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Abstract
Rapid urbanization, climate instability, shrinking arable land, and increasing food demand are intensifying pressure on global agricultural systems. Conventional farming methods, while foundational to food production, contribute significantly to greenhouse gas emissions, water depletion, soil degradation, and biodiversity loss. In response, smart farming technologies, hydroponics, and vertical agriculture have emerged as controlled-environment production systems that promise land-use efficiency, water conservation, and localized supply chains. However, the environmental sustainability of these systems remains contested due to high electricity demand and embodied carbon emissions. This review critically examines the carbon footprint implications of hydroponic vertical farming compared with conventional open-field and greenhouse systems. It elaborates on greenhouse gas accounting methodologies, life cycle assessment techniques, energy-based emission modeling, and emerging sensor-based carbon monitoring systems. The findings suggest that hydroponic vertical farming can significantly contribute to urban food resilience and environmental sustainability when supported by renewable energy transitions and technological efficiency improvements. Rather than replacing conventional agriculture, it functions most effectively as a complementary climate-smart production system.
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Introduction
Global food systems are currently experiencing an unprecedented convergence of environmental, demographic, and economic pressures that collectively threaten long-term sustainability. Climate change has emerged not only as an environmental crisis but also as a structural challenge to agricultural stability. Rising global temperatures, shifting precipitation patterns, prolonged droughts, unseasonal rainfall, and increasing frequency of extreme climatic events such as floods, cyclones, and heatwaves are directly affecting crop physiology, soil health, and yield consistency. The declining availability of arable land due to desertification, salinization, erosion, and urban encroachment further compounds these challenges, narrowing the margin for expanding conventional cultivation (Benke & Tomkins, 2017). Climate variability disrupts established agro-ecological cycles by altering evapotranspiration rates, soil moisture regimes, and growing seasons. Increased heat stress impairs pollination and grain filling in major crops, while fluctuating humidity and temperature conditions intensify pest proliferation and pathogen outbreaks, thereby increasing production risks and yield instability (Cassia et al., 2018). Simultaneously, decades of intensive monocropping, excessive agrochemical use, and improper land management have accelerated soil degradation, reduced organic carbon content, and weakened nutrient cycling processes, diminishing the long-term productive capacity of farmland (Hardy et al., 2021).
Paradoxically, while agriculture is highly vulnerable to climatic shifts, it also significantly contributes to the problem. The agricultural sector accounts for approximately 11% of total anthropogenic greenhouse gas emissions globally (FAO, 2015). These emissions originate from multiple interconnected processes within the production system. Nitrous oxide (N₂O), a greenhouse gas with nearly 298 times the global warming potential of carbon dioxide over a 100-year period, is primarily released through microbial nitrification and denitrification processes following nitrogen fertilizer application. Methane (CH₄), with a global warming potential approximately 28–34 times that of CO₂, is emitted from anaerobic soil conditions in flooded rice systems and enteric fermentation in ruminant livestock. In addition, carbon dioxide (CO₂) emissions arise from fossil fuel combustion in agricultural machinery, irrigation pumps, fertilizer manufacturing, processing facilities, and transportation networks. Beyond on-farm activities, post-harvest handling, cold storage, packaging, and long-distance distribution contribute additional indirect emissions, expanding the carbon footprint of the food supply chain.
Urbanization introduces another layer of complexity to food production dynamics. As more than half of the global population resides in urban areas, and this proportion continues to rise, the spatial separation between production sites and consumption centers widens. Urban expansion often converts fertile peri-urban agricultural land into residential and industrial infrastructure, thereby reducing local food production capacity. Consequently, cities become increasingly dependent on distant rural and international supply chains. This geographic disconnect amplifies transportation-related emissions, intensifies reliance on energy-intensive cold-chain systems, and increases food loss and waste during transit and storage (Armanda et al., 2019). The longer the supply chain, the greater the cumulative environmental burden, particularly in systems dependent on fossil fuel-based logistics.
