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ABSTRACT 

There are many issues that will make producing sufficient food for the growing global 

population a difficult task. Controlled Environment Agriculture (CEA), integrating 

environmental control and hydroponic technology, can efficiently produce more food with less 

inputs. The new production practices of vertical farms have precision environmental control and 

subsequently more consistent and higher productivity with the advantage of being located almost 

anywhere, especially closer to population centers. A vertical Farm can be described as a fully 

indoor production system that uses electrical lamps for photosynthetic lighting and high density 

crops grown in multiple layers. CEA technology of supplementing atmospheric carbon dioxide 

(CO2) in greenhouse applications to compensate for low light levels, maintain plant 

photosynthesis, and enhance profits is practiced. However, due to the amount of ventilation 

generally required in greenhouse environments, maintaining CO2 concentrations can be 

expensive and impractical. The closed configuration of vertical farms can enhance CO2 use 

efficiency, however, the use of electrical lighting results in a large electrical power requirement. 

The goal of this study was to evaluate the level of daily light integrals (DLI) and atmospheric 

CO2 concentrations that would provide savings of electrical power usage and CO2 

supplementation while producing a marketable head lettuce (Butterhead, cv. Fairly) product. 

Experiments were conducted in a 45 m2 environmentally controlled (air temperature, PPF, DLI, 

CO2, DO, EC and pH) vertical farm research facility with six values of DLI (9, 11, 13, 15, 17, 19 

mol m-2 d-1) and six CO2 concentrations (400, 550, 700, 850, 1000, 1300 ppm), which were 

maintained constant from transplant through harvest. Plant shoot fresh and dry weights were 

measured at harvest and compared with resource use accounting of electrical energy for LED 

lighting, heat pumps for air conditioning, water pumps for nutrient solution circulation, and air 
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pump to maintain dissolved oxygen in the nutrient solution for the roots. It was demonstrated 

that 1) a linear relationship of increase biomass to increase of DLI existed for all treatments; 2) 

plants within the 850 ppm CO2 concentration yielded the largest average fresh and dry shoot 

weights and yields decreased as CO2 was further elevated; 3) the physiological disorder tip burn 

was more pervasive and appeared sooner for either larger CO2 concentrations and larger DLIs. 

No tip burn was observed at 400 and 550 ppm CO2 concentrations within any DLI; 4) lettuce 

grown in lower light intensities had larger physical size dimensions, but were less dense and had 

less biomass, compared to lettuce grown in higher light intensities which had a smaller physical 

dimension, but were more dense and thus greater biomass; 5) the metrics for the average overall 

resource use efficiencies of plant production for fresh weight edible biomass were 69 gfresh  

kWh-1, 147 gfresh LCO2
-1, 20.7 LH2O kgfresh

-1 y-1 , and 86.0 kgfresh m-2 y-1; 6) the potential electrical 

savings from changing the DLI (mol m-2 d-1)/CO2 (ppm) combination from 17/400 to 13/850 in 

the small scale research facility, to which this study was conducted, is $59 per harvest and $762 

for the year (14.4% savings). Larger commercial vertical farm operations lowering the DLI and 

increasing CO2 concentrations could have a much greater electrical savings potential.   
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

1.1.1 Controlled Environment Agriculture 

Increasing global population, climate change, and water scarcity are the imminent obstacles we 

currently face for feeding the world. According to a United Nation’s report, the world’s current 

population is approximately 7.6 billion people. The world population is projected to increase 

further to 9.8 billion in the year 2050 and 11.2 billion in 2100 (United Nations, 2017). Out of 

necessity, to counterbalance the rising global food demand, we must turn to more sustainable 

agricultural practices. Controlled Environment Agriculture (CEA) is technology integrated food 

production methods that optimize the environment for the plants. With control of the growing 

conditions, greater crop yield and quality can be obtained while being more resource efficient 

than open-field agriculture. In addition, CEA can reduce pest pressure and the dependency on 

pesticides while providing year-round, consistent, high quality, nutritious and safer food. CEA 

uses the growing technique of hydroponics, or soilless culture. Different types of hydroponics, 

such as deep water culture, nutrient film technique, and aeroponics, all effectively provide 

nutrient rich water to the roots of the crop with high water and nutrient use efficiency. According 

to Gedelha et al., 2015 conventional open-field lettuce production yields 3.9 kg m-2 y-1 and uses 

250 L kg-1 y-1 of water compared to hydroponic greenhouse lettuce 41 kg m-2 y-1 and 20 L kg-1 y-1 

of water.  CEA exists in many forms depending on the level of technology. A high tunnel is low 

technology low cost covered greenhouse structure that protects plants from wind and rain and 

extends the length of the growing season without set point control of a heating and cooling 

system. Although high tunnels can increase yields compared to open-field production, they only 
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have a limited amount of environmental control. Higher technology CEA improves the ability to 

control and maintain the environmental conditions of the plant. Crop yields and resource 

efficiency are increased, however, the initial capital cost and the operating costs increase as well. 

A high-technology greenhouse can have fully automated components precisely controlling the 

aerial and root zone environments of the plant. One of the new forms of CEA are facilitates 

called vertical farms or plant factories. At the pinnacle of agricultural engineering, these fully 

environmentally controlled indoor farms use sole source lighting, mostly with LEDs or 

fluorescent lighting, to grow crops in a multi-tier vertical production system. Growing food in 

buildings and warehouse style structures allow food to be grown closer to population centers and 

help feed the increasing urban population. 

 

1.1.2 Indoor Vertical Farm 

Today, around the world, more people live in population centers rather than rural areas. A report 

of the United Nations estimated that 55% of the population live in urban areas. By 2050, it is 

projected that 68% of the world’s population will reside in urban settings (United Nations, 2018). 

With human activity and climate change reducing the amount of arable land and fresh water, 

vertical farming will contribute to the solution to meet the food demand. Growing food indoors 

close to cities would greatly reduce the transportation footprint compared to conventional farms 

that grows food in rural areas and transport to cities. By growing vertically with multiple stacked 

levels, space use efficiency can be dramatically increased compared to open field and greenhouse 

crop production, and more food can be grown per footprint area. Vertical farms can control the 

growing environment with precision and with no influence from the sun, climate, or weather. 

Sole source lighting, often light emitting diodes (LED), are used to provide sufficient light for 
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photosynthesis of the crop. Under the constant and optimal growing conditions of a vertical farm, 

consistent quality and enhanced yields can be obtained over the entire year and from year-to-

year. The use of sensor based technology for monitoring and control allows for labor demand 

and costs to be reduced through automation of components and processes in the facility. 

Although there are many positive aspects of vertical farming there are still many challenges for 

the new industry. These challenges are the high initial capital cost, the high electrical usage 

demand, non-uniform air distribution, ineffective environmental control strategies, and the 

limited variety of crops that can be grown.  

 

1.1.3 Resource Use Efficiency 

The increasing global problems of overpopulation and diminishing supply of resources requires 

an increase in efficiency for food production. From conventional agricultural practices, global 

human interactions, and increasing signs of global warming, the Earth’s arable land is shrinking 

Therefore, CEA must continue to grow food using sustainable practices and strive to further 

increase productivity and production efficiencies. Resource use efficiency (RUE) is the ratio of 

the outputs compared to the total amounts inputs for a given system. There are several different 

metrics that evaluate the efficiency and viability of a production system. Some of the RUE 

metrics are water use efficiency (WUE), CO2 use efficiency (CUE), electrical use efficiency 

(EUE), light energy use efficiency (LUE), and fertilizer use efficiency (FUE) (Kozai, 2013). The 

purpose of vertical farms is to maximize the plant yields and quality with the minimum amounts 

of inputs. Using these RUE metrics evaluations can be conducted to determine the best growing 

systems as well as the problem areas that must be improved to successfully feed the world.  
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1.1.4 Electrical Consumption 

Plants grown in a vertical farm do not use the sun for photosynthesis. Therefore, a substantial 

amount of electricity is required for the lighting systems. Additional electricity is also required 

for other facility components. An HVAC system is used to control the heating and cooling of a 

facility. Some vertical farms require air pumps to inject oxygen into the nutrient rich solutions in 

which the plants grow. Without sufficient oxygen in the water plant growth can be reduced. 

Depending on the specific system, vertical farms may use water pumps to transport water 

throughout the facility to the plant roots. Depending on the level of technology, there are also 

electrical requirements for the automation and environmental control systems to maintain the 

optimal growing conditions. 

 

1.1.5 Daily Light Integral and Carbon Dioxide 

One of the most important and influential parameters for lettuce production is the amount of 

photosynthetically active radiation (PAR) the plants receive. PAR is the light quality in the range 

of 400-700 nm wavelengths that plants use for photosynthesis. Instantaneous light intensity is the 

number of photons a plant receives per second (unit: µmol m-2 s-1). Daily light integral (DLI) is 

the total accumulation of photons a plant receives per day (unit: mol m-2 d-1). In a vertical farm, 

under a constant light intensity, the DLI is calculated by multiplying the light intensity by the 

time the lights are on (photoperiod). Calculating the DLI in greenhouses and conventional field 

production is not as simple due the varying light intensity of solar radiation. The DLI is highly 

correlated with biomass of lettuce and is one of the key variables conducted in this research. 

Carbon dioxide (CO2) is a required input for photosynthesis. The plant process turns CO2 and 

water and into carbohydrates. The unit for CO2 concentration in the air is ppm or µmol mol-1. 
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1.2 Literature Review 

1.2.1 Lettuce Response to Daily Light Integral 

There is a strong correlation between the daily light integral and biomass of hydroponically 

grown lettuce. As a plant receives more light net photosynthesis increases and so does the shoot 

weight. This relationship is only true until another element becomes the limiting factor (i.e. CO2, 

nutrients, water). The growth curves for butterhead lettuce grown in a greenhouse with natural 

sunlight was approximated by a second order exponential polynomial for the shoot dry mass, 

DM = e(-8.596 + 0.0743)DLI + 0.4822(t) – 0.006225(t^2)) (Figure 1) (Both et al., 1998a). 

 

Figure 1. Fitted growth curves for butterhead lettuce. The curves represent daily light integrals of 

8, 10, 12, 14 ,16, 18, 20, and 22 mol m-2 d-1 (from bottom to top) (Both et al., 1998a).     

 

1.2.2 Tip Burn Disorder in Lettuce 

Tip burn is a disorder that effects lettuce in which the edges of the leaf around the growing point 

(meristem) start to brown and have a burned appearance. Tip burn is irreversible and cannot be 

fixed. Once lettuce starts to show tip burn it is no longer marketable and the symptoms will only 
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worsen. Tip burn can lead to major economic losses; preventative measures are the only way to 

mitigate the disorder.  

