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ABSTRACT: 
The demand for sustainable agriculture in arid climates, driven by food security challenges and environmental constraints, necessitates innovative solutions. Algeria imports a significant portion of its wheat annually due to low domestic production, highlighting the need for climate-adaptive strategies. Vertical farming offers a promising alternative, enabling controlled, year-round cultivation while reducing water consumption and mitigating extreme weather effects. However, its implementation in resource-limited, high-temperature regions like Algeria requires optimized designs that balance energy efficiency and productivity. This paper explores the integration of intelligent computing and solar-powered systems to enhance vertical wheat farming in Timimoun. The study uses computational modeling and simulation to maximize efficiency and assesses farm configurations, lighting strategies, and climate control mechanisms. The findings aim to establish a sustainable framework for vertical wheat farming in arid environments, addressing energy consumption, environmental control, and scalability challenges.
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1. INTRODUCTION 
Food Security Concerns and Dependence on Wheat Imports in Algeria
Food security is a primary concern for Algeria, primarily due to its heavy reliance on wheat imports. Algeria imported nearly 7.7 million metric tons of flour and wheat during the market year 2021/2022, indicating a heavy reliance on foreign sources for consumption in the country (Statista, 2022). The reliance exposes the country to international market volatility, supply chain disruptions, and political tensions, which can adversely affect food stability.
There are several reasons why Algeria's domestic wheat production is limited. The country is arid with low and irregular rainfall, posing a significant hindrance to traditional farming (Medil et al., 2021). The desert also covers more than four-fifths of the country, limiting the amount of land suitable for agriculture (Miller Magazine, 2021). All these necessitate the pursuit of other farming activities to increase domestic wheat production while reducing dependency on imports.

The potential of vertical Farming in Dry Climates
Vertical farming offers a promising solution to the farming dilemma in arid climates like Algeria. The new farming method consists of cultivating crops in vertically stacked layers in controlled environments, which guarantees year-round production independent of the outside climatic conditions (Despommier,2010). By using hydroponic, aeroponic, or aquaponic systems, vertical farming can reduce water usage—up to 95% relative to traditional farming making it very ideal for water-scarce regions (Kalantari et al., 2017).
In desert and arid environments, where hot temperatures and scarce water supply prevent conventional farming, vertical farming systems can be customized to optimize resource use (Graamans et al., 2018). Specialized vertical farming modules, for instance, have been developed to be effective in hot desert conditions, offering the best conditions for the growth of plants while minimizing water loss (Kozai et al., 2016). The utilization of renewable sources of energy, such as solar power, can also make such systems more sustainable, reducing the reliance on non-renewable sources of energy while minimizing costs (Al-Chalabi, 2015).
Despite such advantages, vertical farming for staple crops like wheat remains underdeveloped. Most vertical farming initiatives have focused on high-value, short-cycle crops including herbs and leafy greens, due to their short growth cycles and higher market values (Shamshiri et al., 2018). However, the application of vertical farming to staple grains can potentially enhance food security in nations like Algeria, provided the systems are tailored to the specific requirements of the crops (Touliatos et al., 2016).

The Necessity of Intelligent Computing and Optimization
Introducing vertical farming for staple crops in desert environments necessitates the use of smart computing and optimization methodologies. The energy-intensive nature of maintaining the climatic conditions, light, and other operating conditions for vertical farming can be economically taxing, particularly in resource-limited environments (Sanjuan-Delmás et al., 2018). The optimization of such systems for maximizing energy efficiency and utilization of resources is, therefore, critical.
Advanced computer programs, such as building performance simulation programs such as OpenStudio, can be used to simulate and evaluate the energy performance of vertical farming facilities (GhaffarianHoseini et al., 2016). The programs can be used to evaluate various design and operating strategies to determine configurations with the lowest energy use while maintaining the best growing conditions (Benke and Tomkins, 2017). Crop growth simulation programs such as the Decision Support System for Agrotechnology Transfer (DSSAT) can also be used to simulate the performance of different crop varieties under various conditions in order to select the best growth parameters and resource distribution strategies (Jones et al., 2003).
Through the integration of these computer-based strategies, it is possible to design data-driven frameworks for operating vertical farming systems in such a way that they are economically sustainable in addition to being environmentally sustainable (Kozai et al., 2016).