In response to these multidimensional pressures, controlled environment agriculture (CEA), hydroponics, and vertical farming have gained attention as technologically sophisticated alternatives capable of reshaping food production paradigms. These systems seek to decouple agricultural productivity from climatic uncertainty by creating highly regulated micro-environments in which temperature, humidity, light intensity, carbon dioxide concentration, and nutrient delivery are precisely controlled. By relocating food production closer to urban centers, they promise reductions in transportation emissions, enhanced freshness, and improved supply chain resilience (Kalantari et al., 2018). Moreover, hydroponic and vertical systems significantly reduce land requirements and enable year-round production independent of seasonal variability. However, despite these apparent advantages, concerns remain regarding their true environmental performance. The high electricity demand associated with artificial lighting, climate control, and automation raises critical questions about their net carbon footprint. Therefore, rigorous evaluation through comprehensive carbon accounting frameworks, including life cycle assessment and energy-based emission modeling, is essential to determine whether these innovative systems represent genuinely sustainable solutions or merely a technological redistribution of environmental burdens. This review aims to evaluate the carbon footprint of hydroponic and vertical farming systems using established assessment methodologies, compare them with conventional agriculture, and identify pathways for improving sustainability through technological and energy transitions.
 Evolution of Smart Farming and Controlled Environment Agriculture
[image: https://d2908q01vomqb2.cloudfront.net/f6e1126cedebf23e1463aee73f9df08783640400/2018/04/04/Yanmar-Customer-Use-Case-1024x771.png][image: https://ars.els-cdn.com/content/image/3-s2.0-B9780323851527000239-f09-01-9780323851527.jpg]Smart farming represents the integration of information and communication technologies, sensor networks, artificial intelligence, robotics, and data analytics into agricultural systems. Historically, agriculture evolved from labor-intensive manual practices to mechanized systems in the twentieth century. The current phase, often referred to as Agriculture 4.0, incorporates IoT-enabled sensors, machine learning algorithms, cloud-based data platforms, and renewable energy systems (De Clercq et al., 2018; Hosny et al., 2024). Controlled environment agriculture allows precise regulation of temperature, humidity, carbon dioxide concentration, nutrient supply, and light intensity. Unlike open-field farming, which depends heavily on climatic variability, 
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CEA decouples crop production from seasonal constraints (Shamshiri et al., 2018). Kozai et al. (2015) demonstrated that plant factories with artificial lighting can achieve significantly higher productivity per unit area compared with traditional systems, particularly for leafy vegetables.
Hydroponics, as a core component of vertical farming, eliminates soil and provides nutrients directly through aqueous solutions. This approach enhances nutrient uptake efficiency, reduces soil-borne diseases, and permits year-round cultivation (Lee & Lee, 2015). However, the environmental sustainability of these systems depends largely on energy sources and system optimization.
 Carbon Footprint in Agricultural Systems
Carbon footprint refers to the total greenhouse gas emissions associated with a product, process, or system, expressed in carbon dioxide equivalents (CO₂e). In agriculture, emissions originate from direct sources such as fertilizer-induced N₂O emissions and indirect sources such as electricity consumption for irrigation and climate control.
Literature Search Methodology
This review adopts a systematic literature-based approach to evaluate the carbon footprint dynamics of hydroponic and vertical farming systems. Relevant peer-reviewed articles were retrieved from major scientific databases including Scopus, Web of Science, ScienceDirect, and Google Scholar. Keywords used in the search process included “vertical farming,” “hydroponics,” “carbon footprint,” “life cycle assessment,” “controlled environment agriculture,” and “greenhouse gas emissions.”
Inclusion criteria focused on studies published between 2015 and 2025 to ensure recency, along with foundational earlier works of high relevance. Only peer-reviewed journal articles, conference papers, and authoritative institutional reports were considered. Studies were screened based on relevance to carbon assessment methodologies, energy use, and sustainability outcomes. Duplicate and non-English publications were excluded.
The selected literature was critically analyzed using thematic categorization, focusing on energy consumption, emission sources, technological innovations, and comparative sustainability performance.
 Life Cycle Assessment (LCA)
Life Cycle Assessment is the most widely adopted methodology for quantifying carbon footprints in agricultural systems. LCA evaluates environmental impacts across all stages of production, including raw material extraction, infrastructure construction, operation, distribution, and waste disposal. Blom et al. (2022) applied LCA to compare lettuce production in open-field, greenhouse, and vertical farm systems in the Netherlands. Their findings revealed that vertical farming exhibited substantially higher carbon intensity under baseline energy conditions, primarily due to electricity demand for artificial lighting.
 Process-Based Emission Modeling
Process-based models estimate emissions using activity data such as fertilizer input, irrigation volume, and fuel consumption combined with standardized emission factors (FAO, 2015). This approach is commonly used in national greenhouse gas inventories and agricultural sustainability assessments.
