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ABSTRACT 

 The focus of agrivoltaic systems (AVS) research have been on microclimatic impacts and 

the associated agricultural production. More recently, AVS research has begun to focus on social 

acceptability regarding the solar industry and solar implementation, but few studies have 

assessed the effects of the AVS microclimate on the sensory and consumer acceptability on 

crops. We used the lens of the three pillars of sustainability (economic, social, environmental) to 

assess the broader sustainability of AVS. More specifically, to understand how AVS products 

will be viewed in the market, we studied five species of produce (Solanum lycopersicum 

(‘Perfect Cocktail Snack’ cherry tomatoes), Ocimum basilicum (‘Sweet’ basil), Solanum 

tuberosum (‘Caribe’ potatoes), Phaseolus vulgaris (‘Anasazi’ red beans), and Cucurbita 

moschata (butternut squash)) grown under solar panels and grown in traditional, full-sun 

(control) conditions. AVS and control grown crops were compared using untrained panelists 

recruited at both the University of Arizona Main Campus and Biosphere 2. Participants were 

asked to distinguish any perceptible differences between AVS and open field conditions and if 

there were preferences in taste between AVS and open field conditions. Binomial logistic 

regressions were used to assess the maximum likelihood estimation to evaluate the probability of 

future consumers’ ability to discriminate between AVS and control conditions. Multinomial 

logistic regressions were used to determine the maximum likelihood estimation to evaluate future 

consumers’ preferences and willingness to pay for AVS and control grown products. The sensory 

evaluation results revealed that there were significant differences between growth conditions 

(p<0.05) for tomatoes, beans, and squash samples (Table 3), however there was only a 

significant difference in preference (p<0.05) for bean samples (Figures 2 - 4). Participants were 

also willing to pay the same or more for their favorite samples after they were told that their 

favorite samples were grown under solar panels (Figure 5). With this information, stakeholders 

can understand that preference and differences between growth conditions were not perceived by 

tasters. As a result, this thesis can be used to determine potential outcomes of AVS products in 

the marketplace and fills a major gap regarding sensorial perceptions and social acceptance of 

AVS grown crops.
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1 CHAPTER 1 -- INTRODUCTION       

Human activities are negatively impacting the global environment. Population growth is 

the main driver of the current unsustainable consumption patterns of material goods, water, 

energy, and land around the globe. To feed the world, agricultural production requires 1,810 km3 

of freshwater, 12.6 million km2 of cropland, and 33.6 million km2 of pastureland, and all these 

figures are expected to increase in use as the population continues to grow (FAO, 2021; 

Springmann et al., 2018). To meet the demands for energy, renewable energy sources, like solar, 

must be significantly scaled up. Unfortunately, the demand for arable land is also highly sought 

after by utility-scale solar projects (Macknick et al., 2013; Ong et al., 2013). There are concerns 

that farmers and investors will choose solar farms over agricultural lands. This is not a 

sustainable solution for the food system.     

A sustainable food system is one that “… does not compromise the economic, social, and 

environmental foundations for future generations. It is one which would ensure that we can 

continue to feed the human population without depleting resources (water, land, energy, etc.) and 

without destroying the environment (biodiversity, pollution)” (Burlingame & Dernini, 2012; 

Zamuz et al., 2021). One method to simultaneously help meet the energy and agricultural 

demands of current and future generations without depleting planetary resources would be the 

use of Agrivoltaic Systems (AVS). AVS is the combination of agriculture production and 

photovoltaic (PV) energy generation on the same parcel of land (Dupraz et al., 2011; Hernandez 

et al., 2019; Pascaris et al., 2021).  

AVS may be considered a sustainable solution as it increases renewable energy 

production, land-use efficiency, water use efficiency, and agricultural production (Zainol Abidin 

et al., 2021). The renewable energy produced from AVS has been used for water pumping 

irrigation systems (Hassanien et al., 2016), drying operations (Bennamoun, 2013), and 

decentralized wastewater purification (Han et al., 2013). AVS can improve both the efficiency 

and life span of solar panels by decreasing the temperature of the panels and reducing dust 

accumulation on the panels (Barron-Gafford et al., 2019; Zainol Abidin et al., 2021). The system 

can also generate two renewable energy sources through PV technology and ethanol production 

from corn produced under the PV allowing better land-use efficiency (Amaducci et al., 2018). 

