]. Optimization strategies should therefore
combine chemical monitoring, environmental control, and system design. Crop-specific nutrient formulations should
be adjusted according to growth stage, water quality, root-zone conditions, and expected yield targets. Recirculating
systems should include periodic nutrient analysis to prevent hidden ion imbalance. Flow rate, reservoir size,
oxygenation, and irrigation frequency should be designed to maintain uniform nutrient access across the production
system [407]. Sensor-based monitoring offers another important optimization pathway. Real-time pH, EC,
temperature, flow, and ion-sensing systems can improve precision and reduce delays in corrective management. IoT-
based control systems can automate dosing, alert growers to abnormal conditions, and support data-driven decision-
making. Advanced nutrient monitoring technologies such as ion-selective sensors, spectroscopy, and machine-
learning-assisted diagnostics may further improve nutrient control in commercial CEA. Integrated optimization
remains the most important future direction [757]. Nutrient delivery should be coordinated with LED lighting,
substrate properties, humidity, airflow, COz enrichment, and heating systems. This is particularly important for
sustainable urban agriculture because productivity must be balanced with water, nutrient, and energy efficiency. A
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nutrient delivery system should therefore be evaluated not only by yield response but also by nutrient-use efficiency,
water-use efficiency, crop uniformity, energy demand, and environmental impact [767].
Biomass-Based Heating and Energy Integration
Role of Thermal Regulation in CEA Systems
Thermal regulation is central to controlled environment agriculture because crop growth, yield stability, nutrient
uptake, transpiration, and disease pressure are strongly influenced by temperature and humidity. CEA systems are
designed to protect crops from external climatic variability while enabling active monitoring and regulation of the
production microclimate [147]. In heated greenhouses, stable night-time temperatures are especially important
because low temperatures can slow photosynthetic recovery, reduce fruit development, and increase condensation
on plant surfaces. Heating is also one of the largest energy demands in temperate and high-altitude greenhouse
production. Energy-smart greenhouse management therefore requires heat sources that maintain crop productivity
while reducing dependence on fossil fuels [817. Biomass-based heating provides one pathway because agricultural
residues, wood chips, pellets, and other organic feedstocks can be converted into useful thermal energy. Its value in
CEA depends not only on fuel substitution, but also on how effectively the heating system integrates with crop-level
microclimate control.
Biomass Heating Technologies and Applications
Biomass heating in CEA commonly uses combustion-based boilers, furnaces, or combined heat and power systems.
Boilers are widely applied because they produce hot water that can be distributed through pipes, under-bench
systems, root-zone heating loops, or air-handling units. Biomass furnaces, in contrast, deliver heated air through
ducts or fans, but may produce less uniform heat distribution if airflow is poorly designed. The U.S. Energy
Information Administration defines biomass as renewable organic material from plants and animals that can be
burned directly for heat or converted into fuels [827]. Feedstocks include wood chips, pellets, sawdust, nut shells,
crop residues, and other locally available organic materials. Greenhouse suitability depends on moisture content,
ash content, energy density, handling requirements, combustion efficiency, and emission controls. Sethi and Sharma
[19] note that greenhouse heating technologies must be evaluated according to thermal efficiency, cost, operational
reliability, and suitability for local climatic conditions. In practical CEA applications, biomass systems are most
effective where reliable feedstock supply chains exist and where heat demand is large enough to justify boiler
installation, storage, and maintenance. Table 5 summarizes biomass heating technologies and their relevance to
CEA systems.
Table 5: Biomass Heating Technologies and Their Relevance to CEA Systems

systems

Biomass Application in CEA Main advantages Main limitations Supporting
heating sources
technology
Biomass boiler Produces hot water for | Suitable for Requires fuel storage, [19]
pipe or under-bench distributed heating ash handling, and
heating and thermal storage maintenance
Biomass furnace | Provides heated air Lower installation Can create uneven heat [19, 8]
through ducts or fans | complexity than boiler | distribution

Combined heat
and power

Generates heat and
electricity from
biomass

Improves total energy
utilization

High capital cost and
technical complexity

[83]