Field-Based Measurement Techniques
Direct measurement techniques involve chamber methods and gas chromatography to quantify soil-emitted CH₄ and N₂O fluxes. Poudel et al. (2023) highlighted the importance of chamber-based measurement for accurate emission estimation in managed systems. Although hydroponic systems largely eliminate soil-based N₂O emissions, electricity-related emissions remain significant.
Energy-Based Carbon Accounting
Electricity consumption (kWh) multiplied by grid emission factors (kg CO₂/kWh) provides a straightforward estimation of operational emissions. Vertical farms powered by fossil fuel-dominated grids exhibit significantly higher carbon intensity compared with those using renewable sources (Molin & Martin, 2018).
 Emerging Carbon Monitoring Technologies
Innovative carbon monitoring approaches now incorporate real-time energy tracking sensors, blockchain-based carbon accounting platforms, and AI-driven predictive emission models. Smart meters integrated within IoT frameworks can continuously assess energy usage patterns and identify inefficiencies in climate control or lighting systems (Hosny et al., 2024). Additionally, satellite-based remote sensing and spectral analysis are increasingly used to evaluate land-use change emissions and vegetation carbon sequestration potential.
Comparative Carbon Footprint of Production Systems
[image: https://cdn.greenmatch.co.uk/cdn-cgi/image/format%3Dauto/2/2024/08/Vertical-Farming-Alternatives.png]Blom et al. (2022) reported that vertical farms exhibited 5.6–16.7 times higher carbon footprint than open-field systems under conventional grid electricity conditions. Artificial lighting accounted for approximately 65–80% of electricity use. When renewable energy scenarios were applied, emissions reduced significantly, though vertical systems still remained more carbon-intensive than open-field production.
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Fig 2: Carbon Footprint Applied in various Fields

Greenhouse systems, particularly those utilizing natural sunlight, demonstrate lower energy demand than fully indoor vertical farms (Van Gerrewey et al., 2022). However, hydroponic greenhouses may still require supplemental heating or cooling depending on the climate.
 How Hydroponics Can Reduce Carbon Footprint
The net carbon footprint of hydroponic production is highly sensitive to system design, nutrient management efficiency, spatial configuration, and energy sourcing. When these components are strategically aligned, hydroponic systems can mitigate multiple emission pathways that are otherwise prevalent in conventional agriculture.
One of the most significant environmental advantages of hydroponics lies in its exceptional water-use efficiency. Traditional soil-based irrigation systems often experience substantial water losses through runoff, evaporation, and deep percolation. In contrast, hydroponic systems operate within closed-loop recirculation frameworks in which nutrient-enriched water is continuously collected, filtered, adjusted for pH and electrical conductivity, and redistributed to plant roots. This approach can reduce water consumption by up to 70–90% compared with open-field cultivation (Kalantari et al., 2018). Lower water demand translates into reduced energy requirements for groundwater pumping, surface water extraction, and long-distance irrigation distribution. In regions where irrigation depends heavily on diesel pumps or fossil fuel-powered electricity grids, this reduction directly lowers associated carbon dioxide emissions. Furthermore, decreased water abstraction helps preserve local aquifers and reduces indirect emissions associated with water treatment infrastructure.