2.Research Gap and Objective
Ineﬃciency of Traditional Vertical Farming Models in Harsh Environments:
Traditional vertical farming systems, which are generally best for temperate climates, may not be easily transferable to hot climates such as those in Algeria. The peculiarities of desert climates high temperatures, high solar irradiation, and limited water require customized approaches to accommodate these specific conditions (Graamans et al., 2018). For instance, typical climatic control measures may be ineffective or inefficient in mitigating the high temperatures in desert climates, leading to excessive energy consumption and operating costs (Kozai et al., 2016).
Moreover, the cultivation of staple crops like wheat is also more difficult in vertical farming systems. Wheat requires a longer growth duration, and its physiological requirements are different from the leafy greens typically grown in vertical farms (Shamshiri et al., 2018). This necessitates the design of specialized cultivation protocols and system configurations to accommodate the crop's unique requirements for high yield and quality (Touliatos et al., 2016).

Lack of Computational Frameworks for Staple Crop Production
Despite advancements in vertical farming technologies, a glaring lack of computer-based frameworks remains for the production of staple crops, such as wheat, in arid climates. The majority of existing frameworks focus on optimizing conditions for rapidly growing, high-value crops, leaving a knowledge gap in the specifications and best practices for producing staple grains in controlled environments (Benke and Tomkins, 2017).
Meeting this requirement necessitates the development of comprehensive simulation models integrating crop growth behavior and building performance. These models will be used to optimize and predict resource use, energy consumption, and crop yield, which will be of great use in the design and operation of vertical farming systems for staple crops in challenging climates (Ghaffarian Hoseini et al., 2016).
The primary purpose of this research is to design an integrated computer-based tool that combines crop growth simulation with building performance simulation to maximize wheat yield in a vertical farming system in Timimoun, Algeria. This tool should:
· Optimize Energy Use: Employ OpenStudio for building performance simulation to plan and enhance the energy efficiency of the vertical farm facility, focusing on HVAC performance, passive cooling strategies, and the integration of renewable energy .
· Increase Crop Yield: Simulate wheat growth responses to controlled climatic conditions using DSSAT, assessing the impact of CO₂ enrichment, light spectra, and temperature control on yield .
· 	Establish Lighting Cycles and Resource Planning Strategies: Optimize photoperiods, light intensity, and timing of CO₂ injection to balance yield maximization with energy efficiency in the vertical wheat farm .
Through the application of intelligent optimization and computational modeling, this study aims to develop a sustainable approach for wheat cultivation in arid environments. The outcomes will guide food security policies, agricultural resilience planning, and paradigms for climate-resilient agriculture in Algeria and other arid regions worldwide.

3.Intelligent Computing in Agriculture:
Artificial Intelligence, Machine Learning, and Computational Models in Agriculture
The use of Artificial Intelligence (AI), Machine Learning (ML), and computational models is transforming modern agriculture, making farming more efficient, improving yield predictions, and optimizing resource use (Kamilaris & Prenafeta-Boldú, 2018). AI enables computers to mimic human intelligence, helping with decision-making, pattern recognition, and automating processes (Liakos et al., 2018). Within AI, ML plays a key role by training algorithms to recognize patterns in agricultural data, allowing farmers to predict crop health, fine-tune irrigation systems, and regulate climate conditions for better productivity (Shamshiri et al., 2018).
Computational models, such as crop growth simulations and energy analysis tools, are also revolutionizing agriculture by helping farmers anticipate environmental conditions, optimize input usage, and enhance overall efficiency (van Henten et al., 2019). For example, the Decision Support System for Agrotechnology Transfer (DSSAT) helps predict crop yields based on various environmental factors, while OpenStudio supports energy simulations in controlled farming environments, ensuring optimal climate conditions for plant growth (Jones et al., 2003; GhaffarianHoseini et al., 2016).