Thermal storage
integration

Stores heat for later
use during peak

Improves boiler
efficiency and

Requires additional
infrastructure

[8]

demand

temperature stability
Heat Distribution and Microclimate Effects
The performance of biomass heating depends heavily on heat distribution. A biomass boiler alone does not guarantee
uniform crop-zone temperature; the delivered heat must reach the canopy, root zone, and air volume in a controlled
manner. Hot-water pipe systems are often preferred because they provide gradual and spatially distributed heating.
Pipe location can influence vertical temperature gradients, humidity, condensation, and leaf temperature. Bartzanas
et al. [847] found that greenhouse heating method affects both microclimate and energy consumption, with pipe
heating and air heating producing different temperature and humidity patterns in tomato production. This finding
is important for biomass integration because the renewable heat source must be paired with suitable distribution
infrastructure. Poor distribution may create cold zones, increase disease risk through condensation, or force
operators to overheat the entire greenhouse to protect sensitive crop areas. Root-zone heating can improve energy
efficiency because it targets the plant growth environment rather than the entire greenhouse volume. Thermal
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screens, insulated walls, heat storage tanks, and automated climate controls can further reduce heat loss and smooth
fluctuations in biomass boiler operation [857].
Energy Efficiency and Sustainability Considerations
Biomass heating can reduce fossil fuel dependence when feedstocks are sustainably sourced and combustion systems
are efficient. Its sustainability, however, is context-specific. Life-cycle emissions depend on feedstock origin,
transport distance, land-use impacts, combustion efficiency, and whether biomass residues would otherwise
decompose, be burned openly, or remain in productive ecological cycles. The IPCC emphasizes that bioenergy can
support mitigation, but outcomes depend on governance, land management, and supply-chain sustainability [837].
Energy efficiency should therefore be treated as the first principle of biomass integration. Greenhouses should reduce
heat demand before increasing renewable heat supply. Measures include thermal curtains, improved glazing, air
sealing, heat recovery, climate zoning, thermal storage, and sensor-based control. FAO (2011) similarly argues that
agrifood systems should reduce fossil energy dependence through efficiency improvements and renewable energy
adoption. Biomass systems are strongest when integrated into a broader energy strategy rather than used as a simple
replacement for oil, gas, or coal boilers [867].
Limitations and Opportunities in Biomass Integration
Biomass integration faces several limitations. These include high capital costs, fuel storage needs, ash disposal,
particulate emissions, feedstock variability, boiler maintenance, and the need for trained operators [87]. Wet or
inconsistent biomass can reduce combustion efficiency and increase emissions. In densely populated areas, air-quality
regulations may restrict the use of some combustion systems. Sustainability concerns also arise when biomass
demand encourages land-use change, biodiversity loss, or competition with food production. Opportunities remain
significant. Biomass heating can make CEA more resilient in regions with abundant agricultural residues, forestry
by-products, or agro-industrial waste. Integration with thermal storage can allow boilers to operate at efficient
steady loads while stored heat is released during peak night-time demand. Combined heat and power systems may
also support facilities that require both heat and electricity. Future development should focus on cleaner combustion,
automated fuel handling, emissions control, hybrid renewable systems, and decision-support tools that match
biomass supply with greenhouse heat demand [887.
System Interactions and Integrated Optimization
Interactions between Light, Nutrients, and Temperature
Controlled environment agriculture (CEA) functions as an integrated production system in which light, nutrients,
temperature, humidity, carbon dioxide, and water availability interact to shape crop performance [897. Light
provides the energy required for photosynthesis, but its effectiveness depends on whether temperature and nutrient
supply support the biochemical processes needed for carbon assimilation and biomass formation [37]. Temperature
affects enzyme activity, respiration, transpiration, and nutrient uptake, while nutrient availability influences
chlorophyll formation, stomatal regulation, root development, and photosynthetic capacity [907]. Light intensity
can increase growth only when other growth factors are not limiting. Excessive light under nutrient deficiency may
cause photooxidative stress, reduced photosynthetic efficiency, and poor biomass conversion [497. Similarly,
nutrient-rich solutions may not improve yield when light intensity or temperature is inadequate. CEA research
therefore emphasizes coordinated control of light, temperature, carbon dioxide, and root-zone nutrition rather than
single-factor management [917]. Recent energy-management reviews also identify the coupling of plant physiology
and environmental control as central to improving productivity while reducing energy waste. The major
interactions among environmental variables and plant responses are summarized in Table 6.
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Table 6: Interactions among Light, Nutrients, Temperature, and Plant Growth Responses
Variable Primary role Interaction with other Plant growth Supporting
variables outcome sources
Light intensity Supplies energy for Increases nutrient and Higher biomass when [8,91]
photosynthesis CO2 demand other factors are
adequate
Light spectrum | Regulates Alters nutrient uptake Changes biomass [45, 49]
photosynthesis and and canopy structure distribution and crop
morphology quality
Temperature Controls metabolism Modifies nutrient Can improve or reduce | [207]
and respiration uptake and net biomass gain
photosynthetic
efficiency
Humidity/VPD | Regulates Influences calcium Affects disease risk and | [17, 20]
transpiration transport and water physiological disorders
uptake
Nutrient Supports chlorophyll, | Determines whether Improves growth [74]
availability enzymes, and tissue light and CO: can when balanced with
development increase productivity climate conditions
CO: Supports carbon Benefits depend on Increased [3,91]
concentration fixation adequate light and photosynthesis under
nutrients non-limiting
conditions