Hydroponic systems also enhance fertilizer use efficiency through precise nutrient delivery mechanisms. In conventional agriculture, nitrogen fertilizers are often applied in excess to compensate for leaching and uneven soil nutrient availability. This inefficiency contributes to nitrous oxide (N₂O) emissions generated during microbial nitrification and denitrification processes in soil. N₂O is one of the most potent greenhouse gases, possessing a global warming potential nearly 298 times that of CO₂ over a 100-year period. Hydroponic cultivation eliminates soil-based nitrogen transformations by delivering nutrients directly to the root zone in dissolved form. Continuous monitoring of nutrient solution composition allows growers to maintain optimal electrical conductivity (EC) and pH levels, preventing over-fertilization and nutrient imbalance. As demonstrated by Singh et al. (2019), hydroponic nutrient optimization improves uptake efficiency and reduces waste, thereby minimizing indirect greenhouse gas emissions associated with fertilizer production and soil nitrogen cycling. Additionally, nutrient recapture systems prevent runoff losses that would otherwise contribute to downstream environmental degradation and eutrophication. Hydroponics holds immense promise for further innovation and application. Continued advancements in crop optimization and system scalability are poised to enhance yields and operational efficiencies, ensuring a resilient food supply in the face of global challenges such as climate change and population growth. As a cornerstone of sustainable agriculture, hydroponics not only conserves arable land but also offers a pathway to enhanced food sovereignty through local production and reduced reliance on imported goods. (Thapa, et.al , 2024)
Another substantial carbon-reducing benefit of hydroponic vertical farming arises from its spatial integration within urban or peri-urban environments. Conventional agricultural supply chains frequently involve long-distance transportation from rural production areas to metropolitan markets. These extended logistics networks depend on fossil fuel-powered vehicles and energy-intensive refrigeration systems, contributing significantly to carbon dioxide emissions. By situating production facilities closer to consumers, hydroponic vertical farms reduce “food miles,” shorten distribution timeframes, and decrease reliance on cold-chain storage (Avgoustaki & Xydis, 2020). Reduced transportation not only lowers direct fuel combustion emissions but also minimizes food spoilage and post-harvest losses, thereby decreasing the embedded carbon associated with wasted production. This localization of food systems strengthens urban resilience while simultaneously lowering supply chain-related environmental burdens.
Lighting efficiency represents another critical pathway for emission mitigation. The transition from conventional high-pressure sodium lamps to advanced LED technologies has dramatically improved energy-use efficiency in controlled environment agriculture. LEDs emit specific wavelengths within the photosynthetically active radiation (PAR) spectrum that directly correspond to plant physiological needs. Blue wavelengths stimulate vegetative growth, while red wavelengths enhance flowering and fruiting. By tailoring spectral output to crop developmental stages, LED systems reduce wasted energy and maximize photon-use efficiency (Bian et al., 2018). Moreover, LEDs generate minimal radiant heat compared to older lighting technologies, decreasing cooling requirements and further lowering electricity consumption. Sophisticated dimming systems and programmable photoperiod controls allow dynamic adjustment of light intensity based on real-time plant growth conditions, optimizing the energy-to-yield ratio.
The integration of renewable energy sources fundamentally transforms the carbon profile of hydroponic vertical farming. Rooftop solar photovoltaic systems can supply a substantial portion of a facility’s electricity demand, particularly during peak daylight hours when lighting requirements are high. Geothermal cooling systems stabilize indoor temperatures by leveraging subsurface thermal gradients, reducing reliance on energy-intensive HVAC operations. Wind energy procurement or renewable energy purchase agreements can further offset operational emissions. When powered by low-carbon electricity sources, the life cycle greenhouse gas emissions of vertical farms decline significantly, narrowing the gap with conventional open-field systems.
In addition to renewable integration, artificial intelligence-driven climate control systems provide substantial energy optimization benefits. Advanced sensor networks continuously monitor environmental parameters such as temperature, humidity, CO₂ concentration, and light intensity. Machine learning algorithms analyze these data streams to predict plant growth responses and dynamically adjust environmental controls in real time. By synchronizing lighting schedules, ventilation rates, nutrient dosing, and CO₂ enrichment with actual crop demand, AI systems prevent overuse of electricity and reduce unnecessary operational cycles (Hosny et al., 2024). Predictive climate modeling also enables proactive adjustments that reduce thermal fluctuations, improving system stability and lowering energy waste.
Innovative Approaches to Carbon Reduction in Vertical Farming
The environmental sustainability of vertical farming is increasingly dependent on technological refinements that address both operational emissions and embodied carbon. While early-generation vertical farms were criticized for their high electricity demand, particularly for lighting and climate regulation, recent engineering innovations have significantly improved energy-use efficiency and carbon performance.
One of the most transformative advancements has occurred in lighting technology. Modern high-efficiency light-emitting diode (LED) systems are engineered to emit narrow spectral bands that align precisely with plant photosynthetic requirements within the photosynthetically active radiation (PAR) range of 400–700 nm. Unlike conventional high-pressure sodium or fluorescent lamps, LEDs emit minimal radiant heat, allowing fixtures to be positioned closer to plant canopies without inducing thermal stress. This proximity reduces light dispersion losses and increases photon capture efficiency while simultaneously decreasing the need for active cooling systems (Bian et al., 2018). Furthermore, tunable LED systems allow growers to dynamically adjust red-to-blue light ratios according to plant developmental stages, thereby improving biomass accumulation per unit of energy consumed. Studies evaluating the energy and environmental performance of vertical hydroponic systems demonstrate that lighting optimization represents the single largest opportunity for operational carbon reduction (Molin & Martin, 2018). Emerging adaptive dimming technologies and pulsed-light strategies further enhance energy efficiency by synchronizing light output with real-time photosynthetic demand, minimizing unnecessary electricity consumption.