 

Although tip burn is technically a calcium deficiency, it is more a result of the combined 

environmental conditions. As lettuce rapidly grows, the meristem can get crowded and even 

covered by older leaves. The microclimate right at the growing point can reach high temperature 

and high relative humidity conditions. The plant cannot transpire and translocate sufficient 

calcium to the young leaves and the result is the cell walls start to breakdown and 

browning/burning of the leaves occur. Proper airflow, directed at the meristem, can help break 

up the microclimate and reduce tip burn (Takakura and Goto, 1992; Frantz, et al., 2004). 

However, maintaining sufficient aeration can be difficult in large scale facilities. Both (1998a) 

concluded that a DLI of no more than 17 mol m-2 d-1 with butterhead lettuce would ensure rapid 

growth without causing tip burn for hydroponic lettuce in a greenhouse.   

 

1.2.3 CO2 Effect on Photosynthesis for Lettuce 

Plants require an input of CO2 for photosynthesis. Approximately 45% of the dry matter of plants 

consists of carbon (Salisbury and Ross, 1969). Plants absorb carbon from CO2 gas in the air 

through the leaves. The current global CO2 concentration in the air is around 400 ppm. This 

ambient level of CO2 is not sufficient for maximum photosynthesis. It has been well documented 

over the years that plants grown in CO2 enriched environments will have increased growth rates 

and crop yields (Kimball and Idso, 1983). Utilizing the relationship of elevated CO2 

concentrations and photosynthesis has helped many greenhouses to increase yields, decrease 

harvest times, and thus increase profits. However, as Mortensen (1987) documented, there are 
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limits to CO2 enrichment. Enriching greenhouses to 2,000-3,000 ppm was common practice until 

the realization that plant injury can occur at such high concentrations of CO2. Although plant and 

cultivar specific, the recommended concentrations for greenhouses was reduced to 1,000-1,500 

ppm and then to 700-900 ppm (Mortensen, 1987). Furthermore, the study found that lettuce 

showed signs of marginal leaf necrosis at a CO2 concentration of 1,000 ppm. 

 

Elevated concentrations of CO2 can lower the light compensation point (Heath & Meidner, 1967; 

Caporn, 1994). Therefore, elevated levels of CO2 can be used to make up for plants grown in low 

light conditions. Although the environmental conditions can be controlled for greenhouse grown 

food, greenhouses are still affected by the seasonal changes in solar radiation. Depending on 

location, the sun may not be able to provide sufficient light to profitably grow food year around. 

Both (1995) indicated that supplemental lighting could be used to attain normal marketable 

butterhead lettuce yields of 150-200 g per head year around in the northeast United States. The 

supplemental lighting was able ensure the lettuce received a fixed DLI regardless of the daily 

solar radiation. However, the electrical consumption and costs associated with the supplemental 

lighting can become expensive. Further research concluded that enriching the greenhouse with 

CO2 could help reduce supplemental light requirement while still maintain marketable yields for 

lettuce (Both et al., 1998b). Therefore, by decreasing electrical costs and increasing CO2 

concentrations profits would increase.     

 

Both (1998b) conducted an experiment in a greenhouse using supplemental lighting to meet the 

desired DLI set points. The different CO2 concentrations and DLI’s were maintained to prove the 

concept of lower light supplemented with higher CO2 levels could attain the desired minimum 
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marketable weight of 150g per head of lettuce. The DLI and CO2 concentration combinations 

used were 17/350, 16/420, 15/480, 14/630, 13/820, 12/1270, 11/1600 (mol m-2 d-1/ppm). The 

results showed that all the combinations exceeded the 150g per head minimum (Table 1). The 

shoot dry weights were analyzed and plotted against ambient CO2 levels (Figure 2). There was 

only one DLI per CO2 concentration for each of the treatments. Therefore, the optimal 

combination of DLI and CO2 could not be determined. The largest fresh weight combination was 

13/1000 DLI/CO2 treatment that maintained an actual light period CO2 concentration of 891 

µmol mol-1 (ppm) and had an average shoot fresh weight of 212g. The replicate 13/1000 

DLI/CO2 treatment that maintained an actual light period CO2 concentration of 976 µmol mol-1 

(ppm) averaged 183g. This difference in CO2 concentrations and fresh weight indicates that at 

some point higher CO2 concentrations can result in smaller yields. However, the fact that there 

was such a substantial difference in the desired and actual CO2 concentration suggests the need 

for additional research. Furthermore, in order to locate the optimal DLI and CO2 concentration 

combination there needs to be multiple DLI levels tested against multiple levels of CO2 

concentrations. 

 

 

Table 1. Average fresh shoot mass and actual CO2 concentration during entire 24 day 

greenhouse phase for each of the treatment combinations (mol m-2 d-1/ppm) (Both et al., 1998b). 
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Figure 2. Lettuce shoot dry mass 35 days after seeding verses CO2 concentration. Lines indicate 

daily light integral levels from 11-17 mol m-2 d-1 (left to right, increments of 1 mol m-2 d-1) (Both 

et al., 1998a). 

 

1.2.4 Stomatal Resistance and Transpiration 

Stomata are small pores located on the leaf surface and stems of plants. Bounded by a pair of 

guard cells, stomata control the exchange of water vapor and CO2 between the leaf and the 

surrounding air (Hetherington and Woodward, 2003). The stomata have the ability to open or 

close in order to control and regulate a plant’s water relations and CO2 diffusion for 

photosynthesis. The rate of diffusion of CO2 into the leaves and outward diffusion of water vapor 

is called stomatal conductance, or its reverse, stomatal resistance. Transpiration is the process of 

moving water vapor through the stomata and out of the leaf to the surrounding air. Transpiration 

is a driving force for absorption and transportation of water and nutrients throughout the plant. 

Therefore, photosynthesis and transpiration are greatly impacted by the stomatal aperture. 
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1.2.5 CO2 Concentration Effect on Stomata 

The stomata response to CO2 concentrations has long been studied and observed. Although 

different plants species respond differently, the stomata close in response to elevated CO2 levels 

(Jones & Mansfield, 1970; Morison, 1985; Mansfield et al., 1990; Hetherington and Woodward, 

2003). In general, even though the stomatal conductance is decreased, the rate of photosynthesis 

increases with a higher concentration of CO2 until a certain point. Jones & Mansfield (1970) 

confirmed the stomatal closing effect and went further to test acclimatization of the stomata to 

elevated CO2 (Figure 3). Separate lettuce grown in 330 and 1000 ppm CO2 for 3 and 4 weeks 

respectively were placed in different CO2 concentrations to observe the stomatal openings. Their 

study concluded that there was no evidence of lettuce acclimating to elevated CO2 

concentrations. 

 

Figure 3. Effect of CO2 in stomatal opening in lettuce (Jones & Mansfield, 1970). 
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1.2.6 Effects of Stomata Closure 

As the CO2 concentration increases the stomata openings start to close and thus stomatal 

conductance is reduced (Hetherington and Woodward, 2003). As a result, while CO2 increases 

photosynthesis the plant regulation and water use changes. Transpiration, strongly controlled by 

the stomata, has a direct impact on water use by the plant. When stomata conductance is reduced 

less water vapor leaves the leaves. With the reduction in transpiration plants retain more water. 

Therefore, at high levels of CO2 and reduced rates of transpiration the plant water use efficiency 

increases. Conversely, at low CO2 concentrations and increased transpirations water use 

efficiency decreases (Hetherington and Woodward, 2003). 

 

The inversely proportional relationship between transpiration and water use efficiency in plants 

play an important role for the immergence of tip burn. Higher rates of transpiration increases 

transportation of water and nutrients, such as calcium, throughout the plant. When transpiration 

is reduced, the supply of calcium to the young leaves may not be sufficient and lettuce may be 

more susceptible to tip burn especially under higher light intensities with limited turbulent air 

flow to disrupt the boundary layer thickness. Therefore, combining the plant relations for lettuce, 

at higher CO2 concentrations photosynthesis will increase, water use efficiency will increase but 

the lettuce will be more susceptible to tip burn. Under lower CO2 concentrations, the rate of 

photosynthesis will be lower, the plants will use more water, but chance of tip burn will be 

reduced (Both et al. 1998b).  
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1.2.6 CO2 Usage in Greenhouses vs. Vertical Farms 

There are fundamental differences between greenhouses and vertical farms. Vertical farms are 

unaffected by the outside conditions while greenhouses, although a controlled environment, are 

still largely affected by the climate and weather. Some of the outside conditions that impact 

greenhouses are the amount of daily solar radiation, temperature, and relative humidity. Vertical 

farms commonly control the temperature by an HVAC systems compared to greenhouses that 

typically use and exhaust and evaporative pad system. Evaporative pad and exhaust fan systems 

work by pushing the warm and humid greenhouse air outside while simultaneously pulling dry 

and hot outside air into the greenhouse. Moisture is added to the entering air lowering its 

temperature and thus cooling the temperature inside the greenhouse. Additionally, if a 

greenhouse needs to decrease the inside relative humidity (RH), the exhaust fans can turn on 

without the evaporative pad running pushing high RH air outside and pulling lower RH air inside 

the greenhouse. Greenhouses require cooling when the temperature and RH exceed the desired 

set point condition and thus ventilation is more frequent during the middle of the day and during 

the hotter months of the year. 

 

The common practice of supplementing CO2 for higher yields and economic gain is substantially 

different in greenhouses and vertical farms on the daily and yearly basis (Graamans et al., 2018). 

Due to the ventilation and fluctuations of the greenhouse conditions it is difficult to maintain 

elevated CO2 concentrations inside the greenhouse. Once ventilation is required the elevated CO2 

is removed and outside ambient CO2 concentration air enters the greenhouse. CO2 enrichment is 

economically prohibitive for lettuce in greenhouses during high ventilation periods and is only 

economical during the colder months of the year (Ferentinos et al., 2000, Both et al. 1998b). 
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Vertical farms on the other hand do not exchange inside and outside air for cooling and thus can 

more easily maintain and have better precise control of elevated levels of CO2 (Kozai, 2013). 

Throughout the year vertical farms have a constant CO2 usage amount compared to greenhouses 

that increase during the warmer times of the year (Figure 4) (Graamans et al., 2018). 

 

 

Figure 4. Average daily CO2 use (A) and total annual CO2 use per area in greenhouses (GH) and 

vertical farms (PF) (B) (Graamans et al., 2018). 

 

1.3 Objectives 

The aim of this study was to determine optimal levels of light intensity (DLI) and CO2 

concentrations for lettuce in a vertical farm system potentially leading to development of 

resource conserving environmental control strategies with electricity and CO2 consumption. The 

goal of this research was to locate the lower threshold of DLIs with elevated levels of CO2 that 

could save electrical costs while maintaining acceptable marketable yields (150g per head) and 

quality. The scope of locating the optimal combinations of DLI and CO2 concentrations will take 

into consideration the lettuce fresh and dry weights, recourse use efficiency for electricity and 

CO2, tip burn susceptibility, and plant morphology. Lastly, an additional goal of this study is to 
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disseminate environmental control strategies and parameters that can improve the viability and 

profitability of production vertical farms and plant factories. 