Effects on Photosynthesis and Plant Growth Dynamics
Photosynthesis links environmental regulation directly to crop productivity. In CEA systems, photosynthetic rate
is influenced by photosynthetic photon flux density, light spectrum, photoperiod, carbon dioxide concentration,
canopy temperature, water status, and nutrient availability [3, 917]. LED technology has increased the precision of
light management because it allows growers to manipulate wavelength, intensity, and photoperiod according to
crop species and developmental stage [45, 497]. Red and blue wavelengths are especially important for
photosynthetic activity, while green and far-red light can influence canopy penetration, morphology, and biomass
partitioning [557].
Temperature strongly modifies photosynthesis because it affects stomatal conductance, enzyme kinetics, respiration,
and transpiration. Low temperatures restrict carbon fixation and nutrient transport, whereas excessive temperatures
increase respiration and may reduce net biomass accumulation [907]. Nitrogen, magnesium, potassium, and iron are
also essential because they contribute to chlorophyll synthesis, electron transport, and enzyme activation [927. Plant
growth dynamics therefore depend on the balance between carbon gain through photosynthesis and carbon loss
through respiration. Recent research on crop photosynthetic improvement stresses those gains in photosynthesis
must be evaluated within broader resource feedbacks, including water, nitrogen, and source—sink balance.