Water consumption is reduced by 20% in plants grown in AVS, which supports non-irrigated or 
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less irrigated crop yields to improve water savings (Elamri et al., 2018). Agricultural production 

can increase through plant adaptations that can generate larger yields (Barron-Gafford, 2019). 

The lower temperature and irradiance level under PV panels can mitigate damage to plants by 

reducing soil temperature, and irradiance levels, while simultaneously increasing humidity and 

soil moisture. In the dry, arid conditions in the United States Southwest, crop stress is increased 

in the full sun creating less marketable produce (Barron-Gafford et al., 2019; Ayankojo et al., 

2020). Given these positive impacts of AVS on the local microclimate, food production and 

water savings, and the associated renewable energy production potential, agrivoltaic approaches 

should be labeled as a sustainable approach. 

Because investors, producers, and consumers all come from different starting points 

around what it means to be ‘sustainable’, we will explore AVS through the three pillars of 

sustainability: economic, social, and environmental sustainability.  

1.1.1 Economic Sustainability  

Economic sustainability is the ability of the economy to grow without negatively 

impacting the social, environmental, and cultural aspects of a community (Galarraga Gallastegui, 

2002; Zamuz et al., 2021). AVS technology may be perceived as an unproven technology that 

presents risks for investors, farmers, and politicians based on the lack of a sustained history of 

economic profitability on a large scale. Even with 42% growth in the USA in the last decade 

(SEIA, n.d.) and the Biden Administration’s plans to grow the deployment of solar by an average 

of 30 gigawatts per year (Solar Energy Technologies Office, 2022a), stakeholders such as solar 

developers, policy experts, landowners, consumers, farmers, and performance engineers remain 

skeptical of the economic viability of AVS (Pascaris et al., 2021).  

Stakeholders are wary of the extra costs that come with the deployment and maintenance 

of AVS. In Pascaris et al.’s study, stakeholders did not see the potential for large economic 

returns to offset initial startup, program, and maintenance costs (2021a). The installation of PV is 

a cost barrier for most farmers and landowners. The costs for stakeholders when considering 

installing PV are non-module and inverter hardware, installation, and soft costs. To start 

agricultural production, costs come in the forms of tax fees, property fees, labor, equipment, 

crops and livestock, and soft costs. Maintaining AVS also comes with costs associated with both 

agriculture and PV including PV non-module and inverter hardware, PV cleaning, labor, farm 
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equipment, harvesting and transportation, fertilizer, pesticides, irrigation, packaging, and soft 

costs from both PV and agricultural production (Neupane Bhandari et al., 2021). Installation, 

revenue, and maintenance costs of AVS are dependent on location, PV systems, and market 

conditions of the time (Agostini et al., 2021). An economic analysis by Agostini et al. indicates 

that electrical production partially pays back the cost of supporting the infrastructure and 

maintenance costs of AVS (2021). To fully pay back the costs, stakeholders will need to rely on 

the sales of AVS products. However, for AVS to be sustainable, the price of solar energy and 

AVS commercial goods must support economic viability and economic equity.  

To create economic equity and reduce pressure on stakeholders, governments could use 

tax incentives and subsidies to support the implementation of AVS. For example, farmers in 

rural, agrarian India earn supplemental revenue from tax credits (Patel et al., 2019). Extra 

revenue reduces the need for utility energy and allows farmers to employ workers within their 

own region. Providing more jobs in rural, agrarian societies can shape the development of rural 

regions around the world. For AVS to be sustainable in the USA, fair wages for farmworkers 

must be considered. 

Within the US, the SB21-235 bill in Colorado allows AVS projects to be guaranteed 

grants and loans to promote the deployment and implementation of AVS (CO, 2021). The bill 

allows economic equity by reducing financial strain on farmers and solar developers wanting to 

use AVS. By overcoming economic challenges through equitable solutions, the AVS industry 

can be more sustainable.   