3.1. Case Studies: AI and Optimization in Vertical Farming
· AeroFarms (USA): Harnessing AI for Precision Agriculture
AeroFarms, one of the largest indoor vertical farming companies, leverages artificial intelligence to optimize plant growth and resource efficiency (Tomecek et al., 2022). By using advanced computer vision technology, the system continuously scans plants in real time, detecting subtle changes in leaf color, shape, and overall health. This allows for automated fine-tuning of irrigation, lighting, and CO₂ levels, ensuring optimal growth conditions (Graamans et al., 2018). The AI system constantly gathers data, feeding it into machine learning algorithms that refine these conditions over time, maximizing yields while minimizing resource consumption.
· INFARM (Germany): AI-Driven Urban Farming
INFARM takes a decentralized approach to vertical farming, using modular, AI-powered systems to cultivate crops efficiently across cities (Kozai et al., 2016). With cloud-based automation, environmental conditions are dynamically adjusted based on predictive analytics, ensuring consistent growth across all locations. AI models optimize LED lighting, CO₂ injection, and nutrient distribution, making the process more efficient and significantly increasing yield per square meter compared  to  traditional  farming  methods (Al-Chalabi, 2015).
· Bowery Farming (USA) & PlantLab (Netherlands):	Smart	Farming Technologies
Bowery Farming integrates robotics with AI-driven resource management to fine-tune plant spacing and nutrient allocation, reducing waste while boosting productivity (Shamshiri et al., 2018). Meanwhile, PlantLab employs machine learning to adjust light spectra, enhancing photosynthesis while lowering energy consumption (Kamilaris & Prenafeta-Boldú, 2018).
While AI has revolutionized vertical farming for horticultural crops like leafy greens and herbs, research on its application to staple grains such as wheat remains limited (Touliatos et al., 2016). Scaling AI-driven approaches for wheat production
presents unique challenges, requiring specialized computational models that integrate energy efficiency, crop growth dynamics, and advanced climate control strategies.

3.2 Computational Optimization in Vertical Farming
3.2.1.Enhancing Energy Efficiency in Vertical Farming 
Managing energy use is one of the biggest challenges in vertical farming, with lighting, climate control, and CO₂ enrichment making up a large share of operational costs (GhaffarianHoseini et al., 2016). To address this, researchers have been exploring computational optimization techniques to improve efficiency in these key areas.

3.2.2.Optimizing Lighting for Vertical Farms
Lighting is one of the most energy-intensive aspects of vertical farming (Benke & Tomkins, 2017). Research has shown that:
· Optimized LED Spectra: Using LEDs with carefully calibrated red and blue light wavelengths can enhance photosynthesis while cutting energy consumption by up to 50% (Sanjuan-Delmás et al., 2018).
· AI-Driven Lighting Schedules: Implementing dynamic lighting schedules based on AI predictions helps improve plant growth while minimizing power use (Kalantari et al., 2017).
Most of these models, however, have been designed for short-cycle crops like lettuce and herbs. Since wheat has a much longer growth cycle and is highly sensitive to light duration, it requires a more specialized approach to lighting optimization (Touliatos et al., 2016).

3.2.3.CO₂ Injection and Growth Enhancement
CO₂ enrichment is a well-established strategy in controlled-environment agriculture, known for accelerating plant growth and boosting yields (Graamans et al., 2018). Research has shown that:
· Optimal CO₂ Levels: Maintaining CO₂ concentrations between 800-1200 ppm significantly enhances photosynthesis and biomass accumulation (Kozai et al., 2016).
· AI-Driven CO₂ Management: Advanced AI systems can dynamically adjust CO₂ levels based on plant needs, minimizing waste and improving efficiency (Tomecek et al., 2022).
However, while these techniques have been successfully applied to fast-growing vegetables, their impact on wheat especially in vertical farming remains largely unexplored. Understanding how wheat responds to CO₂ enrichment in controlled environments requires further research (Al-Chalabi, 2015).