System-Level Modeling and Optimization Approaches
System-level modeling supports decision-making in CEA by linking crop physiology, environmental control, and
energy consumption. Common approaches include crop growth models, greenhouse climate models, energy-balance
models, computational fluid dynamics, machine learning, and model predictive control [207]. These models help
determine lighting schedules, heating and cooling setpoints, ventilation rates, carbon dioxide enrichment, fertigation
frequency, and humidity control. Xin et al. [917] developed a light-environment optimization model for cucumber
seedlings using photosynthetic responses to photosynthetic photon flux density, carbon dioxide concentration, and
temperature. Such models are valuable because they move CEA management away from fixed environmental
setpoints toward crop-responsive control. Model predictive control has also been applied in greenhouse climate
management to reduce energy and water consumption while maintaining crop productivity [937]. Recent CEA
energy reviews further show that optimization models increasingly integrate environmental variables, plant
physiological responses, and facility-level energy systems. Optimization in vertical farms often focuses on lighting,
air conditioning, dehumidification, nutrient recirculation, and space-use efficiency. Greenhouse optimization must
also incorporate external weather, solar radiation, ventilation losses, thermal screens, and supplemental lighting.
Integrated modeling is therefore essential because an intervention that improves yield may increase energy demand,
while an energy-saving measure may reduce crop growth if poorly timed.
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Trade-offs Between Productivity and Energy Use
CEA systems can achieve high productivity per unit land area, but this productivity often depends on substantial
energy inputs. Lighting, heating, cooling, ventilation, pumping, dehumidification, and automation contribute to total
energy demand [87]. Vertical farms are particularly energy-intensive because artificial lighting and mechanical
climate control replace natural solar radiation and ambient ventilation. Current literature identifies energy efficiency
as one of the most important constraints on the environmental and economic sustainability of vertical farming. The
main challenge is to maximize marketable yield per unit of energy, water, nutrient input, and cost. Higher light
intensity may increase biomass production up to a saturation point, but additional lighting beyond that point
produces diminishing returns and increases electricity consumption [3, 457]. Higher temperature may accelerate
growth within the optimum range, but it may also increase cooling demand, transpiration, and respiration losses.
Nutrient enrichment may improve growth when light and temperature are adequate, but excessive fertilizer
concentration can increase production cost and destabilize root-zone electrical conductivity [307]. Integrated
optimization therefore requires indicators such as energy-use efficiency, light-use efficiency, water-use efficiency,
nutrient-use efficiency, carbon footprint, and economic return. Weidner et al. [947] showed that energy optimization
in plant factories and greenhouses depends on system type, climate, and crop response, meaning that no single
control strategy is universally optimal.
Case Studies of Integrated CEA Systems
High-technology greenhouses demonstrate integrated optimization through coordinated use of supplemental
lighting, carbon dioxide enrichment, thermal screens, heating pipes, fertigation, ventilation, and automated climate
control. These systems benefit from solar radiation while using sensors and control algorithms to reduce weather-
related variability [207]. Greenhouse cucumber studies show that photosynthesis-based lighting control can improve
environmental decision-making because light is adjusted according to predicted crop response rather than fixed
schedules [917. Vertical farms provide another example of integrated CEA. These systems achieve year-round
production through stacked cultivation, recirculating nutrient solutions, LED lighting, and precise climate control
[87. Their major advantage is high land-use efficiency, while their major limitation is electricity demand. Reviews
of vertical farming report strong potential for water and land savings, but also stress that energy consumption must
be reduced for long-term sustainability. Integrated CEA systems perform best when biological and engineering
decisions are coordinated. Light, nutrients, temperature, water, carbon dioxide, and energy systems must be
optimized as one production network. Such integration supports higher productivity, improved crop quality, lower
resource waste, and stronger sustainability outcomes.
Advanced Technologies for System Integration
Sensor Networks and Real-Time Monitoring
Advanced controlled environment agriculture (CEA) depends on continuous measurement of biological,
environmental, and operational variables. Sensor networks provide the data required to monitor temperature,
relative humidity, carbon dioxide concentration, light intensity, vapor pressure deficit, nutrient solution pH,
electrical conductivity, dissolved oxygen, substrate moisture, and plant canopy status. These measurements allow
growers to detect stress conditions early and adjust climate or fertigation before yield losses occur [207]. Recent
greenhouse studies show that Internet of Things (IoT) platforms are increasingly used to connect sensors,
controllers, cloud databases, and decision-support tools for real-time monitoring and environmental regulation
[487. Sensor networks improve CEA integration because they transform the production environment into a
measurable system. Distributed sensors can identify spatial differences in temperature, humidity, light, and airflow
across the growing area. This is important because average greenhouse values may hide local stress zones near
vents, walls, lights, or heating pipes. Accurate monitoring also supports resource-use efficiency because irrigation,
ventilation, heating, cooling, and lighting can be adjusted according to measured plant and climate conditions rather
than fixed schedules [957.
Artificial Intelligence and Machine Learning in CEA
Artificial intelligence and machine learning are increasingly applied in CEA to analyze large environmental and crop
datasets. Machine-learning models can predict yield, detect plant stress, classify diseases, optimize irrigation,
estimate biomass, and forecast energy demand. These methods are valuable because CEA systems generate complex
datasets from sensors, cameras, climate-control systems, fertigation units, and production records [48, 957.
Machine learning is especially useful where plant responses are nonlinear. Crop growth does not respond
independently to light, temperature, nutrients, and humidity; these variables interact across time. Neural networks,
regression models, random forests, support vector machines, and deep-learning systems can identify patterns that
are difficult to capture with simple rule-based control [207. In smart greenhouses, Al can support adaptive control
by learning from previous crop cycles and recommending environmental setpoints that improve productivity,
quality, and resource-use efficiency [487. Computer vision also strengthens CEA integration. Cameras and image-
processing systems can monitor leaf area, canopy color, plant height, fruit development, disease symptoms, and
physiological stress. These tools reduce dependence on manual scouting and allow earlier intervention. The main
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limitations include data quality, model transferability across crops and facilities, sensor calibration, and the need for
reliable training datasets [487].