1.1.2 Social Sustainability 

Social sustainability in the food system must be consistent with the morals and values of 

society (Hutchins & Sutherland, 2008). To support social sustainability, the three dimensions of 

social acceptability must also be considered for AVS technology and AVS goods: community, 

socio-political, and market (Pascaris et al., 2021; Wüstenhagen et al., 2007). 

Social suitability in the supply chain includes promoting human health, human dignity, 

and basic needs fulfillment (Hutchins & Sutherland, 2008). For AVS to be successful and 

socially sustainable, stakeholders at the producer and supplier levels must consider providing fair 

wages to workers, providing access to healthcare and childcare benefits, creating safe and 

healthy working conditions, ensuring fair labor, distributing food at fair prices for both producers 



 10 

and consumers, and preserving cultural traditions and heritage (Hutchins & Sutherland, 2008; 

Zamuz et al., 2021). Stakeholders at the consumer level contribute to social sustainability by 

reducing waste, eating locally, eating seasonally, and buying products that minimize the negative 

impacts on the environment. AVS has contributed to social sustainability through the generation 

of new jobs, safer working conditions, and generating dual income sources (Li et al.,2017).  

AVS has contributed to creating new jobs in Chinese urban areas. For example, the 

Chinese government has employed the New Urbanization Plan (2014-2020) that strategizes the 

massive uprooting of rural migrants to urban areas (Chu, 2020). This resettlement requires 

supplying enough employment opportunities with adequate wages to those rural farmers. AVS 

technologies in Chinese urban areas give job opportunities to rural migrant farmers. The AVS 

industries allow the rural migrant farmers to have better transitions into urban areas by allowing 

them to continue to use their skills in urban areas (Li et al., 2017). AVS technologies can be 

sustainable in China due to governmental insistence. This would not be the case in the USA due 

to more complex socio-political factors as mentioned in Pascaris et al.’s study (2021a).  

The dimension of market acceptance includes issues related to risk, safety, and liability. 

One potential safety risk mentioned by developers and investors in Pascaris et al.’s study 

included potential hazards to people and animals from solar electrical equipment (2021a). To 

mitigate risk, developers, investors, and farmers will be provided information about necessary 

steps to keep animals and people safe from solar panel equipment. With guidance from AVS 

practitioners, AVS can be a safer working environment for agricultural workers.  

AVS creates safer working conditions for field workers by reducing the risk of external 

heat exposure and heat-related injuries. To protect workers from the sun, many wear heavy 

personal protective clothing and equipment that limits the body’s ability to lose heat and allow 

workers to be more vulnerable to more heat-related factors (Morabito et al., 2021). Body core 

temperatures in the shade of solar panels are decreased which reduces the risk of heat-related 

injuries (Barron-Gafford e al., 2019). Extensive heating from intense irradiation can also lead to 

diminished occupational performance and productivity by reducing worker endurance, 

coordination, and concentration. This means agricultural workers must take breaks to cool their 

core body temperatures to safe levels. By creating safer working conditions, increasing working 

satisfaction, and increasing hourly productivity, AVS can increase hourly economic productivity 

(Morabito et al., 2021). These facts indicate that AVS could result in increased well-being for 
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agricultural workers while increasing productivity. These factors contribute to social 

sustainability from a market perspective.  

The relationship between communities and AVS stakeholders will contribute to the social 

sustainability of AVS and AVS goods. AVS should also necessitate sensitivity to local nuances, 

interests, and values to promote social acceptance (Pascaris et al., 2021). Communities support 

people from their own locales rather than outside developers. When implementing AVS and 

AVS goods, producers must retain local identities through engagement and participatory 

opportunities. Local partnership and community engagement during the development stages are 

ways that developers can implement AVS technology (Pascaris et al., 2021). Even though the 

relationship building takes time, the development of community acceptance would make AVS 

technology more successful. Meaningful engagement can build trust between PV developers and 

community members which can therefore benefit the social sustainability of AVS.  