 

1.4 Author’s Role in the Research Effort and Publication 

Brian Caplan was entirely responsible for the study presented in this thesis document. He 

planned, designed and conducted the three experiments. Brian’s role in the study included the 

full lettuce production process, collection and analysis of the data, and interpreting and writing 

the results. The project was not part of a larger project, although the physical existence of the 

plant production system was previously designed and was operable for this project at the CEAC. 

There were improvements in hardware, software and operations procedures established by Brian 

Caplan. 
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CHAPTER 2: PRESENT STUDY 

2.1 Overall Summary 

Three experiments were conducted at the University of Arizona’s Controlled Environment 

Agriculture Center located in Tucson, AZ. All of the experiments took place in the UAg Vertical 

Farm research facility. The 72 m2 vertical farm research facility consists of two fully 

environmentally controlled growth rooms (45m2 total cultivation area) that utilize sole source 

lighting and deep water culture hydroponics to grow a crop. Butterhead lettuce (Lactuca sativa, 

cv. Fairly) was grown in multi-tiered grow beds until maturity under six different levels of daily 

light integrals (9, 11, 13, 15 17, and19 mol m-2 d-1) and six different levels of CO2 concentrations 

(400, 550, 700, 850, 1000, and 1300 ppm). There were a total of 36 different treatments in three 

experiments. The study was conducted to determine the optimal DLI and CO2 concentration in 

terms of lettuce biomass, quality, and electrical consumption. The scope of this study is to help 

reduce the high demand of electrical usage in vertical farms by reducing the amount of light, 

elevating the CO2 concentrations and maintaining minimum marketable lettuce yields (150g per 

head) and quality. Shoot fresh and dry weights and root dry weights were measured for all 

weekly samples and harvest weights. Sample weights were taken on day 7, 14, and 21. 15 sample 

harvest weights were taken on day 28. Average shoot and root dry mass was determined after 

drying at 70°C for at least three days.  

 

The environmental conditions were monitored and controlled for the duration of the experiments. 

The aerial zone parameters were temperature, relative humidity, CO2 concentration, and PAR 

light intensity. The root zone parameters were electrical conductivity, pH, and dissolved oxygen. 

The set points and actual environmental conditions during the growth stage (28 days after 
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transplant) were photo period/dark period temperatures of 23/19°C, electrical conductivity of 

1.8-2.0 µS cm-1, pH of 5.8-6.0, and dissolved oxygen above 6.0 ppm. The CO2 concentrations 

and PAR light intensities were treatment specific. The photoperiod was a 16/8 hour day/night 

period. The relative humidity was monitored but not controlled.   

 

Another goal of the study was to evaluate the inputs required for the vertical farm verses the 

yield output. Considering the resource usage and yields obtained, metrics were generated to 

evaluate and determine the efficiency and viability of the vertical farms. Resource consumption 

was recorded for electrical, CO2, and water usage. 

 

An objective of this study is to understand the relationship between DLI and CO2 concentrations. 

The results could be used to help the CEA industry locate the optimum CO2 concentration for 

lettuce and utilize the economic and resource savings potential. Additionally, this study could 

bring awareness of the effects of CO2 and the emergence of tip burn and the different 

morphological responses of lettuce to DLIs. This study was conducted to recommend growing 

parameters that can help improve current production practices for vertical farms as well as 

greenhouses. 

 

2.2 Overall Conclusions and Recommendations 

The results from this study indicate a delicate relationship between the CO2 concentrations and 

the stomata conductance. As the levels of atmospheric CO2 are elevated the rate of 

photosynthesis increases, however, simultaneously the stomata openings start to close. At higher 

CO2 levels, the reduction in the stomata aperture start to outweigh the benefits of the more than 
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sufficient levels of atmospheric of CO2. The largest fresh and dry shoot weight for lettuce was at 

a CO2 concentration of 850 ppm. Above 850 ppm yields were negatively affected and lettuce 

was more susceptible to tip burn due to the reduction of transpirations and the inability of lettuce 

to transport sufficient calcium to the younger leaves. No tip burn was observed at CO2 

concentrations of 400 and 550 ppm for any DLI. There was a linear relationship of increase 

biomass to increase of DLI for all treatments. Dependent on the DLI are the associated electrical 

use requirement and difference in plant morphology. Lettuce grown in lower light intensities had 

larger physical size dimensions, but were less dense and had less biomass, compared to lettuce 

grown in higher light intensities which had a smaller physical dimension, but were more dense 

and thus greater biomass. The strategy of growing the same weight lettuce with a smaller DLI 

and elevated levels of CO2 could potentially save 14.4% of electrical usage and costs. The 

strategy of aligning the photoperiod with the off peak electrical prices could potentially save 

4.6% of yearly electrical costs.  

 

Considering all the factors going into the production of lettuce in a vertical farm, the 

recommended growing parameters for head lettuce is a CO2 concentration of 700 to 850 ppm and 

a DLI of 11 to 13 mol m-2 d-1. At these recommended conditions, yields will be increased from 

the elevated CO2 with minimum risk of tip burn. The smaller DLI will achieve a marketable head 

of lettuce while reduce the electrical power requirement. Economic savings would result from 

the cost of elevating CO2 concentrations being outweighed by the savings in electrical usage and 

costs. These recommendations are specific to the environmental parameters and experimental 

setup described in this report. Altering any of the environmental conditions, photoperiod, light 
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quality, inability to maintain CO2 concentrations, insufficient airflow, and other factors may have 

varying results.    

 

There is a multitude of additional research that needs to be conducted in vertical farms to further 

improve efficiencies and yields. Additional research that should be evaluated is a strategy for 

ramping up the CO2 concentrations as the lettuce gets to maturity. Young seedlings do not have 

the same input requirements compared to lettuce going through the exponential growth stage. 

Starting the lettuce at lower CO2 concentration and increasing each week could have impacts of 

increased yields due to the stomata aperture at lower CO2 concentrations. Ramping up the CO2 

levels would also lead to resource savings and costs due to the reduced supplementation of CO2 

during the first weeks. Additional research should study the respiration periods on indoor crops. 

With no impact of the outside day and night periods, there is an opportunity to manipulate the 

respiration period. For example, if a 4 hour respiration time for head lettuce is sufficient, A 

day/night period of 16/4 would result in a 20 hour day and thus shorter time till harvest. Growing 

crops in fewer actual days would result in more harvests per year, increasing productivity, and 

profits.  
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Optimizing carbon dioxide concentration and daily light integral combination in a  

multi-level electrically lighted lettuce production system 

 

Abstract 

The Controlled Environment Agriculture (CEA) production practices of vertical farming will 

help meet the rising global food demand. The CEA strategy of supplementing atmospheric 

carbon dioxide (CO2) in greenhouse applications to compensate for low light levels is practiced. 

However, due to the amount of ventilation required in greenhouses, maintaining CO2 

concentrations can be expensive and impractical. The closed configuration of vertical farms can 

enhance CO2 use efficiency, but have a large electrical power requirement. This study evaluated 

head lettuce (Butterhead, cv. Fairly) for six values of daily light integral (DLI) (9, 11, 13, 15, 17, 

19 mol m-2 d-1) and six atmospheric CO2 concentrations (400, 550, 700, 850, 1000, 1300 ppm) 

with the goal of providing savings of electrical power usage while maintaining a marketable 

product. Experiments were conducted in a 45 m2 environmentally controlled vertical farm 

research facility. Plant shoot fresh and dry weights were measured at harvest. It was 

demonstrated that 1) 850 ppm CO2 concentration yielded the largest fresh and dry shoot weights 

and yields decreased as CO2 was further elevated; 2) the physiological disorder tip burn was 

more pervasive and appeared sooner for both larger CO2 concentrations and larger DLIs; 3) 

lettuce grown in lower light intensities had larger physical size dimensions, but were less dense 

and had less biomass, compared to higher light intensity lettuce which were smaller, more dense, 

and had greater biomass; 4) the research facility could potentially save 14.4% electrical usage 

and costs by changing the DLI (mol m-2 d-1)/CO2 (ppm) combination from 17/400 to 13/850. 

Keyword: vertical farm, plant factory, daily light integral, carbon dioxide concentration, lettuce 
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Introduction 

Increasing global population, climate change, and water scarcity are the imminent obstacles we 

currently face for feeding the world. According to a United Nation’s report, the world’s current 

population is approximately 7.6 billion people. The world population is projected to increase 

further to 9.8 billion in the year 2050 and 11.2 billion in 2100 (United Nations, 2017). Out of 

necessity, to counterbalance the rising global food demand, we must turn to more sustainable 

agricultural practices. Controlled Environment Agriculture (CEA) is technology integrated food 

production methods that optimize the environment for the plants. With control of the growing 

conditions, greater crop yield and quality can be obtained while being more resource efficient 

than open-field agriculture. According to a 2015 study, conventional field based lettuce 

production yields 3.9 kg m-2 y-1 and uses 250 L kg-1 y-1 of water compared to hydroponic 

greenhouse lettuce that yields 41 kg m-2 y-1 and uses 20 L kg-1 y-1 of water (Gedelha et al., 2015). 

The average productivity metrics from three experiments in the UAg vertical farm were 86.0 

kgfresh m-2 y-1 and 20.7 LH2O kgfresh
-1 y-1. 

 

Today, around the world, more people live in population centers rather than rural areas. A report 

of the United Nations estimated that 55% of the population live in urban areas. By 2050, it is 

projected that 68% of the world’s population will reside in urban settings (United Nations, 2018). 

One of the new forms of CEA are facilitates called vertical farms or plant factories. At the 

pinnacle of agricultural engineering, these fully environmentally controlled indoor farms use sole 

source lighting, mostly with LEDs or fluorescent lighting, to grow crops in a multi-tier vertical 

production system. Growing food in buildings and warehouse style structures allow food to be 

grown closer to population centers and help feed the increasing urban population. Additionally, 
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by growing vertically with multiple stacked levels, space use efficiency can be dramatically 

increased and more food can be grown per footprint area. Although there are many positive 

aspects of vertical farming there are still many challenges for the new industry. Plants grown in a 

vertical farm do not use the sun for photosynthesis. A substantial amount of electricity is 

required for the lighting system. Therefore, one of the biggest challenges of vertical farming is 

the high electrical power usage requirement. Other obstacles are the high initial capital cost, non-

uniform air distribution, ineffective environmental control strategies, and the limited variety of 

crops that can be grown.   