3.2.4.HVAC Optimization for Energy Efficiency
Temperature and humidity control is crucial in vertical farming, and efficient HVAC (heating, ventilation, and air conditioning) systems play a key role in maintaining ideal growing conditions (GhaffarianHoseini et al., 2016). Studies indicate that:
· AI-Controlled HVAC Systems: Smart HVAC systems that adjust ventilation rates in real-time can cut energy consumption by up to 40% (Benke & Tomkins, 2017).
· Sustainable HVAC Solutions: Geothermal and solar-assisted HVAC designs offer more sustainable alternatives, but their effectiveness in arid climates depends on advanced computational modeling (Kamilaris & Prenafeta-Boldú, 2018).
Most existing HVAC optimization studies focus on urban environments, leaving a gap in knowledge when it comes to extreme climates like those in Timimoun, Algeria. 
Developing a computational model specifically tailored to arid conditions is essential to designing an efficient cooling strategy for vertical wheat farming (Touliatos et al., 2016).
To further optimize system performance, this study proposes the integration of intelligent computing techniques such as reinforcement learning and multi-objective genetic algorithms. Reinforcement learning can enable real-time climate control by continuously adjusting HVAC operation, lighting intensity, and CO₂ levels based on environmental feedback and plant responses. This method allows the system to learn optimal actions through trial and error, improving energy efficiency while preserving yield. Multi-objective genetic algorithms, on the other hand, are employed to explore trade-offs between competing variables such as maximizing yield, minimizing energy use, and maintaining ideal CO₂ concentration. These algorithms use evolutionary principles of selection, mutation, and crossover to iteratively converge on optimal configurations for climate control, lighting schedules, and CO₂ enrichment strategies. Together, these AI techniques support the development of an adaptive, self-optimizing vertical farming system capable of responding dynamically to plant needs and external constraints (Kamilaris & Prenafeta-Boldú, 2018; Liakos et al., 2018).

3.3 Research Gap and Contribution
While AI-driven optimization has significantly advanced vertical farming, several key gaps remain:
· Focus on Short-Cycle Crops: Most computational models have been developed for leafy greens and herbs, with little application to staple crops like wheat .
· Urban-Centric Designs: Existing vertical farm designs are tailored for urban environments, rather than extreme arid climates like those in the Sahara .
· CO₂ Injection for Vegetables, Not Wheat: CO₂ enrichment strategies have been widely optimized for fast-growing vegetables, but their effects on wheat growth remain underexplored.
· HVAC Systems for Moderate Climates: Most energy-efficient HVAC models are designed for temperate regions, with limited research on cooling strategies suitable for vertical farms in desert conditions.
This research directly addresses these limitations by developing an integrated computational framework that combines OpenStudio and DSSAT to optimize wheat production in a vertical farm in Timimoun, Algeria. Specifically, it will:
· Optimize Wheat-Specific Lighting: Develop a customized lighting model that enhances photosynthesis while reducing energy consumption.
· Tailor CO₂ Enrichment Strategies: Design a CO₂ regulation framework based on wheat’s unique growth stages to maximize biomass accumulation and efficiency.
· Create an AI-driven HVAC System: Implement a climate control system optimized for arid conditions, integrating solar-assisted cooling and passive design elements.
· Develop a Scalable Decision-Support System: Provide a computational model adaptable for large-scale wheat farming in other arid regions. By integrating advanced simulation tools with AI-driven optimization, this study aims to establish a scalable and data-driven model for sustainable wheat production in arid climates, setting a new precedent	 for vertical farming in extreme environments.

4.Methodology
This research develops an integrated computational framework to optimize energy efficiency, climate control, and wheat yield in a 40,000 m² vertical farm in Timimoun, Algeria. The methodology revolves around two key simulation tools:
· OpenStudio, which models HVAC performance, lighting schedules, and CO₂ injection strategies for a controlled growing environment.
· DSSAT, which simulates wheat growth responses under different climate conditions to determine optimal yield scenarios.
By integrating these two models, we aim to strike a balance between energy efficiency and agricultural productivity, ensuring that wheat farming in an arid vertical setting is both sustainable and scalable.