Digital Twins and Predictive Modeling
Digital twins represent one of the most advanced approaches to CEA system integration. A digital twin is a dynamic
virtual representation of a physical system that uses real-time data, models, and simulations to evaluate current
performance and predict future outcomes. In greenhouse horticulture, digital twins can combine climate models,
crop-growth models, energy models, and sensor data to simulate how changes in temperature, light, carbon dioxide,
irrigation, and ventilation affect yield and resource use [967]. Predictive digital twins allow managers to test control
strategies before applying them in the physical system. For example, a greenhouse digital twin can simulate the
effect of increasing supplemental light, reducing night temperature, adjusting carbon dioxide enrichment, or
changing ventilation schedules. A predictive greenhouse digital twin described by Kafi et al. used IoT sensor data
and multivariate time-series forecasting to estimate final crop yield during the crop cycle [977. Predictive modeling
also supports risk reduction. Crop managers can evaluate expected yield, energy demand, humidity risk, and
production timing under different control scenarios. Digital twins are therefore useful for balancing biological
productivity with operational cost. Their main challenges include model calibration, data integration, computational
complexity, and the difficulty of representing plant responses under changing environmental conditions [967].

Automation and Smart Control Systems
Automation converts real-time data and predictive models into management action. Smart control systems regulate
lighting, heating, cooling, ventilation, irrigation, fertigation, carbon dioxide enrichment, shading, and
dehumidification. Traditional greenhouse control often relies on fixed thresholds, while advanced control systems
use feedback, forecasting, and optimization algorithms to regulate environmental conditions more efficiently [22,
237. Model predictive control is especially important in CEA because it can anticipate future climate and energy
conditions. Rather than reacting only after temperature or humidity exceeds a setpoint, predictive control can use
weather forecasts, crop requirements, energy prices, and system constraints to select efficient control actions [237].
Smart automation improves integration when it connects sensors, models, and actuators within one coordinated
platform. Lighting can be adjusted according to crop stage and electricity cost, irrigation can respond to substrate
moisture and evapotranspiration, and ventilation can be coordinated with heating and humidity control. These
technologies improve precision, reduce labor demand, and support consistent crop quality. Successful
implementation requires reliable hardware, cybersecurity, technical training, maintenance capacity, and clear
decision rules. Advanced CEA therefore depends not only on technology adoption, but also on effective integration
between biological knowledge, engineering design, and data-driven control. Advanced technologies for integrated
CEA management are shown in Table 7.

Table 7: Advanced Technologies for Integrated CEA Management

Technology Main function Application in CEA Supporting
sources
Sensor networks Collect real-time environmental Monitoring temperature, [20]
and crop data humidity, CO., pH, EC, and light
Internet of Connects sensors, controllers, and | Remote monitoring and [48]
Things cloud platforms automated control
Machine learning | Identifies patterns and predicts Yield prediction, disease detection, | [95]
Crop or energy responses irrigation optimization
Digital twins Simulates physical CEA systems Testing control strategies and [96]
in real time predicting yield
Model predictive Optimizes control decisions using | Heating, ventilation, lighting, and | [22, 237
control forecasts humidity control
Computer vision Measures plant growth and Canopy monitoring, disease [48, 957
detects stress diagnosis, biomass estimation