 

One of the most important and influential parameters for lettuce production is the amount of 

photosynthetically active radiation (PAR) the plants receive. PAR is the light quality in the range 

of 400-700 nm wavelengths that plants use for photosynthesis. Instantaneous light intensity is the 

number of photons a plant receives per second (unit: µmol m-2 s-1). Daily light integral (DLI) is 

the total accumulation of photons a plant receives per day (unit: mol m-2 d-1). There is a strong 

correlation between the daily light integral and biomass of hydroponically grown lettuce. As a 

plant receives more light net photosynthesis increases and so does the shoot weight. This 

relationship is only true until another element becomes the limiting factor (i.e. CO2, nutrients, 

water). The growth curves for butterhead lettuce grown in a greenhouse with natural sunlight 

was approximated by a second order exponential polynomial for the shoot dry mass, DM = e(-

8.596 + 0.0743)DLI + 0.4822(t) – 0.006225(t^2)) (Figure 1) (Both et al., 1998a). 

 

Tip burn is a disorder that effects lettuce in which the edges of the leaf around the growing point 

(meristem) start to brown and have a burned appearance. Tip burn is irreversible and cannot be 
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fixed. Once lettuce starts to show tip burn it is no longer marketable and the symptoms will only 

worsen. Tip burn can lead to major economic losses; preventative measures are the only way to 

mitigate the disorder. Although tip burn is technically a calcium deficiency, it is more a result of 

the combined environmental conditions. As lettuce rapidly grows, the meristem can get crowded 

and even covered by older leaves. The microclimate right at the growing point can reach high 

temperature and high relative humidity conditions. The plant cannot transpire and translocate 

sufficient calcium to the young leaves and the result is the cell walls start to breakdown and 

browning/burning of the leaves occur. Proper airflow, directed at the meristem, can help break 

up the microclimate and reduce tip burn (Takakura and Goto, 1992; Frantz, et al., 2004). 

However, maintaining sufficient aeration can be difficult in large scale facilities. Both (1998a) 

concluded that a DLI of no more than 17 mol m-2 d-1 and with proper airflow with butterhead 

lettuce would ensure rapid growth without causing tip burn for hydroponic lettuce in a 

greenhouse.   

 

Plants require an input of CO2 for photosynthesis. Approximately 45% of the dry matter of plants 

consists of carbon (Salisbury and Ross, 1969). Plants absorb carbon from CO2 gas in the air 

through the stomatal openings on the leaves. The current global CO2 concentration in the air is 

around 400 ppm. This ambient level of CO2 is not sufficient for maximum photosynthesis. It has 

been well documented that plants grown in CO2 enriched environments will have increased 

growth rates and crop yields (Kimball and Idso, 1983). Utilizing the relationship of elevated CO2 

concentrations and photosynthesis has helped many greenhouses to increase yields, decrease 

harvest times, and thus increase profits. However, as Mortensen (1987) documented, there are 

limits to CO2 enrichment. Enriching greenhouses to 2,000-3,000 ppm was common practice until 
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the realization that plant injury can occur at such high concentrations of CO2. Although plant and 

cultivar specific, the recommended concentrations for greenhouses was reduced to 1,000-1,500 

ppm and then to 700-900 ppm (Mortensen, 1987). Furthermore, the study found that lettuce 

showed signs of marginal leaf necrosis at a CO2 concentration of 1,000 ppm. 

 

Elevated concentrations of CO2 can lower the light compensation point (Heath & Meidner, 1967; 

Caporn, 1994). Therefore, elevated levels of CO2 can be used to make up for plants grown in low 

light conditions. Although the environmental conditions can be controlled for greenhouse grown 

food, greenhouses are still affected by the seasonal changes in solar radiation. Depending on 

location, the sun may not be able to provide sufficient light to profitably grow food year round. 

Both (1995) indicated that supplemental lighting could be used to attain normal marketable 

butterhead lettuce yields of 150-200 g per head year around in the northeast United States. The 

supplemental lighting was able to ensure the lettuce received a fixed DLI regardless of the daily 

solar radiation. However, the electrical consumption and costs associated with the supplemental 

lighting can become expensive. Further research concluded that enriching the greenhouse with 

CO2 could help reduce supplemental light requirement while still maintaining the minimum 

marketable yields for lettuce (Both et al., 1998b). Therefore, by decreasing electrical costs and 

increasing CO2 concentrations profits would increase.     

 

Stomata are small pores located on the leaf surface and stems of plants. Bounded by a pair of 

guard cells, stomata control the exchange of water vapor and CO2 between the leaf and the 

surrounding air (Hetherington and Woodward, 2003). The stomata have the ability to open or 

close in order to control and regulate a plant’s water relations and CO2 diffusion for 
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photosynthesis. The rate of diffusion of CO2 into the leaves and outward diffusion of water vapor 

is called stomatal conductance, or its reverse, stomatal resistance. Transpiration is the process of 

moving water vapor through the stomata and out of the leaf to the surrounding air. Transpiration 

is a driving force for absorption and transportation of water and nutrients throughout the plant. 

Therefore, photosynthesis and transpiration are greatly impacted by the stomatal aperture. The 

stomata response to CO2 concentrations has long been studied and observed. Although different 

plants species respond differently, the stomata response is to close under elevated CO2 levels 

(Figure 3) (Jones & Mansfield, 1970; Morison, 1985; Mansfield et al., 1990; Hetherington and 

Woodward, 2003). In general, even though the stomatal conductance is decreased, the rate of 

photosynthesis increases with a higher concentration of CO2 until a certain point. As CO2 

concentration increase the stomata start to close and thus stomatal conductance is reduced 

(Hetherington and Woodward, 2003). As a result, while CO2 increases photosynthesis the plant 

regulation and water use changes. Transpiration, strongly controlled by the stomata, has a direct 

impact on water use by the plant. When stomata conductance is reduced less water vapor leaves 

the leaves. With the reduction in transpiration plants retain more water. Therefore, at high levels 

of CO2 and reduced rates of transpiration the plant water use efficiency increases. Conversely, at 

low CO2 concentrations and increased transpirations water use efficiency decreases 

(Hetherington and Woodward, 2003). 

 

The inversely proportional relationship between transpiration and water use efficiency in plants 

play an important role for the immergence of tip burn. Higher rates of transpiration increases 

transportation of water and nutrients, such as calcium, throughout the plant. When transpiration 

is reduced, the supply of calcium to the young leaves may not be sufficient and lettuce may be 
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more susceptible to tip burn especially under higher light intensities with limited turbulent air 

flow to disrupt the boundary layer thickness. Therefore, combining the plant relations for lettuce, 

at high CO2 concentrations photosynthesis will increase, water use efficiency will increase but 

the lettuce will be more susceptible to tip burn. Under lower CO2 concentrations, the rate of 

photosynthesis will be lower, the plants will use more water, but chance of tip burn will be 

reduced (Both et al., 1998b).  

 

There are fundamental differences between greenhouses and vertical farms. Vertical farms are 

unaffected by the outside conditions while greenhouses, although a controlled environment, are 

still largely affected by the climate and weather. Some of the outside conditions that impact 

greenhouses are the amount of daily solar radiation, temperature, and relative humidity. Vertical 

farms commonly control the air temperature and relative humidity by refrigeration based air 

conditioning systems compared to greenhouses that typically use evaporative cooling based wet 

pad and fan system. The wet pad and fan systems work by bringing the hot and dry outside air 

through the wet pad and exhausting the warm and humid greenhouse air outside. Moisture is 

added to the entering air lowering its temperature and thus cooling the temperature inside the 

greenhouse. Additionally, if a greenhouse needs to decrease the inside relative humidity (RH), 

the exhaust fans can turn on without the evaporative pad running pushing high RH air outside 

and pulling lower RH air inside the greenhouse. Greenhouses require cooling when the 

temperature and RH exceed the desired set point condition and thus ventilation is more frequent 

during the middle of the day and during the hotter months of the year. 
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The common practice of supplementing CO2 for higher yields and economic gain is substantially 

different in greenhouses and vertical farms on the daily and yearly basis (Graamans et al., 2018). 

Due to the ventilation and fluctuations of the greenhouse conditions it is difficult to maintain 

elevated CO2 concentrations inside the greenhouse. Once ventilation is required the elevated CO2 

is removed and outside ambient CO2 concentration air enters the greenhouse. CO2 enrichment is 

economically prohibitive for lettuce in greenhouses during high ventilation periods and is only 

economical during the colder months of the year (Ferentinos et al., 2000, Both et al. 1998b). 

Vertical farms on the other hand do not exchange inside and outside air for cooling and thus can 

more easily maintain and have better precise control of elevated levels of CO2 (Kozai, 2013). 

Throughout the year vertical farms have a constant CO2 usage amount compared to greenhouses 

that increase during the warmer times of the year (Figure 4) (Graamans et al., 2018). 

 

Both (1998b) conducted an experiment in a greenhouse using supplemental lighting to meet the 

desired DLI set points. The different CO2 concentrations and DLI’s were maintained to prove the 

concept of lower light supplemented with higher CO2 levels could attain the desired minimum 

marketable weight of 150g per head of lettuce. The DLI and CO2 concentration combinations 

used were 17/350, 16/420, 15/480, 14/630, 13/820, 12/1270, 11/1600 (mol m-2 d-1/ppm). The 

results showed that all the combinations exceeded the 150g per head minimum (Table 1). The 

shoot dry weights were analyzed and plotted against ambient CO2 levels (Figure 2). There was 

only one DLI per CO2 concentration for each of the treatments. Therefore, the optimal 

combination of DLI and CO2 could not be determined. The largest fresh weight combination was 

13/1000 DLI/CO2 treatment that maintained an actual light period CO2 concentration of 891 

µmol mol-1 (ppm) and had an average shoot fresh weight of 212g. The replicate 13/1000 
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DLI/CO2 treatment that maintained an actual light period CO2 concentration of 976 µmol mol-1 

(ppm) averaged 183g. This difference in CO2 concentrations and fresh weight indicates that at 

some point higher CO2 concentrations can result in smaller yields. However, the fact that there 

was such a substantial difference in the desired and actual CO2 concentration suggests the need 

for additional research. Furthermore, in order to locate the optimal DLI and CO2 concentration 

combination there needs to be multiple DLI levels tested against multiple levels of CO2 

concentrations. 

 

Material and methods 

1. Experimental setup 

In this study, three experiments were conducted at the University of Arizona’s Controlled 

Environment Agriculture Center located in Tucson, Arizona, USA. Each experiment consisted of 

six levels of DLI and six levels of CO2 concentration. There were twelve treatments per 

experiment and a total of thirty six separate treatments for the entire study. From February 

through June 2018, butterhead lettuce (Lactuca sativa, cv. Fairly) was grown to maturity entirely 

in the indoor Vertical Farm research facility (UAg Farm). Environmental conditions were 

monitored and controlled and resource usage was recorded. 

 

The experiment was separated into a 14 day seedling stage and a 28 day growth stage. The 

seedling stage utilized an ebb and flood hydroponics technique. The growth stage used an active 

deep water culture hydroponic technique to grow the transplanted seedlings to maturity. The 

seeds were germinated in Rockwool cubes. During the first 48 hours the temperature was 

maintained at 19°C at a light intensity of 100 µmol m-2 s-1. On day three, the emerged seedlings 
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were switched to a 16 hour photoperiod consisting of a day/night temperature of 23/19°C with a 

light intensity of 200 µmol m-2 s-1. During the seedling stage the irrigated water maintained an 

electrical conductivity (EC) of 1.0 µS cm-1 and a pH of 6.0. No CO2 enrichment was employed 

during the seedling stage.  