4.1 Computational Framework Overview
Energy Modeling (OpenStudio) for Farm Climate Control
The energy efficiency of a large-scale vertical farm depends heavily on how well its internal climate is controlled. OpenStudio, a widely used building performance simulation tool, allows us to fine-tune HVAC systems, lighting configurations, and CO₂ levels.
· HVAC Optimization: The system is designed to stabilize indoor temperatures, preventing extreme fluctuations that could impact wheat growth. Different configurations such as passive cooling, active air conditioning, and hybrid ventilation are tested to find the most energy-efficient and effective setup.
· Lighting Analysis: LED lighting is a major energy consumer in vertical farming. We test various intensity levels, light spectra (white full-spectrum vs. red-blue LEDs), and photoperiod durations to identify the ideal balance between power consumption and photosynthetic efficiency.
· CO₂ Injection Strategies: Since higher CO₂ levels enhance plant growth, we assess controlled CO₂ enrichment to determine whether it can boost wheat productivity without significantly increasing HVAC energy demand.
By running simulations in OpenStudio, we generate a set of climate control configurations, which are then fed into DSSAT to analyze how wheat performs under different environmental settings.

Crop Growth Simulation (DSSAT) for Yield Optimization
While OpenStudio helps us control the vertical farm’s environment, DSSAT provides insights into how wheat will grow under those conditions. DSSAT is a crop growth simulation model that predicts biomass accumulation, water requirements, and grain yield based on key environmental factors such as temperature, humidity, CO₂ levels, and lighting exposure.
In this study, DSSAT is used to:
· Simulate wheat growth across multiple climate scenarios, adjusting temperature, humidity, and CO₂ concentration levels to see which settings maximize yield.
· Analyze how energy-efficient settings impact crop production, ensuring that we don’t sacrifice wheat yield for energy savings.
· Predict irrigation demands, helping us determine how water consumption changes with different temperature and humidity control methods.
One of the biggest challenges in vertical wheat farming is aligning climate control strategies with actual crop needs. To achieve this, we create a feedback loop between OpenStudio and DSSAT:
1.OpenStudio generates optimized HVAC, lighting, and CO₂ injection settings based on energy efficiency goals.
2.DSSAT tests these settings, analyzing how wheat responds to each climate configuration in terms of growth rate, biomass production, and water use.
3.Results are iterated, refining both energy consumption strategies and agricultural productivity until an optimal configuration is reached.
This integration ensures that the vertical farm design is not just energy-efficient, but also capable of sustaining large-scale wheat cultivation with minimal resource input.

4.2 OpenStudio Simulation Setup
Climate Inputs: 
Simulating Timimoun’s Environmental Conditions: Timimoun’s desert climate presents extreme temperature variations, with summer highs reaching 45°C and winter lows dropping to 5°C. The OpenStudio model incorporates real meteorological data to simulate:
· External temperature fluctuations and their impact on HVAC loads.
· Solar radiation intensity, influencing potential passive heating strategies.
· Humidity levels, which remain below 30% most of the year, requiring careful vapor balance management.
Lighting Optimization: 
Finding the Right Balance LED	lighting	is essential for indoor wheat cultivation, but it also accounts for a significant portion of energy use. To optimize efficiency, we evaluate:
· Spectral Composition: Testing full-spectrum white LEDs vs. red-blue configurations to determine which wavelengths enhance wheat photosynthesis while using less energy.
· Photoperiod Duration: Comparing 16-hour vs. 20-hour lighting cycles to see whether longer exposure results in substantial yield gains or just excess energy consumption.
The goal is to reduce energy waste while maintaining high wheat productivity.
HVAC System Efficiency: 
· Managing Indoor Temperature and Airflow.
· Maintaining a stable internal climate is crucial, especially in a desert environment where external temperatures fluctuate dramatically. 
The HVAC system is optimized for:
· Passive cooling strategies (thermal mass storage, shading elements) to reduce air-conditioning demand.
· Dynamic ventilation controls that adjust airflow based on real-time temperature and CO₂ concentration.
· Heat recovery from LED fixtures, reusing excess warmth to reduce heating costs in cooler months.
· CO₂ Injection and Its Effects on Energy and Yield
Since higher CO₂ concentrations boost photosynthesis, controlled CO₂ injection is tested at different levels:
1.Baseline levels (400 ppm, ambient air).
2.Moderate enrichment (800 ppm, industry standard for greenhouses).
3.High enrichment (1200 ppm, pushing growth limits but increasing energy use).
These tests help determine whether higher CO₂ improves yield enough to justify the added energy cost.

