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ARTICLE INFO ABSTRACT

The rapid increase in global population, growing food demand, and the accelerated
emission of greenhouse gases have intensified the need for sustainable agricultural
systems. Modern greenhouse technologies are recognized as effective solutions to
enhance crop productivity while minimizing energy consumption. Among these, the
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1. Introduction

The growing global population and rising demand for food have significantly increased energy
consumption and environmental pressure in the agricultural sector. Controlled-environment systems,
especially greenhouses, consume a substantial share of total agricultural energy, highlighting the need
for sustainable and energy-efficient cultivation methods. This study addresses this challenge by
investigating the role of carbon dioxide (CO:) enrichment in improving photosynthetic efficiency and
biomass energy yield in a fully controlled cultivation environment.
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2. Materials and Methods
The experimental work was conducted at the Energy Research Center of Shahid Beheshti University
using a fully enclosed EDG system equipped with LED lighting (adjustable spectral intensity),
automated CO: injection, and variable-speed ventilation to maintain CO: fluctuations within £50 ppm.
Six short-cycle plants basil, mint, pennyroyal, parsley, Leek, and radish were cultivated for a 44-day
growth period. The environmental parameters were maintained at 25 + 2 °C temperature, 60—70%
relative humidity, and constant nutrient supply.

A completely randomized design with three replicates per CO: level was applied. Biomass samples
were collected every four days, and dry mass was determined after oven-drying at 70 °C until constant
weight. Growth data were fitted using the Gompertz model, expressed as:

W(t)= ae™" Equation 1
where a represents the asymptotic fresh biomass, b the displacement factor, and c the relative growth
rate. Model fitting was performed using nonlinear least squares, and R2 values were used to evaluate

accuracy. The bioenergy efficiency was calculated as the ratio of stored chemical energy to the total
input electrical energy.

3. Results

The results demonstrated that CO: enrichment significantly affected the growth pattern of all plant
species. The fresh biomass accumulation followed a sigmoidal curve consistent with the Gompertz
model, with R2 values ranging from 0.95 to 0.99. Increasing CO- concentration from 800 ppm to 1000
ppm enhanced the final fresh biomass by 18-25%, while further increase to 1200 ppm produced
negligible additional growth, indicating photosynthetic saturation.Calculated bioenergy efficiencies
ranged between 0.45% and 3.18%. The highest efficiency was observed for mint, whereas pennyroyal
had the lowest value (0.53%). On average, CO. enrichment from 800 ppm to 1000 ppm increased
bioenergy efficiency by 15-20%, but further enrichment to 1200 ppm had no significant benefit.

4. Discussion and Conclusion

The species-specific responses highlight the importance of morphological and physiological traits—
such as leaf area, stomatal conductance, and photosynthetic capacity in determining CO: utilization
efficiency. Although overall bioenergy efficiency values appear low (below 5%), they are consistent
with previous studies on artificial-light plant production systems, where only a small fraction of the
input electrical energy is converted into stored chemical energy. Most energy losses occur during
photon conversion and respiratory metabolism. The findings confirm that optimizing CO:
concentration around 1000 ppm offers the best trade-off between plant growth and energy
consumption. Implementing dynamic CO: and lighting control strategies can therefore substantially
improve the energy sustainability of closed plant factories. From an energy-sustainability perspective,
the EDG system demonstrates potential for integration into urban food production and carbon
management frameworks. With intelligent environmental control and increased planting density, its
overall system performance could be significantly enhanced. This study thus provides both
experimental evidence and modeling insight for designing low-energy, CO.-optimized greenhouses
that contribute to achieving the Sustainable Development Goals (SDGs) related to affordable clean
energy (SDG 7) and sustainable food systems.
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a=-0.000047(CO,)* + 0.1081(CO, ) —29.9795
¢ =-0.0000004(CO,)* + 0.00093(CO, )-0.3803

a=-0.000083(CO,)* +0.1868(CO, ) —54.9187
¢ =-0.0000003(C0O,)? +0.000737(CO, ) —0.2852

a=-0.00011(COz2)?+0.0264(COz2)-6.6027
¢=-0.0000005(CO2)?+0.0012(COz2)-0.4924

Ny

a=-0.000063(CO,)? +0.1434(CO, ) —35.4208
¢ =-0.0000005(CO,)* + 0.0013(CO,)—0.5524

S

a=-0.000032(CO,)* + 0.0709(CO2 ) —20.7002
¢ =-0.0000003(CO, )’ + 0.00077(CO2 ) —0.3060
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