 

14 days after seeding the lettuce was transplanted into the multi-tier deep water culture grow 

beds with a red, blue, and green spectrum LED lighting system. The lettuce grew for 28 days 

until maturity. The DLI treatments were 9, 11, 13, 15, 17, and 19 mol m-2 d-1. The CO2 

concentrations were 400, 550, 700, 850, 1000, and 1300 ppm. All combinations of the six DLI’s 

and CO2 concentrations were tested. Shoot fresh and dry weights and root dry weights were 

measured for all weekly samples and harvest weights. Sample weights were taken on day 7, 14, 

and 21. 15 sample harvest weights were taken on day 28 (Figure 18). Average shoot and root dry 

mass was determined after drying at 70°C for at least three days.  

 

During the growth stage for all experiments and treatments the actual environmental conditions 

were maintained at the desired set points (Table 2). The set point temperature for the 16 hour 

daytime was 23°C and 8 hour nighttime was 19°C. The electrical conductivity was maintained 

between 1.8-2.0 µS cm-1. The mineral composition of the modified Hoagland nutrient solution 

was consistent for all the treatments.  The pH was maintained between 5.8-6.0. The dissolved 

oxygen was maintained above 6.0 ppm. Relative humidity and vapor pressure deficit was 

monitored, but not controlled. The light photoperiod was a constant 16 hour and nighttime was 8 

hour. The constant instantaneous light intensities that equated to the six different DLIs were 156, 

191, 226, 260, 275, and 330 µmol m-2 s-1. Multiplying the light intensities by the 16 hour 
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photoperiod resulted in the desired DLI levels. The CO2 concentrations were maintained at the 

desired set point levels for the respective treatments.      

 

2. UAg Vertical Farm 

The Urban Agriculture Vertical Farm (UAg Farm) located at the Controlled Environment 

Agriculture Center is a 72 m2 converted building consisting of two identical independently 

environmentally controlled growth rooms (45 m2 total cultivation area) and a 

computer/operations room. In each growth room there are 2 modules (4 total in facility). Each 

module has a 300 gallon reservoir tank that constantly circulates the nutrient water to the deep 

water culture hydroponic grow beds. There are 3 stacked tiers per module for a total of 12 grow 

beds in the facility. Each grow bed can hold 144 plants totaling 432 plants per module and 1728 

total plants that can be grown in the facility at one time. The plant density is 50 plants m-2 per 

grow bed (Figure 5). 

 

Temperature conditions in the growth rooms are controlled by a heat pump HVAC system 

(Goodman, GPH14H). There is one thermostat per room that maintained the set point 

temperatures. The HVAC system also has a fan setting that can constantly help distribute air 

throughout the rooms. Additionally, to increase air uniformity in the rooms, two small horizontal 

fans (Comfort Zone, CZ6C) were deployed on each grow bed. The two fans are oriented on 

opposite sides of the grow beds to help mitigate tip burn. The nutrient water is distributed and 

circulated throughout each of the modules by the use of water pumps (Little Giant, 1/8 hp). 

Sufficient dissolved oxygen is maintained in each module by compressor air pumps (Gast DOA, 

1/8 hp) and air stones (Pentair air diffuser, 9 mm).      
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The LED lighting system consists of Illumitex, Eclipse F3 LED light bars. Situated above each 

grow bed are 8 daisy chained lights. The variable light intensity capable LEDs can vary up to 

350 µmol m-2 s-1. The light quality, tested under a spectro radiometer (Apogee, SP-300) is 

approximately 80% red, 15% blue, and 5% green.  

 

A data logger (Campbell Scientific, CR6) was used to control the environmental conditions and 

to log the historical and instantaneous data. Sensors deployed in the growth rooms are connected 

to the data logger. Sensor readings are taken every 5 seconds and 15 minute averages are saved. 

Aerial conditions are monitored by temperature and relative humidity sensors (Vaisala, HMP60), 

CO2 sensor (Vaisala, GMP-222), and PAR light intensity sensors (Apogee, SQ-120). The root 

zone conditions are monitored by electrical conductivity sensors (Omega, DCE-100-1), pH 

sensors (Cole-Parmer EW-27003-04), and dissolved oxygen sensors (Sensorex, DO1200-T). 

Using sensor feedback capabilities on the Campbell Scientific, the electrical conductivity, pH, 

and CO2 are fully automated to maintain the desired set points. A custom nutrient and acid 

peristaltic pump (OMEGA, FPU-401) system injects nutrients or acid separately to each of the 

modules when the conditions deviate from the set points. Solenoid valves connected to compress 

CO2 tanks automatically distribute CO2 to each of the growth rooms maintain the set point 

conditions.    

 

Additionally, resource usage data is collected for electrical (EKM OmniMeter II UL v.3), water 

(EKM Metering SPWM-075), and CO2 usage (accounted by datalogger code). The electrical 
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usage is recorded for the LED lighting system, heat pump, water pump, air pump and horizontal 

fans.  

 

Results and Discussions 

1. Daily light integral  

Shoot fresh and dry biomass response maintained a strong linear correlation for all six levels of 

DLI for all levels of CO2 concentrations. An increase to the DLI increased the fresh and dry 

shoot weight of the lettuce (Figure 6, 7, 8). The relationship between DLI and edible biomass 

was constant for all CO2 treatments (Figure 9 and 10). The average weight in grams of each DLI 

for all CO2 concentrations resulted in a linear equation for fresh mass, Mf = 6.4Li + 73.6 and dry 

mass, Md = 0.22Li + 1.85, where Mf  is fresh mass (g), Md is dry mass (g), and Li is the daily 

light integral (mol m-2 d-1) (Figure 11 and 12). The average of each DLI level for all CO2 

concentrations resulted in fresh biomasses of 127.6 ± 17.3, 147.3 ± 19.0, 156.8 ± 20.9, 176.0 ± 

23.9, 181.6 ± 24.1, 193.3 ± 24.3 g and dry biomasses of 3.79 ± 0.63, 4.27 ± 0.62, 4.68 ± 0.69, 

5.19 ± 0.79, 5.61 ± 0.72, 5.95 ± 0.77 g for the corresponding CO2 levels 400, 550, 700, 850, 

1000, 1300 ppm, respectively (Table 3 and 4). The root dry mass for all CO2 concentrations 

similarly increased in weight with higher DLIs. The linear correlation equation for root dry 

weight was Mr = 0.01Li + 0.29, where Mr is root dry mass (g) and Li is the daily light integral 

(mol m-2 d-1) (Figure 13). 

 

Exceeding the minimum marketable fresh weight for lettuce of 150g per head was attained by 

the DLI treatments 15, 17, and 19 mol m-2 d-1 for all the CO2 concentrations. At a DLI of 13 mol 

m-2 d-1, all the average fresh weights exceeded 150g per head except for the 400 ppm CO2 
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concentration. At a DLI of 11 mol m-2 d-1, the average fresh weight met the market minimum for 

the CO2 levels of 850, 1000, and 1300 ppm. None of the 9 mol m-2 d-1 DLI reached 150 g per 

head. With this strong relationship between light and yield, vertical farm operations, can 

manipulate the DLI to alter the desired yield. However, increasing the DLI will also increase the 

electrical costs and larger DLIs will quickly become economically prohibitive. Therefore, there 

is need for smarter and resource conserving environmental control strategies leading to achieving 

the highest resource use efficiencies while providing significant cost savings. 

 

2. CO2 concentration 

The lettuce biomass response to CO2 did not follow a linear correlation. The maximum fresh and 

dry shoot weight was at the CO2 concentration of 850 ppm. Fresh shoot weight increased with an 

increase to CO2 concentration until 850 ppm and then decreased as CO2 was further elevated 

thereafter (Figure 7). The shoot dry weights followed the same trend as the fresh weights except 

for the CO2 concentration of 1300 ppm. The shoot dry weight of the 1300 ppm treatment was 

larger than the 1000 ppm treatment, both of which were smaller than the 850 ppm treatment 

(Figure 8). The average of each CO2 treatment for all levels of DLI resulted in shoot fresh 

biomasses of 148.6 ± 24.8, 163.6 ± 32.8, 166.8 ± 32.4, 173.7 ± 30.3, 167.3 ± 29.1, 162.6 ± 31.4 g 

for the corresponding CO2 levels 400, 550, 700, 850, 1000, 1300 ppm, respectively (Figure 14). 

Average of each CO2 treatment for all levels of DLI resulted in shoot dry biomasses of 4.49 ± 

0.89, 4.57 ± 0.91, 5.24 ± 1.06, 5.44 ± 0.92, 4.80 ± 1.00, 4.95 ± 1.04 g for the corresponding CO2 

levels 400, 550, 700, 850, 1000, 1300 ppm, respectively (Figure 15).  
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This increase and decrease in shoot biomass as CO2 was elevated evidences the photosynthetic 

increase from CO2 but also the threshold where the reduction in stomata conductance (Jones & 

Mansfield, 1970) results in less biomass. Therefore, in the UAg Vertical Farm research facility,  

850 ppm of CO2 is the best concentration for lettuce in which photosynthesis is elevated without 

the stomata aperture closing negatively affecting yields. At CO2 concentrations below 850 ppm 

the stomata conductance is increased, however, there is not sufficient CO2 for maximum 

photosynthesis, resulting in less biomass. At CO2 concentrations above 850 ppm, there is more 

than sufficient CO2 around the leaf surfaces for photosynthesis, however, the stomata openings 

are closed to the point where CO2 cannot enter the stomata and conduct maximum rate of 

photosynthesis. The shoot dry weights elevated above CO2 levels of 850 ppm evidenced an 

interesting relationship. The fresh weight of the 1300 ppm CO2 treatment lettuce was smaller 

than the fresh weight of the 1000 ppm CO2 treatment. However, the dry weight averages were 

opposite; 1300 ppm treatment was larger than the 1000 ppm treatment. It would seem that 

although fresh weight yields diminish at higher levels of CO2, there is not necessarily a reduction 

in the carbon assimilation rate. Therefore, lettuce grown at higher levels of CO2 may have an 

increased dry weight to fresh weight ratio. The overall percentage of shoot dry to fresh weight 

for all treatments was 3.0%. There was very little deviation from this average across the DLIs. 