Complementing advances in lighting are innovations in reflective surface engineering. Interior wall panels coated with highly reflective materials increase photon utilization by redirecting scattered light back toward crop canopies. This improves light uniformity across vertical layers and reduces the total wattage required to achieve target photosynthetic photon flux density (PPFD). When integrated with computational modeling of canopy geometry, reflective optimization can significantly enhance light-use efficiency, thereby lowering electricity-associated emissions (Kozai et al., 2015).
Thermal management systems also play a critical role in carbon mitigation. Because LED arrays and climate control equipment generate heat, modern vertical farms increasingly incorporate waste heat recovery mechanisms. Heat exchangers capture excess thermal energy from lighting systems and HVAC units, redistributing it within the facility to maintain optimal root-zone and air temperatures. In colder climates, recovered heat can offset heating requirements, reducing dependence on fossil fuel-based thermal energy sources (Van Gerrewey et al., 2022). Advanced environmental control strategies integrate heat recovery with predictive climate modeling, improving overall energy balance within plant factories (Shamshiri et al., 2018).
Another emerging strategy involves carbon capture integration within controlled environments. Instead of sourcing compressed industrial CO₂ for enrichment, vertical farms can utilize purified carbon dioxide streams derived from nearby industrial exhaust systems. By redirecting CO₂ emissions into plant growth chambers, facilities can enhance photosynthetic rates while simultaneously preventing atmospheric release. Controlled CO₂ enrichment typically maintained between 800 and 1200 ppm depending on crop species improves biomass productivity and shortens growth cycles, effectively increasing yield per unit of energy consumed (Cassia et al., 2018). This approach transforms vertical farms into localized carbon utilization systems rather than passive emitters. When combined with renewable energy inputs, such integration contributes to partial carbon circularity within urban-industrial ecosystems.
Circular nutrient management systems further contribute to upstream emission reductions. Traditional fertilizer manufacturing, particularly nitrogen synthesis through the Haber–Bosch process, is highly energy intensive and carbon emitting. In response, innovative vertical farming systems are incorporating bio-based nutrient formulations, organic hydrolysates, and nutrients recovered from treated wastewater streams. Nutrient recirculation technologies ensure minimal discharge losses while maintaining optimal electrical conductivity and pH stability. Precision dosing systems controlled by sensor arrays reduce over-application and prevent nutrient imbalances, thereby lowering indirect nitrous oxide emissions associated with fertilizer production and use (Singh et al., 2019). Such circular nutrient strategies align with broader principles of resource efficiency and industrial symbiosis.
Beyond operational considerations, embodied carbon the emissions associated with infrastructure construction, material production, and facility assembly has become a focal point in sustainability assessments. Vertical farms traditionally rely on steel frameworks, aluminum lighting arrays, plastic hydroponic channels, and climate control systems, all of which carry substantial embodied carbon footprints. To mitigate this, designers are increasingly adopting low-carbon construction materials such as engineered timber, recycled steel, and modular lightweight composite structures. Prefabricated modular systems not only reduce material waste during construction but also facilitate future disassembly and reuse, lowering life cycle emissions (Blom et al., 2022). Life cycle assessment studies emphasize that incorporating low-carbon building materials and renewable energy systems significantly improves the comparative environmental performance of vertical farming relative to greenhouse and open-field systems (Molin & Martin, 2018).
Digital optimization tools further strengthen carbon reduction strategies. Artificial intelligence-based climate control algorithms analyze real-time data from temperature, humidity, CO₂, and light sensors to dynamically regulate environmental conditions. By minimizing redundant heating, cooling, and lighting cycles, these intelligent systems reduce electricity demand and enhance resource-use efficiency (Hosny et al., 2024). Machine learning models can also forecast plant growth trajectories and adjust environmental parameters proactively, improving the energy-to-yield ratio. Recent advancements in computational modeling have further enhanced the efficiency of indoor farming systems. Computational fluid dynamics (CFD) is increasingly applied to simulate airflow distribution, temperature gradients, and humidity control within vertical farms. These models enable precise optimization of microclimatic conditions, reducing energy consumption associated with ventilation and cooling systems. Sarailoo et al. (2025) demonstrated that CFD-based environmental control strategies significantly improve energy-use efficiency and crop productivity by minimizing spatial variability in growth conditions.