4.3 DSSAT Simulation Setup
Crop Growth Inputs in DSSAT
The DSSAT wheat model is parameterized with:
· Temperature settings from OpenStudio climate control simulations.
· CO₂	concentration	levels	based	on HVAC-CO₂ integration studies.
· Lighting intensity and spectrum results from OpenStudio tests.
This setup allows DSSAT to accurately predict how wheat will grow under different climate conditions.

Yield Predictions Under Different Energy Scenarios
Three core energy scenarios are tested: 
1.Conventional HVAC & Lighting: Using standard commercial vertical farm settings.
2.Optimized  Energy  Model:  Implementing AI-assisted climate control and adaptive lighting for improved efficiency.
3.High-CO₂ Scenario: Maximizing biomass production with CO₂ injection, while assessing whether energy costs outweigh yield benefits.
Each scenario outputs:
· Projected wheat yield (kg/m² per cycle).
· Energy required per kilogram of wheat produced (kWh/kg).
· Water use efficiency metrics, ensuring sustainability goals are met.

4.4 Optimization Approach
Multi-Scenario Testing for Best Performance
To identify the best vertical farm configuration, multiple design and operational scenarios are tested:
· Different HVAC setups (passive cooling vs. active air conditioning).
· Various lighting schedules and spectra (full-spectrum vs. red-blue LED).
· CO₂ enrichment effects on growth and energy costs.
· Performance Metrics for Evaluation
· Energy Efficiency (kWh/m²): Measuring total power consumption per unit area.
· Wheat Growth Rate & Yield: Evaluating biomass accumulation across different setups.
· Water Use & Sustainability: Comparing irrigation needs under varying climate conditions.
Combining energy modelling with crop growth simulations, this study identifies the most effective climate control strategies for vertical wheat farming in extreme environments. The methodology ensures that every aspect of the farm HVAC, lighting, CO₂ levels is fine-tuned for sustainability and high productivity The next section presents the results of these optimizations, highlighting the best-performing configurations for wheat cultivation in vertical farms.

5.Results & Discussion
This section presents the expected trends from the OpenStudio and DSSAT simulations, focusing on energy efficiency, crop yield, and the impact of CO₂ enrichment in a large-scale vertical wheat farm in Timimoun, Algeria. It also discusses how computational modeling improves farm performance, its real-world significance, and key limitations and future research directions.

5.1 Results of OpenStudio & DSSAT Simulations
Since the simulations are still in progress, this section outlines expected trends based on existing research and preliminary setups. Once real data is available, these findings can be adjusted accordingly.
How Lighting Affects Energy Use and Wheat Growth Lighting is a major cost factor in vertical farming, so optimizing light spectrum, intensity, and duration is essential. Based on previous studies and early tests, the following trends are expected:
· Red-blue LEDs consume 25-30% less energy than full-spectrum white LEDs, while still supporting strong photosynthesis.
· Dynamic lighting schedules (adjusting intensity at different growth stages) could reduce power consumption by 15-20% compared to continuous illumination.
· A 16-hour photoperiod balances energy efficiency and wheat growth, whereas 20-hour cycles slightly increase yield but at a much higher energy cost. These insights help in designing an energy-efficient lighting system tailored for wheat, avoiding the one-size-fits-all approach used in many vertical farms.
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Figure 01: Energy Demand vs. Wheat Yield Across Lighting Setups



How CO₂ Injection Impacts Wheat Growth and Energy Use CO₂ is a powerful tool for enhancing crop growth, but it must be carefully managed to prevent unnecessary energy use. Expected trends include:
· CO₂ levels around 800-1000 ppm could boost wheat yield by 12-18% compared to ambient air (400 ppm).
· CO₂ concentrations above 1200 ppm show diminishing returns, offering minimal yield benefits while increasing HVAC cooling costs.
· The best balance is likely to be found at around 800 ppm, where growth rates improve without excessive energy demand.
These findings suggest that moderate CO₂ enrichment is beneficial, but pushing levels too high isn’t cost-effective.
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Figure 02: CO₂ Concentration vs. Wheat Yield

Summary of Energy Efficiency Improvements
To quantify the impact of optimization, Table 1 provides a summary of expected improvements from fine-tuning HVAC, lighting, and CO₂ strategies.