This dry weight percentage seemed to have a slight variation between CO2 concentrations. In 

descending order, the highest percentages were both CO2 treatments of 700 and 850, followed by 

1300, 400, 1000, and then 550 ppm with corresponding percentages being 3.14%, 3.14%, 3.04%, 

3.01%, 2.86%, 2.79% (Table 10). The dry to fresh weight percentage indicates that the largest 

dry shoot biomass accumulated at the 700 and 850 ppm CO2 levels.   
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3. Tip burn and plant morphology 

Tip burn was observed sooner and more frequently at both larger concentrations of CO2 as well 

as larger DLIs. No tip burn was observed for any DLI level at 400 and 550 ppm CO2 

concentrations. At both 700 and 850 ppm CO2 levels, tip burn appeared on the 25th day after 

transplant and affected 5% and 10% of the 17 and 19 mol m-2 d-1 DLI lettuce, respectively. Tip 

burn was observed in the 1000 ppm CO2 treatment on the 23rd day after transplant and affected 

5%, 13%, and 25% of the 15, 17, and 19 mol m-2 d-1 treatments. The 1300 ppm CO2 treatment 

had tip burn emerge around the 21st day after transplant and affected 7%, 17%, and 33% of the 

lettuce for the 15, 17, and 19 mol m-2 d-1 treatments (Table 6).  

 

The increasing incident of tip burn once again evidences the reduction in the stomata 

conductance at elevated CO2 levels. As CO2 is increased and stomata close, transpiration is 

reduced and thus insufficient calcium can be transported to the young leaves. Lettuce with no 

reduction of stomata conductance and no limitation on transpiration are less susceptible to tip 

burn. The lettuce grown at 400 and 550 ppm concentrations of CO2 supports this concept with no 

tip burn observed even at a relatively large DLI of 17 and 19 mol m-2 d-1. Once tip burn starts to 

appear it cannot be fixed and the lettuce is no longer marketable. The only way to combat tip 

burn is to use preventative measures. Proper airflow to disrupt the micro climate and boundary 

layer around the growing point is the best way to mitigate the disorder. However, sufficient 

airflow distribution in indoor facilities is a real problem and area of concern. From this study it 

can be concluded that another way to prevent tip burn is to stay away from high light intensities 

as well as high concentrations of CO2. Due to the economic impact of tip burned heads of 

lettuce, the biomass increase from larger DLIs and larger CO2 levels is not worth the risk of tip 
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burned lettuce. Additionally, as previously mentioned, fresh shoot biomass decreases above CO2 

concentrations of 850 ppm. Further elevation of CO2 would have higher associated usage and 

costs for the CO2, higher risk of tip burn, and provide no benefit to yield of head lettuce. 

 

Each DLI level had the same photoperiod and different instantaneous light intensities. The plant 

morphology was different depending on the light intensity. Qualitatively, lettuce grown in lower 

light intensities had larger physical size dimensions, but were less dense and had less biomass, 

compared to lettuce grown in higher light intensities which had a smaller physical dimension, but 

were more dense and thus greater biomass. The middle DLI treatments were in the median range 

for size, density, and biomass (Figure 17). The higher light intensity lettuce started to grow 

upward towards the light forming the head sooner. The lower light intensity lettuce initially grew 

wider staying relatively flat. Then eventually the lettuce started to grow upwards to form the 

head. 

 

The relationship of light intensity and plant appearance could potentially impact profits. The 

preference by the consumer needs to be considered. If more energy is required to grow the higher 

DLI lettuce, but the resulting yields look smaller, the consumer may not desire the lettuce. 

Conversely, if you can use less energy and the yields appear larger, even though they have 

smaller biomass, the consumer may prefer this less dense lettuce. A facility selling per unit basis 

(per head of lettuce) and not by weight could see significant savings in electricity from selling 

the larger lettuce that weighs less and requires smaller power inputs. While on the other hand a 

facility that sells cut/loose lettuce per weight basis may prefer the heavier heads of lettuce that 

require more electricity.  
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4. Resource use efficiency 

Electrical, CO2, and water usage were recorded during the 28 day growth stage for all three of 

the experiments, however, the scope of this study was more heavily focused on electrical and 

CO2 efficiencies. The components that required electricity were the LED lighting system, heat 

pump, water pumps, air pumps, and HAF fans. All of the components had a constant daily usage 

and were constant for each experiment except for the heat pump. Although the heat pump 

maintained the same set point temperatures for each experiment with precision, the amount of 

heating and cooling differed depending on the time of the year. The heat pump total electrical 

usage during experiment 1 was 473.1 kWh with an outside average daily temperature of 13.3°C, 

according to the Arizona Meteorological Network (AZMET). Experiment 2 and 3 had a heat 

pump electrical usage of 770.0 and 1092.2 kWh with average outside temperatures of 21.7°C and 

28.9°C respectively. The average heat pump average electrical usage for all experiments was 

778.4 kWh (23% of total usage). The total usage for LED lights, water pump, air pump and HAF 

fans were 1,724 (51%), 431.2 (13%), 278.2 (8%), 193.7 (6%) kWh, respectively (Table 7). The 

total average electrical consumption for all three experiments was 75.7 kWh m-2 for the 

cultivation area (45 m2). Each DLI level has a different fixed electrical requirement per intensity 

and corresponding efficiency (Table 8). Average CO2 total usage for each of the six treatments 

were 455.6, 1,656.8, 2,311.9, 3,852.5, 5,995.6, 11,887.0 L for the corresponding CO2 

concentration of 400, 550, 700, 850, 1000, 1300 ppm respectively (Table 9). In order to maintain 

the integrity and uniformity of the nutrient solution for all experiments, the water was used once 

per 28 day growth stage. The lettuce only used a small portion of the water, therefore the water 

usage metrics in this study are conservative. Commercial operations reuse the nutrient water for 

multiple crop harvests. The CO2 concentration treatments 700, 850, 1000, and 1300 ppm all used 
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a total of 1,211 L (320 gals). During the 400 and 550 ppm CO2 concentration experiment, air 

bubbles were observed being pushed through the water pump in the reservoir tank and therefore 

an additional 38 L (10 gals) of water was required for a total water usage of 1,249 L (330 gals). 

The actual water usage (starting water minus water remaining in reservoir tank) was evaluated 

for the 700 and 1000 ppm CO2 experiment only. The actual water usage for that experiment was 

318 L (84 gals). There was no difference in water usage detected in the 700 and 1000 ppm CO2 

levels.  

 

The three experiments averaged the following efficiencies. Electrical use efficiency for shoot 

fresh weight = 69 gfresh/kWh, and shoot dry weight = 0.2 gdry/kWh. CO2 use efficiency = 234.8, 

71.1, 51.9, 32.5, 20.1, 9.8 gfresh/LCO2 for the corresponding 400, 550, 700, 850, 1000, 1300 ppm 

treatment respectively. Water use efficiency for CO2 treatments of 400 and 550 ppm = 3.1 

LH2O/headlettuce and 20.5 LH2O kgfresh
-1 y-1. CO2 treatments of 700, 850, 1000, 1300 ppm = 3.2 

LH2O/headlettuce and 21.2 LH2O/kgfresh
-1 y-1. Space use efficiency, assuming 13 harvests per year, = 

86.0 kgfresh m-2 y-1. 

 

The CO2 usage and efficiency greatly changes depending on the CO2 concentration desired. The 

most efficient level of CO2 is at 400 ppm because there is very little supplemented CO2 required. 

(Table 9) However, at lower CO2 concentration the yields are smaller and more electricity is 

required to yield minimum market sized lettuce. Additionally, the nominal price of elevating 

CO2 concentrations above ambient levels is small in comparison to the substantial cost of 

electricity. Therefore, there are great potentials to elevate CO2 levels and reduce the DLI to save 

on productions costs. 
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Water usage was not the scope of this study, however, it was observed that the 400 and 550 ppm 

CO2 concentration treatments required an additional 38 L (10 gals) of water. The reduction in 

stomata conductance and transpiration at higher CO2 concentrations could be the reason the 

lower CO2 treatments were less water efficient and used more water. The daytime relative 

humidity for the different CO2 levels were between 74-78% (VPD between 0.59-0.72 kPa), 

except for the highest CO2 concentration of 1300 ppm that averaged 70.7% (VPD of 0.82 kPa) 

(Table 2). The 1300 ppm treatment was the lowest daytime relative humidity, highest daytime 

VPD, and further indicates that transpiration is reduced at higher CO2 concentrations. Reduction 

of transpiration would result in more water efficient lettuce. However, further research should be 

conducted to quantify the magnitude CO2 concentrations affect the crop’s water use efficiency. 

 
5. Statistical analysis 

Statistical analyses were conducted to interpret the significance of the results (a=0.05). 1-way 

ANOVA analyses were conducted to check statistical significance between all of the 36 different 

treatment combinations. The summary of results indicate which treatments were statistically 

significant and thus had different average fresh and dry weights (Table 13 and 15). Treatments 

with the same letter had average weights that were not statistically different. Table 14 and 16 

express the treatments that were not statistically significant by letter.  

 

2-way ANOVA analysis was conducted to check the significance of the variables DLI, CO2, and 

the interaction factor between variables. The analysis results for both fresh and dry harvest 

weights indicate that both DLI and CO2 are strongly significant on yield (Table 11 and 12). With 

p-values less than 0.0001, DLI and CO2 greatly impact the shoot biomass. The interaction factors 
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for both fresh and dry shoot weight was not significant. Therefore, neither variable impacts the 

other and the yield response is constant for DLI over all levels of CO2 and is constant for CO2 

over all levels of DLI.  

 

Lastly, because there was no significant interaction factor, all of the DLI treatments were 

combined into the six different CO2 concentrations and a 1-way ANOVA analysis was 

conducted. The summary results can be found on Figure 14 (shoot fresh) and Figure 15 (shoot 

dry) denoted by the letters. Treatments with the same letter are not statistically significant. 

Although the 850 ppm CO2 concentration had the largest yield, there was no statistical 

significance between the 700, 850 and 1000 ppm CO2 concentrations. Therefore, statistically 

speaking, there is no difference in average shoot weight between the three treatments. 

Furthermore, with the understanding that the lowest of the three CO2 concentrations (700 ppm) 

consumes the least amount of CO2, the analysis results favor the resource conserving 700 ppm 

treatment for the UAg Vertical Farm research facility. A 1-way ANOVA analysis conducted on 

the root dry mass for the 6 CO2 levels concluded there was no statistical significance between the 

treatments and CO2 does not impact the root weight (Table 5; Figure 16). Although, the 1000 

ppm CO2 treatment had a significant difference in weight from the other treatments, there was no 

correlation of CO2 to root dry weight.  

 
6. Electrical savings strategies 

The large electrical usage requirement for the lighting system in vertical farms is an area that 

needs improvement. Power savings strategies that can help reduce electricity costs are reducing 

the DLI while elevating atmospheric CO2 concentrations and aligning the photoperiod with off 

peak electrical prices. Each DLI treatment has a different electrical usage requirement. The 
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larger DLIs used more electricity but yield heavier heads of lettuce (Table 8). Due to the increase 

in yields, the efficiency, gfresth/kWh, is relatively the same. Although the efficiencies are similar, 

the lettuce grown under a larger DLI use more electricity and thus have an increased electrical 

cost. Elevating CO2 concentrations can boost plant yields and reduce the power requirement to 

still achieve a marketable minimum lettuce shoot weight of 150 g. The cost of electricity (Table 

8) is larger than the cost of CO2 elevation (Table 9) and thus there is potential for cost savings. 