In addition to social acceptance by the public and surrounding communities, to be 

socially sustainable, all races, genders, education levels, and ages must be represented in the 

AVS industry and the consumer market. According to the US Solar Industry Diversity Study, 

women in the solar industry have been increasing from 21.5% in 2014 to 26.3% in 2018 (Van 

Leuven et al., 2019). Black, indigenous, and people of color (BIPOC) increased by 0.3% from 

2016 to 2018 (Van Leuven et al., 2019). However, 72.5% were men, 73.3% were white, and no 

respondents identified as non-binary in the study (Van Leuven et al., 2019). There is an effort by 

the federal government to incorporate diversity, equity, and inclusion objectives into the public 

and private renewable energy sectors (Solar Energy Technologies Office, 2022b). Allowing all 

demographics to participate in the implementation and consumption of AVS products can 

increase the sustainability of the technology.  

To support people of lower-income levels, price reduction by public and private 

stakeholders can allow AVS products to be more socially sustainable. Subsidies would allow all 

income levels to have the accessibility to AVS products and participate in consumption. The 

Supplemental Nutrition Assistance Program (SNAP) is a federal assistance program in the US 

that provides a supplement to the food budget of families in need so they can purchase healthy 

food options and move towards self-sufficiency. Financial incentives such as coupons, loyalty 

programs, or reduced food prices in large retail stores can increase AVS food consumption 
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(Polacsek et.al, 2018). Allowing more people to have access to AVS products could contribute to 

a more sustainable environment.  

1.1.3 Environmental Sustainability 

AVS technology and goods (crops) are sustainable because they have low environmental 

impacts. The placement of AVS (geographic location and orientation of PV), the micro-

environment under AVS, the crops selected for AVS, and renewable energy produced from PV 

contribute to the environmental sustainability of AVS. At the same time, there are potential 

challenges associated with AVS, including soil erosion, pollinator pattern changes, and PV 

waste.  

The position (geographic location and orientation) of AVS influences PV panels and 

plant photosynthetic efficiency. According to Mamun et al. (2022), the best geographic settings 

for AVS are near the equator, in latitudes less than 45°, and with adequate irradiance and 

minimal cloud cover. Specific locations include Saharan countries, Australia, Mexico, Central 

America, South Africa, and the United States Southwest (Mamun et al., 2022). AVS is most 

successful in places where there is more access to light, better photosynthetically active radiation 

(PAR), and greater light intensity. This is due to better photosynthetic efficiency and a reduction 

in PV temperature (Barron-Gafford et al., 2019). AVS systems also operate better in desert 

conditions, such as Tucson, AZ, USA (Barron-Gafford, 2019) but perform slightly worse than 

traditional PV systems in non-desert conditions. Panels should be oriented south in the northern 

hemisphere and north in the southern hemisphere so that the panels can receive as much sunlight 

as possible (Mamun et al., 2022). Depending on the position and orientation, the microclimates 

beneath the PV array may vary.  

The situational impacts that influence micro-environments under PV panels include air 

temperature, vapor pressure deficit, soil temperature, soil moisture, and crop temperature. In one 

study, AVS air temperature declined during the day by 1.2 + 0.3 °C compared to traditional, full-

sun (control) conditions (Barron-Gafford et al., 2019). Energy absorption by vegetation, water 

vapor from plant evapotranspiration, and soil evaporation contributed to the lower temperature 

(Barron Gafford et al., 2016). A lower vapor pressure deficit (averaging 0.52 +0.15 kPa lower) is 

found in AVS which impacts plant growth rates (Barron-Gafford et al., 2019). Soil temperature 

decreases while soil moisture increases in AVS conditions in Tucson, AZ (Barron-Gafford, 
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2019). Crop temperature changes due to the PV, with crop temperatures higher at night (+2C °C) 

and lower during the day (-3 °C). Plant types also affect the differences in crop temperature 

(Marrou et al., 2013).  

Crop selection is an important factor for AVS. AVS sustainability partially depends on 

the crops selected under the PV. Different crops use various amounts of sunlight, fresh water, 

soil, nutrients, and fertilizers. Temperature differences potentially elongate seasons allowing for 

some regions to supply more local foods and higher yields to consumers. Crop selection is 

important due to costs, but also to how successful the plants may be in specific AVS 

microclimates.  