Sustainability and Resource Efficiency
Water and Nutrient Use Efficiency
Sustainability in controlled environment agriculture (CEA) is strongly linked to efficient water and nutrient
management. Hydroponic and soilless systems can substantially reduce water losses because nutrient solutions are
delivered directly to the root zone and can be recirculated within closed or semi-closed systems [37]. This contrasts
with open-field agriculture, where evaporation, drainage, runoff, and uneven irrigation often reduce water-use
efficiency. Closed hydroponic systems can also reduce fertilizer discharge because unused nutrients are collected,
monitored, corrected, and reused [17]. Nutrient-use efficiency depends on accurate control of pH, electrical
conductivity, dissolved oxygen, water temperature, and ion balance. Poorly managed recirculating systems can
accumulate sodium, chloride, pathogens, or nutrient imbalances, reducing crop performance and increasing the need
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for solution replacement [177]. Effective CEA therefore requires nutrient monitoring, filtration, disinfection, and
crop-specific fertigation strategies. These practices improve productivity while reducing water withdrawal, nutrient
waste, and environmental contamination 3, 207.
Energy Consumption and Carbon Footprint
Energy consumption remains one of the most significant sustainability challenges in CEA. Heating, cooling,
ventilation, dehumidification, lighting, pumping, and automation all contribute to operational energy demand [87.
Greenhouses may benefit from solar radiation, but they often require heating in cold climates and cooling or
ventilation in warm regions. Vertical farms offer greater independence from external weather, but their reliance on
artificial lighting and mechanical climate control can produce high electricity demand [ 37]. Carbon footprint depends
heavily on the energy source. Facilities powered by fossil-fuel electricity or fuel-based heating may have higher
emissions than conventional systems, particularly when crops require long photoperiods or high heating loads [257].
Renewable electricity, thermal screens, heat pumps, biomass heating, waste-heat recovery, efficient LEDs, and
predictive climate control can reduce emissions and improve energy productivity [87. Sustainability assessment
should therefore compare not only yield per square metre, but also yield per kilowatt-hour, emissions per kilogram
of produce, and energy return relative to marketable output.
Circular Economy Approaches in CEA
Circular economy approaches aim to reduce waste, recover resources, and convert production residues into useful
inputs. In CEA, circularity can involve recirculating nutrient solutions, capturing and reusing drainage water,
composting plant residues, integrating aquaculture with hydroponics, recovering carbon dioxide, and using
renewable or waste-derived energy sources [987]. These strategies shift production away from linear input-output
models toward closed-loop resource management. Aquaponics provides one example of circular integration because
fish waste supplies nutrients for plant growth while plants and microbial processes help clean the water for reuse
[76]. Cascade cultivation also supports circularity, where secondary crops use remaining nutrients, water, or
organic residues from the main production system [247]. Circular CEA is most effective when biological
compatibility, food safety, nutrient balance, and economic feasibility are carefully evaluated. Poorly designed circular
systems may transfer pathogens, accumulate salts, or increase management complexity, so circularity must be
supported by monitoring and risk control.
Environmental and Economic Impacts
CEA can reduce land use, water consumption, pesticide dependence, and seasonal production risks, but its
environmental performance depends on system design, crop type, climate, technology, and energy source [25]. Life-
cycle assessments show that CEA can perform well when high yields, efficient resource recycling, and low-carbon
energy are combined. Environmental benefits become weaker when electricity demand is high or when systems rely
heavily on fossil fuels [87]. Economic impacts are also mixed. CEA can improve production reliability, crop quality,
local food supply, and land productivity, but capital investment, energy cost, technical labor, maintenance, and
market access strongly influence profitability [37. High-value crops such as leafy greens, herbs, strawberries,
tomatoes, and seedlings are generally more suitable than low-value staple crops because they can better absorb
infrastructure and energy costs. Long-term sustainability requires alignment between environmental goals and
economic viability. Efficient systems must therefore reduce resource waste while maintaining acceptable yields,
product quality, and financial returns. Key sustainability indicators for evaluating CEA systems are presented in
Table 8.
Table 8: Sustainability Indicators for Evaluating CEA Systems