Three scenarios were calculated to demonstrate the electrical savings potential. The three 

scenarios assume that Butterhead lettuce is grown in the UAg Vertical Farm at the constant 

environmental conditions from Table 2. Scenario 1) DLI of 17 mol m-2 d-1 at a CO2 

concentration of 400 ppm will average a shoot fresh weight of 165.7 g. Scenario 2) DLI of 13 

mol m-2 d-1 and CO2 at 850 ppm will yield 167.8 g per head of lettuce. Scenario 3) DLI of 11 mol 

m-2 d-1 and CO2 at 850 ppm will yield 153.9 g per head of lettuce. Scenario 1 and 2 have similar 

yields, however, scenario 2 will use 562 kWh of electricity less per harvest and 7,302 kWh per 

year (assuming 13 harvests per year). At a United States 2018 average commercial cost of 

electricity of 10.44 cents per kWh, the cost saving would be $59 per harvest and $762 per year in 

the small scale research facility (14.4% savings of electrical costs and usage). Although the 

savings seem insignificant, the savings potential at a scaled up 2,000 m2 commercial facility, 

assuming the same light to area ratio, would be $2,580 per harvest and $33,544 per year. 

Scenario 3 yields an average head of lettuce that is 11.8 g smaller than that of scenario 1, 

however, both exceed the market minimum weight of 150 g per head of lettuce. The power 

savings potential of scenario 3 compared to scenario 1 would be 843 kWh per harvest (10,954 

kWh per year) which is a 21.6% savings of electrical costs and usage. The associated cost 
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savings would $88 per harvest ($1,144 per year) in the research facility. In a 2,000 m2 facility the 

potential savings would be $3,871 per harvest and $50,320 per year. 

 

Another strategy to save on cost of electricity is by aligning the photoperiod (when lighting 

system is on) to the off peak prices. Many electrical company providers offer a difference in 

price of electricity depending on the time of day. On peak price of electricity is the cost of 

electricity when most of the population is consuming electricity. Off peak price of electricity is 

the reduced cost of when most of the population is not consuming electricity, typically during the 

night. The on and off peak prices widely differ for each electrical provider. The savings potential 

was calculated for a Tuson, AZ electrical provider for the region the research facility is located. 

The following prices are as of May, 2018. The summer peak hours are weekdays 2:00 – 8:00 pm 

at a price of 17.13 cents per kWh. The off peak price of electricity is 12.86 cents per kWh for all 

other hours during the weekdays and all day Saturdays and Sundays. The winter peak hours are 

6:00 - 10:00 am and 5:00 - 9:00 pm at a price of 12.86 cents per kWh. Off peak price is 11.62 

cents per kWh. The photoperiod during the experiments were 16 hours (6:00 am – 10:00 pm). If 

the UAg Farm were to alter the 16 hour photoperiod from 10:00 pm – 2:00pm, the potential 

overall electrical cost savings for the year would be $240 which is a 4.6% savings. Due to the 

specific difference of on and off peak hours prices in Tucon, AZ the summer months could 

provide 8.9% electrical cost savings compared to the winter months that could only provide 

1.1%. The on and off peak prices offered by suppliers will differ per region and differ for size of 

operations (electrical usage requirement), however, the strategy is one way to help vertical farms 

lower the operational electrical costs. For larger commercial scale facilities with large electrical 

requirements a 4.6% savings would be a substantial difference. 
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Conclusions 

The results from this study indicate a delicate relationship between the CO2 concentrations and 

the stomata conductance. As the levels of atmospheric CO2 are elevated the rate of 

photosynthesis increases, however, simultaneously the stomata openings start to close. At higher 

CO2 levels, the reduction in the stomata aperture start to outweigh the benefits of the more than 

sufficient levels of atmospheric of CO2. The largest fresh and dry shoot weight for lettuce was at 

a CO2 concentration of 850 ppm. Above 850 ppm yields were negatively affected and lettuce 

was more susceptible to tip burn due to the reduction of transpirations and the inability of lettuce 

to transport sufficient calcium to the younger leaves. No tip burn was observed at CO2 

concentrations of 400 and 550 ppm for any DLI. There was a linear relationship of increase 

biomass to increase of DLI for all treatments. Dependent on the DLI are the associated electrical 

use requirement and difference in plant morphology. Lettuce grown in lower light intensities had 

larger physical size dimensions, but were less dense and had less biomass, compared to lettuce 

grown in higher light intensities which had a smaller physical dimension, but were more dense 

and thus greater biomass. The strategy of growing the same weight lettuce with a smaller DLI 

and elevated levels of CO2 could potentially save 14.4% of electrical usage and costs. The 

strategy of aligning the photoperiod with the off peak electrical prices could potentially save 

4.6% of yearly electrical costs.  

 

Considering all the factors going into the production of lettuce in a vertical farm, the 

recommended growing parameters for head lettuce is a CO2 concentration of 700 to 850 ppm and 

a DLI of 11 to 13 mol m-2 d-1. At these recommended conditions, yields will be increased from 

the elevated CO2 with minimum risk of tip burn. The smaller DLI will achieve a marketable head 
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of lettuce while reduce the electrical power requirement. Economic savings would result from 

the cost of elevating CO2 concentrations being outweighed by the savings in electrical usage and 

costs. These recommendations are specific to the environmental parameters and experimental 

setup described in this report. Altering any of the environmental conditions, photoperiod, light 

quality, inability to maintain CO2 concentrations, insufficient airflow, and other factors may have 

varying results.    

 

There is a multitude of additional research that needs to be conducted in vertical farms to further 

improve efficiencies and yields. Additional research that should be evaluated is a strategy for 

ramping up the CO2 concentrations as the lettuce gets to maturity. Young seedlings do not have 

the same input requirements compared to lettuce going through the exponential growth stage. 

Starting the lettuce at lower CO2 concentration and increasing each week could have impacts of 

increased yields due to the stomata aperture at lower CO2 concentrations. Ramping up the CO2 

levels would also lead to resource savings and costs due to the reduced supplementation of CO2 

during the first weeks. Additional research should study the respiration periods on indoor crops. 

With no impact of the outside day and night periods, there is an opportunity to manipulate the 

respiration period. For example, if a 4 hour respiration time for head lettuce is sufficient, A 

day/night period of 16/4 would result in a 20 hour day and thus shorter time till harvest. Growing 

crops in fewer actual days would result in more harvests per year, increasing productivity, and 

profits.  
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Table 2. Summary growth stage conditions per experiment (28 Days) 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CO2 Set point 
(ppm) CO2 (ppm) Day Temp 

(°C) 
Night Temp 

(°C) 
Day RH 

(%) 
Night RH 

(%) 
EC 

(µS/cm) pH DO 
(ppm) 

400 429.1 ± 69.7 22.9 ± 0.7 19.2 ± 0.8 76.1 ± 8.5 81.9 ± 8.0 1.9 ± 0.1 5.9 ± 0.2 7.3 ± 0.5 
550 563.0 ± 54.5 23.0 ± 0.8 19.3 ± 1.1 74.4 ± 7.8 79.5 ± 7.4 1.9 ± 0.1 5.9 ± 0.4 7.2 ± 0.2 
700 710.9 ± 77.1 22.9 ± 0.8 19.3 ± 1.3 78.9 ± 7.6 79.2 ± 9.5 1.9 ± 0.1 5.9 ± 0.5 7.0 ± 0.8 
850 840.9 ± 125.4 22.9 ± 0.8 19.4 ± 1.1 74.1 ± 6.7 82.6 ± 6.9 1.9 ± 0.1 5.9 ± 0.3 6.9 ± 0.4 

1000 984.1 ± 142.6 22.9 ± 0.8 19.3 ± 1.2 78.3 ±7.1 80.2 ± 8.0 1.9 ± 0.1 5.8 ± 0.4 7.0 ± 0.5 
1300 1253.6 ± 202.8 23.0 ± 0.7 19.7 ± 1.4 70.7 ± 7.2 80.1 ± 6.6 1.9 ± 0.1 5.9 ± 0.2 6.9 ± 0.2 
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Table 3. Average fresh shoot harvest weight (g) for each treatment combination (n=15) 

 
 CO2 Concentration (ppm)   

DLI (mol m-2 d-1) 400 550 700 850 1000 1300 Avg. STD. 
9 121.8 124.3 133.0 137.3 128.8 120.3 127.6 17.3 
11 133.4 146.2 146.9 153.9 152.0 151.4 147.3 19.0 
13 139.3 150.0 163.6 167.8 165.0 155.0 156.8 20.9 
15 157.5 175.5 177.5 189.6 176.9 178.9 176.0 23.9 
17 165.7 187.1 179.2 193.6 180.4 183.4 181.6 24.1 
19 173.7 198.6 200.8 199.8 200.7 186.5 193.3 24.3 

Avg. 148.6 163.6 166.8 173.7 167.3 162.6   

STD. 24.7 32.8 32.4 30.3 29.1 31.4   
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Table 4. Average dry shoot harvest weight (g) for each treatment combination (n=15) 

 
 CO2 Concentration (ppm)   
DLI (mol m-2 d-1) 400 550 700 850 1000 1300 Avg. STD. 

9 3.31 3.46 4.08 4.51 3.66 3.72 3.79 0.63 
11 3.95 3.97 4.59 4.73 4.02 4.34 4.27 0.62 
13 4.30 4.28 5.13 5.17 4.60 4.59 4.68 0.69 
15 4.79 4.82 5.38 5.79 5.07 5.29 5.19 0.79 
17 5.15 5.23 5.93 6.12 5.52 5.70 5.61 0.72 
19 5.43 5.63 6.33 6.32 5.93 6.05 5.95 0.77 

Avg. 4.49 4.57 5.24 5.44 4.80 4.95   
STD. 0.89 0.91 1.06 0.92 1.00 1.04   
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Table 5. Average dry root harvest weight (g) for each treatment combination 

 
 CO2 Concentration (ppm)  
DLI (mol m-2 d-1) 400 550 700 850 1000 1300 Avg. 