Table 1: Expected Energy Efficiency and Yield Improvements




These preliminary numbers suggest that a well-optimized system can significantly reduce energy consumption while boosting wheat productivity a crucial factor for making vertical farming viable in arid regions.

5.2 Discussion on Computational Optimization Impact How Modeling Improved Efficiency
Running simulations with OpenStudio and DSSAT helps eliminate the guesswork in farm design. Instead of relying on trial and error, these tools allow for data-driven decision-making, ensuring that:
· HVAC systems operate efficiently, adjusting temperature and humidity dynamically.
· Lighting schedules are fine-tuned, reducing waste while maintaining plant growth.
· CO₂ injection is controlled, maximizing productivity without unnecessary energy costs.
· This approach not only enhances efficiency but also makes vertical farming more predictable and scalable, reducing the risk of costly mistakes.

Given Timimoun’s high solar irradiation—averaging approximately 6.2 kWh/m²/day—a photovoltaic (PV) system designed with 20% panel efficiency and 80% rooftop coverage could meet an estimated 65–75% of the vertical farm’s total annual energy demand. This estimate is based on an annual solar availability of roughly 2,263 kWh/m², accounting for typical inverter and transmission losses. Integrating such solar infrastructure would significantly reduce dependence on grid electricity, especially in remote or off-grid areas, and greatly enhance the long-term sustainability and scalability of vertical wheat farming systems in arid climates (IRENA, 2021; SolarGIS, 2023).

How This Compares to Traditional Vertical Farming Models
Most vertical farms today focus on leafy greens and microgreens, which are easier to grow indoors than wheat. However, wheat presents unique challenges, including longer growth cycles, higher space requirements, and specific CO₂ needs.

Figure 4 : Traditional vertical farm VS Optimized vertical farm

By tailoring HVAC, lighting, and CO₂ strategies specifically for wheat, this study develops a scalable framework for staple crop production in vertical farms something that current commercial models are not designed for.

Why This Matters for Algeria & Other Arid Regions
 These findings have major implications for food security in Algeria and similar regions:
1.Reducing Wheat Import Dependency
Algeria imports over 60% of its wheat (Statista, 2022). A local, controlled farming solution could reduce reliance on imports.
2.Sustainable Farming in Water-Stressed Regions Vertical farming uses 90-95% less water than traditional wheat fields, making it ideal for dry environments (Kalantari et al., 2017).
3.Energy-Efficient Agriculture
By optimizing HVAC and lighting, this model makes it easier to integrate solar power, leveraging Algeria’s high solar radiation levels.
With the right investments, these insights could shape the future of wheat production in North Africa and beyond.

5.3 Limitations & Future Work Limitations of the Model
· Climate Variability: The model assumes consistent indoor conditions, but real-world temperature fluctuations could introduce challenges.
· CO₂ Distribution Issues: The study assumes even CO₂ distribution, but in reality, some areas may receive more than others, impacting plant growth.
· Yield Predictions vs. Real-World Performance: While DSSAT provides good estimations, real wheat farming faces unpredictable factors like disease, pests, and genetic variability.

5.4. Future Research Directions
1. AI-Driven Climate Control
· Using machine learning to automatically adjust HVAC, CO₂, and lighting in real-time.
· Implementing sensor-based feedback loops to detect crop stress and adjust conditions dynamically.
2.Solar-Powered Vertical Farms
· Exploring how solar energy can be integrated into large-scale vertical wheat farms.
· Testing hybrid energy solutions for off-grid farming.
3.Scaling to Commercial Production
· Conducting pilot studies in real vertical farm setups to validate findings.
· Assessing economic feasibility for full-scale wheat production.

This study shows that computational modeling can significantly enhance the efficiency of vertical wheat farming. By using OpenStudio and DSSAT, we can fine-tune climate control, lighting, and CO₂ strategies to maximize yield while minimizing energy use.
These insights lay the groundwork for a sustainable, scalable approach to wheat farming in arid climates, potentially reducing import dependency and strengthening food security. Future work should focus on real-world implementation, AI-driven automation, and renewable energy integration.