Discussion: Complementary Role in Food Security
Hydroponic vertical farming should not be interpreted as a wholesale replacement for conventional large-scale agriculture, particularly for staple crops such as rice, wheat, and maize that require vast cultivation areas and comparatively low per-unit production costs. The energy demands associated with artificial lighting, climate regulation, and environmental control currently limit the economic feasibility of producing calorie-dense staples in fully controlled indoor environments. Instead, vertical farming is better conceptualized as a complementary system within a diversified food production portfolio. It is particularly well suited for high-value horticultural crops, leafy greens, herbs, microgreens, and certain nutritionally sensitive vegetables that benefit from controlled environmental conditions and rapid turnover cycles.
Kozai et al. (2015) emphasize that plant factories with artificial lighting (PFALs) are especially appropriate in densely populated urban regions where horizontal land expansion is constrained by infrastructure, real estate pressure, and environmental degradation. In such settings, the vertical stacking of crops maximizes productivity per unit land area, effectively decoupling food production from traditional soil-based spatial limitations. This spatial intensification allows cities to reclaim underutilized industrial buildings, warehouses, and rooftop spaces for agricultural purposes, thereby embedding food production within urban ecosystems. The vertical dimension of cultivation transforms limited footprints into high-output production systems, contributing to land-use efficiency without encroaching upon forests or ecologically sensitive areas.
Beyond spatial efficiency, hydroponic vertical farming enhances food security by stabilizing production against climatic variability. Conventional agriculture remains highly vulnerable to droughts, floods, heatwaves, cyclones, and seasonal unpredictability phenomena that are intensifying under global climate change. Controlled environment agriculture eliminates direct exposure to these external climatic stresses. By maintaining optimized temperature, humidity, light intensity, and CO₂ levels year-round, vertical farms achieve consistent yields independent of seasonal fluctuations. This production stability reduces supply volatility, mitigates price spikes, and strengthens local food system resilience. In urban regions heavily dependent on imports from distant rural zones or foreign markets, localized vertical farming can function as a buffer during disruptions such as extreme weather events, transportation breakdowns, or geopolitical instability.
However, the long-term sustainability of vertical farming is intrinsically linked to energy decarbonization. Without renewable energy integration, the environmental benefits achieved through water savings, nutrient precision, and reduced transportation may be offset by high electricity-related emissions. Therefore, large-scale deployment of rooftop solar photovoltaics, energy storage systems, smart grids, and waste heat recovery technologies is essential to ensuring that vertical farming contributes positively to climate mitigation goals. Continued technological innovation particularly in LED efficiency, automation, artificial intelligence-based climate control, and circular nutrient management will further improve energy-use efficiency and reduce life cycle emissions.
In summary, hydroponic vertical farming represents a strategic complement rather than a substitute for conventional agriculture. Its comparative advantage lies in producing high-value, perishable crops within urban landscapes while enhancing resilience against climate variability and supply chain disruptions. When powered by renewable energy and supported by continuous technological advancement, vertical farming can play a meaningful role in strengthening urban food security and contributing to sustainable agricultural transitions.
Limitations
Despite providing a comprehensive review of hydroponic vertical farming and its carbon footprint implications, this study has several limitations. First, the analysis is primarily based on secondary data from published literature, which may vary in methodological assumptions, system boundaries, and regional contexts. Differences in life cycle assessment frameworks and emission factors can influence comparability across studies.
Second, the carbon footprint of vertical farming is highly dependent on local energy grids, which vary significantly across regions. Therefore, findings may not be universally applicable, particularly in regions with differing renewable energy penetration.
Third, rapid technological advancements in lighting, automation, and renewable integration mean that some findings may become outdated as newer, more efficient systems are developed.
Future research should incorporate real-time experimental data, region-specific analyses, and standardized carbon accounting frameworks to improve the robustness and comparability of results.
Summary and Conclusion
Hydroponic vertical farming represents a technologically advanced agricultural paradigm capable of addressing urban food demand, land scarcity, and resource efficiency challenges. While current systems exhibit higher carbon footprints compared to open-field agriculture under fossil fuel-based electricity grids, significant reductions are achievable through renewable energy transitions, LED optimization, AI-driven climate management, and circular nutrient strategies.