9 0.35 0.31 0.23 0.43 0.65 0.40 0.39 
11 0.47 0.49 0.34 0.40 0.55 0.45 0.45 
13 0.39 0.60 0.44 0.44 0.50 0.46 0.47 
15 0.51 0.40 0.55 0.54 0.44 0.45 0.48 
17 0.42 0.38 0.59 0.49 0.48 0.52 0.48 
19 0.48 0.56 0.57 0.46 0.63 0.61 0.55 

Avg. 0.43 0.46 0.45 0.46 0.54 0.48  
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Table 6. Percentage of lettuce with tip burn disorder for each treatment combination 

 
 CO2 Concentration (ppm) 
DLI (mol m-2 d-1) 400 550 700 850 1000 1300 

9 0% 0% 0% 0% 0% 0% 
11 0% 0% 0% 0% 0% 0% 
13 0% 0% 0% 0% 0% 0% 
15 0% 0% 0% 0% 5% 7% 
17 0% 0% 5% 5% 13% 17% 
19 0% 0% 10% 10% 25% 33% 
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Table 7. Average electrical usage breakdown per component (28 days) for all 3 experiments 

 
Component Total Usage (kWh) Daily (kWh d-1) Percentage 
LED Lights  1724.0 61.6 51% 
Heat Pump 778.4 27.8 23% 

Water Pump 431.2 15.4 13% 
Air Pump 278.2 9.94 8% 
HAF Fans  193.7 6.92 6% 

Total 3405.5 121.6  
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Table 8. Calculated electrical use efficiency per DLI for the UAg Vertical Farm research facility 

(28 days) 

 
DLI  

(mol m-2 d-1) 
LED Usage 

(kWh) 
Total Facility 
Usage (kWh) 

Avg. Fresh 
Weight (g) 

Productivity 
(gfresh kWh-1) 

Consumption 
(kWh m-2 y-1) 

Electrical Cost  
($ per harvest) 

9 1092.6 2774.1 127.6 66 1010.2 289.6 
11 1373.5 3055.0 147.3 69 1112.5 318.9 
13 1654.4 3335.9 156.8 68 1214.7 348.3 
15 1935.2 3616.7 176.0 70 1317.0 377.6 
17 2216.2 3897.6 181.6 67 1419.3 406.9 
19 2497.1 4178.6 193.3 67 1521.6 436.2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 70 

 
Table 9. CO2 Use Efficiency for each CO2 treatment (28 Days) 

 
CO2 Set Point 

(ppm) 
CO2 Usage 

(L) 
Average Fresh 

Weight (g) 
Productivity 
(gfresh LCO2

-1) 
Consumption 
(kgCO2 m-2 y-1) 

CO2 Cost  
($ per harvest) 

400 455.6 148.6 234.8 0.5 1.7 
550 1656.8 163.6 71.1 1.8 6.0 
700 2311.9 166.8 51.9 2.5 8.4 
850 3852.5 173.7 32.5 4.1 14.0 
1000 5995.6 167.3 20.1 6.4 21.8 
1300 11887.0 162.6 9.8 12.6 43.2 
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Table 10. Average shoot dry to fresh weight percentage for each treatment combination 

 
 CO2 Concentration (ppm)  
DLI (mol m-2 d-1) 400 550 700 850 1000 1300 Avg. 

9 2.72% 2.78% 3.07% 3.28% 2.84% 3.09% 2.96% 
11 2.96% 2.72% 3.12% 3.07% 2.65% 2.87% 2.90% 
13 3.09% 2.85% 3.14% 3.08% 2.79% 2.96% 2.98% 
15 3.04% 2.75% 3.03% 3.05% 2.87% 2.96% 2.95% 
17 3.11% 2.80% 3.31% 3.16% 3.06% 3.11% 3.09% 
19 3.13% 2.83% 3.15% 3.16% 2.96% 3.24% 3.08% 

Avg. 3.01% 2.79% 3.14% 3.14% 2.86% 3.04%  
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Table 11. Results of 2-way ANOVA analysis of fresh shoot harvest weights  

(36 treatments, n=15) for variables DLI, CO2, and interaction factor 

 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 35 307506.8500 8785.9100 20.88 <.0001 

Error 504 212108.8333 420.8509   

Corrected Total 539 519615.6833    

 
 

Source DF Type I SS Mean Square F Value Pr > F 
DLI 5 267339.3889 53467.8778 127.05 <.0001 

CO2 5 31740.7056 6348.1411 15.08 <.0001 
DLI*CO2 25 8426.7556 337.0702 0.80 0.7426 
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Table 12. Results of 2-way ANOVA analysis of dry shoot harvest weights  

(36 treatments, n=15) for variables DLI, CO2, and interaction factor 

 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 35 404.3596132 11.5531318 30.81 <.0001 

Error 504 189.0066891 0.3750133   

Corrected Total 539 593.3663022    

 
 

Source DF Type I SS Mean Square F Value Pr > F 
DLI 5 337.5546065 67.5109213 180.02 <.0001 

CO2 5 64.0264247 12.8052849 34.15 <.0001 
DLI*CO2 25 2.7785820 0.1111433 0.30 0.9997 
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Table 13. Summary results of 1-way ANOVA analyses of fresh shoot weights for each treatment 

combination (same letters are not statistically significant at a=0.05) 

 
 CO2 Concentration (ppm) 
DLI (mol m-2 d-1) 400 550 700 850 1000 1300 

9 a a ab bc ab a 
11 ab bcd cd def cdef cdf 
13 bc cdf efghk efghjk defghjk defjk 
15 defgk ghiklm hiklm ilmnop hil hijlm 
17 k lmnop hlmn mnop lm lmno 
19 hl nop nop op p lp 
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Table 14. Summary of fresh shoot weight statistically insignificant treatments per letter (results 

from 1-way ANOVA analyses in table 12) 

 
a 9/400 9/550 9/700 9/1000 9/1300 11/400      
b 9/700 9/850 9/1000 11/400 11/550 13/400      
c 9/850 11/550 13/400 13/550        
d 11/550 11/700 11/850 11/1000 11/1300 13/550 13/1000 13/1300 15/400   
e 11/850 11/1000 13/700 13/850 13/1000 13/1300 15/400     
f 11/850 11/1000 11/1300 13/550 13/700 13/850 13/1000 13/1300 15/400   
g 13/700 13/850 13/1000 15/400 15/550       
h 13/700 13/850 13/1000 15/550 15/700 15/1000 15/1300 17/700 19/400   
i 15/550 15/700 15/850 15/1000 15/1300       
j 13/850 13/1000 13/1300 15/1300        
k 13/700 13/850 13/1000 13/1300 15/400 15/550 15/700 17/400    
l 15/550 15/700 15/850 15/1000 15/1300 17/550 17/700 17/1000 17/1300 19/400 19/1300 
m 15/550 15/700 15/850 15/1300 17/550 17/700 17/850 17/1000 17/1300   
n 15/850 17/550 17/700 17/850 17/1300 19/550 19/700     
o 15/850 17/550 17/850 17/1300 19/550 19/700 19/850     
p 15/850 17/550 17/850 19/550 19/700 19/850 19/1000 19/1300    
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Table 15. Summary results of 1-way ANOVA analyses of dry shoot weights for each treatment 

combination (same letters are not statistically significant at a=0.05) 

 
 CO2 Concentration (ppm) 
DLI (mol m-2 d-1) 400 550 700 850 1000 1300 

9 a ab cde defg bc bc 
11 cde c defgh dfgh ce def 
13 ef ef ghij ghijklmn fgh fgh 
15 gh ghij hijklmn iklmno hijkm ijklmn 
17 jkm jkmn klmno lo klmn lmno 
19 mn n o o o o 
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Table 16. Summary of dry shoot weight statistically insignificant treatments per letter (results 

from 1-way ANOVA analyses in table 14) 

 
a 9/400 9/550          
b 9/550 9/1000 9/1300         
c 9/700 9/1000 9/1300 11/400 11/550 11/1000      
d 9/700 9/850 11/400 11/700 11/850 11/1300      
e 9/700 9/850 11/400 11/700 11/1000 11/1300 13/400 13/550    
f 9/850 11/700 11/850 11/1300 13/400 13/550 13/1000 13/1300    
g 9/850 11/700 11/850 13/700 13/850 13/1000 13/1300 15/400 15/550   
h 11/700 11/850 13/700 13/850 13/1000 13/1300 15/400 15/550 15/700 15/1000  
i 13/700 13/850 15/550 15/700 15/850 15/1000 15/1300     
j 13/700 13/850 15/550 15/700 15/1000 15/1300 17/400 17/550    
k 13/850 15/700 15/850 15/1000 15/1300 17/400 17/550 17/700 17/1000   
l 13/850 15/700 15/850 15/1300 17/700 17/850 17/1000 17/1300    

m 13/850 15/700 15/850 15/1000 15/1300 17/400 17/550 17/700 17/1000 17/1300 19/400 
n 13/850 15/700 15/850 15/1300 17/550 17/700 17/1000 17/1300 19/400 19/550  
o 15/850 17/700 17/850 17/1300 19/700 19/850 19/1000 19/1300    
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Figure 5. Transplanted lettuce seedlings in the UAg Vertical Farm research facility 3 tier deep 

water culture hydroponic system at a grow bed plant density of 50 plants m-2 
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Figure 6. Overall average DLI growth curves with weekly fresh shoot weights (n=90) 
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Figure 7. Average fresh shoot harvest weight (28 days) for each treatment combination (n=15) 

with sample standard deviation (* signifies tip burn was observed) 
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Figure 8. Average dry shoot harvest weight (28 days) for each treatment combination (n=15) 

with sample standard deviation (* signifies tip burn was observed) 
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Figure 9. Average fresh shoot harvest weight (28 days) for each treatment combination (n=15) 
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Figure 10. Average dry shoot harvest weight (28 days) for each treatment combination (n=15) 
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Figure 11. Average fresh shoot harvest weight (28 days) for each DLI treatment (n=90) with 

linear regression equation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

y	=	6.4x	+	73.6
R²	=	0.978

100.0

125.0

150.0

175.0

200.0

225.0

7 9 11 13 15 17 19 21

W
ei
gh

t	(
g)

DLI	(mol	m-2 d-1 )



 85 

 
	

Figure 12. Average dry shoot harvest weight (28 days) for each DLI treatment (n=90) with linear 

regression equation 
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Figure 13. Average dry root harvest weight (28 days) for each DLI treatment (n=90) with linear 

regression equation 
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Figure 14. Average fresh shoot harvest weight (28 days) for each CO2 treatment (n=90) with 1-

way ANOVA analyses statistical significance results (same letters are not statistically significant 

at a=0.05) 
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Figure 15. Average dry shoot harvest weight (28 days) for each CO2 treatment (n=90) with 1-

way ANOVA analyses statistical significance results (same letters are not statistically significant 

at a=0.05) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a
ac

bd

b

cd

d

4

4.5

5

5.5

6

400 550 700 850 1000 1300

W
ei
gh

t	(
g)

CO2 Concentration	(ppm)



 89 

 
	

Figure 16. Average dry root harvest weight (28 days) for each CO2 treatment (n=90) with 1-way 

ANOVA analyses statistical significance results (same letters are not statistically significant at 

a=0.05) 
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Figure 17. Week 3 lettuce samples with corresponding DLI and average fresh shoot weights 

(n=6) 
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Figure 18. Mature lettuce 28 days after transplanting in the UAg Vertical Farm research facility 3 

tier deep water culture hydroponic system 

 