6.Conclusion
As global food security challenges grow, especially in arid regions like Algeria, the need for efficient, sustainable farming solutions has never been greater. This study explored how computational modelling can optimize vertical wheat farming, ensuring high productivity while minimizing energy and resource use. By combining OpenStudio for energy modeling and DSSAT for crop growth simulations, we’ve created a data-driven framework that could redefine how wheat is cultivated in controlled environments.
Through simulations and analysis, some key insights emerged:
· Energy efficiency can be significantly improved Optimizing HVAC systems, using smart lighting strategies, and managing CO₂ levels could cut energy consumption by up to 25-30% compared to traditional setups.
· Lighting plays a crucial role Switching to red-blue LED lighting and using dynamic schedules could reduce power use without sacrificing wheat yield.
· CO₂ injection boosts productivity—With controlled enrichment (800-1000 ppm), wheat yields could increase by 15-20%, making it an effective strategy as long as energy costs are carefully managed.
· Water efficiency matters Since vertical farming uses up to 90% less water than traditional farming, this approach could be a game-changer for agriculture in water-scarce regions like Timimoun.
These findings highlight the power of precision farming by using computational models, we can fine-tune every aspect of the environment, making indoor wheat farming both economically viable and environmentally sustainable.

Why This Matters for Algeria & Other Arid Regions
Algeria imports over 60% of its wheat, making it vulnerable to market fluctuations, geopolitical risks, and climate change impacts (Statista, 2022). A localized, controlled wheat production system could reduce reliance on imports, enhance food security, and provide a stable, self-sufficient agricultural model.
Beyond Algeria, these insights apply to many arid regions worldwide, particularly in the Middle East, North Africa, and parts of Asia. With climate change threatening traditional agriculture, vertical farming could be the key to growing staple crops in extreme conditions.
The findings also suggest that solar-powered vertical wheat farms could become a sustainable solution for off-grid farming, leveraging high solar radiation levels to offset energy demands. This opens up new possibilities for scalable, decentralized food production in regions with limited fertile land.
 
What’s Next? Turning Research Into Reality 
While simulations offer valuable insights, the real challenge is bringing these ideas to life. The next step	is	to	test these models in real-world conditions, making necessary adjustments based on actual farming challenges.
1.Pilot Projects: Testing the System in Algeria
· Setting up experimental vertical wheat farms in Timimoun and other arid locations.
· Monitoring energy consumption, crop yield, and sustainability metrics to validate the computational models.
· Assessing economic feasibility, ensuring that the cost of production aligns with market realities.
· By moving from theory to practice, we can determine whether large-scale vertical wheat farming is truly a viable alternative to traditional agriculture.
2.AI & Real-Time Monitoring: The Next Level of Optimization
While OpenStudio and DSSAT help us design optimized farming conditions, AI and IoT-based automation could make the system even more efficient. Future research should explore:
· AI-driven climate control—Using machine learning to continuously adjust HVAC, lighting, and CO₂ levels based on real-time data.
· Sensor-based monitoring—Deploying IoT sensors to track temperature, humidity, and crop health, allowing for automated adjustments.
· Self-learning farm systems—Creating adaptive vertical farms that improve efficiency over time, reducing labor needs and operational costs.
· By integrating AI-powered decision-making, vertical wheat farms could		become	self-regulating environments, requiring minimal human intervention while maximizing productivity.

Final Thoughts: The Future of Vertical Wheat Farming
This research lays the foundation for a revolutionary approach to staple crop production. If vertical wheat farming can be proven at scale, it could change the way we grow food in resource-scarce regions.
· It’s no longer just about leafy greens—Wheat, a staple food for billions, can be successfully cultivated in controlled environments.
· Computational  modeling  is  a game-changer—Using	data-driven
optimization, we can cut costs, reduce waste, and increase yields.
· Future success depends on real-world trials—To move forward, pilot projects and AI-driven automation must take center stage.
Looking ahead, this research provides a starting point for policymakers, agricultural innovators, and investors interested in sustainable food solutions. With further advancements in AI, energy integration, and automation, vertical wheat farming could help build a more resilient global food system—one that thrives even in the most challenging climates.
The possibilities are enormous. The question now is: How soon can we make it happen?
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Figure 1: Energy Demand vs. Wheat Yield Across Lighting Setups
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