Carbon footprint assessment through Life Cycle Assessment, emission factor modeling, and real-time energy monitoring is essential for evidence-based policy and system optimization. Vertical farming should therefore be conceptualized not as a universal replacement but as a climate-smart complementary system within diversified agricultural landscapes.
Sustained research, renewable energy integration, and interdisciplinary collaboration are required to realize its full environmental potential. Hydroponic vertical farming represents a transformative evolution in agricultural production, redefining how food can be cultivated within increasingly urbanized and resource-constrained environments. By decoupling crop growth from soil dependency and climatic variability, it offers a technologically sophisticated solution to pressing global challenges including land scarcity, freshwater depletion, urban food insecurity, and supply chain vulnerability. Its capacity for year-round production, high land-use efficiency through vertical stacking, and precise control over environmental parameters positions it as a forward-looking agricultural model aligned with the demands of rapidly expanding metropolitan populations.
At present, however, the carbon intensity of hydroponic vertical farming remains closely tied to electricity consumption patterns. When powered predominantly by fossil fuel-based grids, operational emissions especially from artificial lighting and climate control can exceed those of certain conventional open-field systems. Yet this limitation is not structural; it is transitional. As energy systems worldwide shift toward renewable sources, the comparative carbon performance of vertical farming is expected to improve substantially. Integration of rooftop solar photovoltaics, on-site energy storage, geothermal cooling, waste heat recovery systems, and participation in smart renewable grids can significantly lower operational emissions. Concurrent advancements in high-efficiency LED technology, spectral optimization, and adaptive photoperiod control are steadily reducing energy demand per unit of biomass produced.
Equally important is the role of intelligent automation and digital agriculture. Artificial intelligence-driven climate management systems, predictive growth modeling, and real-time sensor networks enable dynamic optimization of temperature, humidity, CO₂ enrichment, nutrient delivery, and lighting intensity. These technologies enhance energy-use efficiency while stabilizing yields and minimizing resource waste. Circular nutrient strategies such as nutrient recapture, bio-based fertilizers, and integration with urban wastewater nutrient recovery further reduce upstream emissions associated with synthetic fertilizer production. Together, these innovations progressively narrow the environmental gap between indoor and conventional agriculture.
Robust carbon footprint assessment remains essential to guiding this transition. Comprehensive Life Cycle Assessment (LCA), emission factor modeling, embodied carbon analysis of construction materials, and real-time energy monitoring systems provide evidence-based insights into emission hotspots and mitigation opportunities. Transparent reporting frameworks can support policy formulation, carbon credit mechanisms, green building standards, and investment decisions. Without rigorous measurement and benchmarking, sustainability claims risk remaining theoretical rather than demonstrable.
Looking forward, the future of hydroponic vertical farming lies in systemic integration rather than isolation. Hybrid models that combine renewable microgrids, carbon capture utilization (e.g., channeling industrial CO₂ into controlled environments), modular low-carbon construction materials, and blockchain-enabled supply chain transparency may further strengthen environmental performance. Advances in plant breeding tailored specifically for indoor systems—focusing on compact morphology, rapid growth cycles, and enhanced photosynthetic efficiency—will improve productivity while reducing energy inputs per unit yield. Moreover, as cities increasingly prioritize circular economies, vertical farms may become integral components of urban infrastructure, linked with waste management, energy recovery, and sustainable water systems.
Importantly, vertical farming should not be conceptualized as a universal substitute for conventional agriculture, particularly for staple crops requiring extensive land and low-cost production. Rather, it serves as a climate-smart complementary system within diversified agricultural landscapes. By specializing in high-value, perishable, and nutritionally sensitive crops, vertical farms can relieve pressure on rural land resources, reduce transportation emissions, and enhance urban food resilience without displacing large-scale field production.
Ultimately, the environmental viability of hydroponic vertical farming will depend on sustained interdisciplinary collaboration among agronomists, engineers, energy specialists, environmental scientists, economists, and policymakers. Continued research, renewable energy integration, supportive regulatory frameworks, and technological innovation are critical to unlocking its full potential. If strategically implemented within a decarbonizing energy future, hydroponic vertical farming can evolve from an energy-intensive novelty into a cornerstone of sustainable, resilient, and low-carbon urban food systems.
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