Indicator Measurement basis Sustainability relevance Supporting
sources
Water-use Yield per unit of water consumed | Measures water conservation [17]
efficiency
Nutrient-use Yield per unit of nutrient input Assesses fertilizer efficiency and [17]
efficiency nutrient loss
Energy-use Yield per unit of energy Evaluates lighting, heating, and [s]
efficiency consumed cooling performance
Carbon footprint | COz-equivalent emissions per Measures climate impact [25]
kilogram of produce
Land-use Yield per unit production area Indicates space productivity [25]
efficiency
Economic return | Profitability relative to capital Determines commercial feasibility [25]
and operating costs
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Challenges, Knowledge Gaps, and Future Directions
Limitations of Current Research Approaches
Current research on controlled environment agriculture (CEA) has advanced understanding of lighting, climate
control, fertigation, automation, and crop physiology, but many studies still examine these factors separately rather
than as interacting components of one production system. Single-variable experiments are useful for identifying
specific plant responses, yet they often fail to represent commercial CEA conditions where light, temperature,
humidity, carbon dioxide, water, nutrients, and energy use change simultaneously [3. 207. This creates a gap
between experimental findings and practical system-level management. Another limitation concerns the narrow
range of crops studied. Lettuce, basil, tomato, cucumber, and strawberry dominate CEA research, while many
indigenous vegetables, medicinal crops, legumes, and staple crops remain underrepresented [37]. Economic analysis
is also often limited. Many studies report yield or physiological responses without evaluating energy cost, labor
demand, capital investment, maintenance, market price, or carbon footprint [87]. As a result, technical success in
experimental settings does not always translate into economically viable production.
Need for Integrated Multi-Variable Optimization
CEA systems require integrated optimization because plant growth is controlled by multiple interacting variables.
Light intensity affects photosynthesis, but its effect depends on temperature, carbon dioxide concentration, vapor
pressure deficit, and nutrient availability [45, 917. Temperature influences respiration and transpiration, while
humidity affects stomatal conductance, disease risk, and water movement through the plant [207. Nutrient uptake
is also linked to water flow, root-zone oxygen, pH, and electrical conductivity [207. Future optimization should
therefore move beyond fixed environmental setpoints. Model predictive control, digital twins, machine learning, and
crop-growth models can help identify conditions that maximize yield, quality, and resource-use efficiency at the
same time [22, 237). Multi-variable optimization should also include economic and environmental indicators, such
as energy-use efficiency, water-use efficiency, nutrient-use efficiency, labor productivity, emissions per kilogram of
produce, and profitability [87].
Scaling CEA Systems for Urban Agriculture
CEA has strong potential for urban agriculture because it can produce food near consumers, reduce land
requirements, shorten supply chains, and support year-round production [227. Vertical farms, rooftop greenhouses,
container farms, and high-technology greenhouses can contribute to urban food systems, especially where land is
scarce or climate conditions limit open-field production. Localized production may also reduce transport losses and
improve access to fresh vegetables. Scaling CEA remains difficult because urban systems face high energy costs,
expensive real estate, infrastructure constraints, skilled labor requirements, and competition with cheaper field-
grown produce [25]. Vertical farms are particularly constrained by electricity demand for lighting and climate
control. Greenhouses may have lower lighting demand but still require heating, cooling, ventilation, and water
management infrastructure. Successful scaling will depend on renewable energy integration, waste-heat recovery,
efficient LEDs, automation, crop selection, and business models that match production costs with market demand
Future Research Opportunities
Future research should focus on integrated system design rather than isolated technology testing. Priority areas
include crop-specific climate recipes, dynamic lighting strategies, closed-loop fertigation, renewable energy
integration, low-carbon heating and cooling, and advanced decision-support systems. Research should also examine
how CEA can use circular economy principles, including nutrient recycling, water reuse, organic waste valorization,
carbon dioxide recovery, and integration with aquaculture or waste-heat sources [24, 76 ]. Further work is needed
on life-cycle assessment and techno-economic analysis across different climates, crops, and facility types.
Standardized metrics would improve comparison among greenhouses, vertical farms, and hybrid systems. Useful
indicators include yield per square metre, yield per kilowatt-hour, and water use per kilogram of produce, nutrient
losses, carbon footprint, labor productivity, and net economic return [25, 87. More research is also needed on crop
quality, nutritional composition, consumer acceptance, food safety, and social impacts. Future CEA development
should aim for systems that are not only productive, but also energy-efficient, economically viable, and
environmentally responsible.
Key Findings from the Review
Controlled environment agriculture (CEA) has emerged as an important approach for improving food production
efficiency under conditions of climate variability, land scarcity, water limitations, and increasing urbanization. The
review demonstrates that successful CEA depends on the integration of environmental control, engineering systems,
plant physiology, resource management, and digital technologies. Light, temperature, humidity, carbon dioxide,
water availability, and nutrient supply interact continuously to influence photosynthesis, transpiration, crop quality,
and biomass accumulation [8, 207. Effective production therefore requires coordinated management of multiple
environmental variables rather than isolated control of individual factors. Lighting technologies, especially LEDs,
have significantly improved the precision of spectral management and energy efficiency in CEA systems. Advances
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in fertigation, hydroponics, and recirculating nutrient systems have also improved water-use efficiency and reduced
nutrient losses [3, 457]. Environmental control technologies such as ventilation systems, thermal screens, climate
sensors, heating systems, and automated irrigation further support stable crop production throughout the year.
Biomass heating, renewable energy integration and circular resource management offer additional opportunities to
reduce dependence on fossil fuels and improve sustainability outcomes [8, 247]. The review also highlights the
growing role of advanced technologies in CEA integration. Sensor networks, machine learning, digital twins,
predictive modeling, and smart automation are transforming greenhouse and vertical farming systems into data-
driven production environments [237. These technologies allow real-time monitoring, predictive decision-making,
and optimization of environmental conditions according to crop needs and energy constraints. Despite these
advances, major challenges remain in energy consumption, system cost, scalability, and long-term economic
viability, particularly in vertical farming systems where artificial lighting and climate control require substantial
electricity input [257].
Implications for Research and Industry
The findings of this review have important implications for both research and commercial practice. Current research
approaches often focus on single environmental variables under controlled experimental conditions, which limit
understanding of system-wide interactions. Future research should prioritize integrated multi-variable studies that
combine crop physiology, environmental control, energy systems, and economic analysis [227]. Standardized
evaluation metrics are also needed to improve comparison among greenhouses, vertical farms, and hybrid production
systems. Indicators such as energy-use efficiency, water-use efficiency, nutrient-use efliciency, carbon footprint,
productivity per unit area, and economic return are essential for evaluating sustainability and commercial feasibility.
Industry applications should focus on improving system integration rather than adopting isolated technologies.
Sensor-based monitoring, predictive control, automated fertigation, renewable energy integration, and intelligent
climate management can improve production consistency while reducing operational waste. Renewable energy
systems, waste-heat recovery, thermal storage, and circular nutrient management will become increasingly
important as energy costs and environmental regulations intensify [87]. Commercial scalability also depends on
selecting crop types and production models that align with local climate conditions, market demand, infrastructure
availability, and energy resources. Urban agriculture presents a particularly important opportunity for CEA because
localized production can shorten supply chains, improve food security, and reduce post-harvest losses. Rooftop
greenhouses, vertical farms, and container-based systems may contribute to urban resilience, especially in regions
where arable land is limited. Long-term adoption, however, requires careful consideration of economic sustainability,
energy demand, labor requirements, and technological accessibility.
Final Remarks on Integrated CEA Systems
Integrated CEA systems represent a convergence of agriculture, environmental science, engineering, and digital
technology. Their future success depends on balancing productivity with resource efficiency, environmental
sustainability, and economic feasibility. Technological innovation alone is insufficient if systems remain energy-
intensive or economically inaccessible. Sustainable CEA development therefore requires integration between
biological understanding, engineering optimization, renewable energy use, and circular resource management.
Future progress will likely depend on interdisciplinary collaboration involving agronomists, plant physiologists,
engineers, computer scientists, environmental analysts, and policy makers. Research and industry should move
toward adaptive systems capable of responding dynamically to crop requirements, energy conditions, and
environmental constraints. Such systems can improve food production resilience while reducing pressure on land,
water, and climate resources. CEA is unlikely to replace conventional agriculture entirely, but it has strong potential
to complement existing food systems through high-efficiency production of vegetables, herbs, seedlings, and
specialty crops. Integrated and sustainable CEA systems may therefore become increasingly important in addressing
future challenges related to food security, urbanization, resource scarcity, and climate change.
CONCLUSION
Controlled Environment Agriculture represents a transformative approach to modern food production by enabling
precise control of environmental conditions for year-round cultivation. This review demonstrates that crop
productivity and sustainability in CEA systems depend on the integrated management of lighting, nutrient delivery,
thermal regulation, and environmental monitoring rather than isolated optimization of individual components.
Advances in LED spectral engineering, hydroponic nutrient management, biomass-based heating, and digital
technologies have significantly improved resource-use efficiency, crop quality, and production reliability. However,
energy demand, operational costs, and system complexity remain major barriers to large-scale adoption, especially
in fully indoor vertical farming systems. Future development of CEA should therefore prioritize integrated multi-
variable optimization, renewable energy integration, automation, and circular resource management strategies.
Interdisciplinary collaboration among plant scientists, engineers, environmental researchers, and data scientists will
be essential for designing resilient, energy-efficient, and economically viable systems capable of supporting
sustainable urban food production under changing global conditions.
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