AVS can also be environmentally sustainable as the system uses less water, reduces the 

heat island effect, and allows for better land-use efficiency. Consumption of water is about 14-

29% less in AVS systems as compared to full-sun conditions reducing the need for irrigation (Ott 

et al., 2020). Land use efficiency is increased due to the dual implementation of PV panels and 

agriculture (Ott et al., 2020). Non-renewable energy from AVS can be used for drying crops, 

pumping water, and heating buildings instead of petroleum or coal (Li et al., 2017; Patel et al., 

2018; Mamun et al., 2022). Traditional PV installation causes the surrounding area to be warmer 

due to radiation from the panels, otherwise known as the heat island effect. The cooling effect 

from AVS somewhat offsets the heat island effect and improves natural wildlife habitats and 

human health (Barron-Gafford et al., 2016; Majumdar & Pasqualetti, 2018). These microclimate 

differences can reduce some of the pressures of climate change on agricultural products, 

however, there are still some risks to using AVS technology.   

Two potential risks associated with AVS warrant future study: the increased potential for 

soil erosion and uncertain impacts on pollinators. There is a risk of soil erosion and water runoff 

at border zones where panels discharge rainwater causing uneven water circulation. The spatial 

heterogeneity of rainwater, remediation, or a rainwater collection system may be put in place to 

reduce risks to soils (Elamri et al., 2018). To protect cropland beneath PV, the site must have 

proper soil types for the crops. If done improperly, ecological landscapes can be changed, and 

the dual-use system may be more harmful than intended to sensitive ecosystems (Graham et al., 

2021). Shading by AVS may cause a negative side effect in that pollinators prefer sunny areas 

compared to shadier ones due to their ultraviolet vision (Graham et al., 2021). AVS shading does 

not reduce visitation rates, but floral abundance may decrease with shading (Graham et al., 
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2021). AVS shading may also facilitate niche partitioning of certain pollinator groups (Graham 

et al., 2021). Conditions at AVS sites should continue to monitor pollinator patterns.  

Another challenge to the environmental sustainability AVS is the potential emissions and 

waste generation associated with PV panels. Coal, natural gas, and petroleum have higher power 

output efficiency than AVS, but PV produces much less greenhouse gas emissions (GHG) than 

non-renewable energy throughout its life cycle (NREL, 2012). PV is similar in GHG emissions 

to other renewable resources (Ott et al., 2020). Waste is created from PV as the output decreases 

after about 25 years and will need to be replaced (Pingel et al., 2010). PV can be recycled and 

about 85% of the total panel weight can be recovered as glass. About 10% of the PV glass 

weight is lost due to thermal treatment (Granta et al., 2014). Recycling can reduce the amount of 

energy and resource consumption that new PV technology uses. Environmental sustainability is 

an important factor for consumers to consider when investing in AVS implementation or when 

purchasing AVS products.  

1.1.4 How are AVS goods perceived by consumers? (Political Influence and Territorial 

Influence)  

Consumers are influenced by multiple factors before, during, and after the utilization of 

goods and services. These factors include intrinsic (e.g., design, performance, taste, physical 

characteristics) and extrinsic cues (e.g., brand, price, reputation, non-physical characteristics, 

policy, and government support) that help shape consumer purchase behavior and intent (Moran, 

1993; Schifferstein, 2001; Stefani et al., 2006). However, there is potential for extrinsic factors to 

provide false or misleading information to consumers.  

Intrinsic cues of AVS products (i.e., crops or livestock) are influenced by landscapes and 

weather. Shoppers first purchase foods based on visual information such as color, size, and shape 

(Seppä et al., 2015). Physical landscapes and climate can influence a product’s shape, color, size, 

and flavor allowing consumers to form beliefs, attitudes, and ideas about regions (Black, 2007). 

This is also known as terroir, the relationship between the quality of a product and its 

geographical origin (Trubek & Bowen, 2008; Van Leeuwen & Seguin, 2006). The microclimate 

of AVS influences a plant’s phenotype potentially allowing consumers to distinguish differences 

and preferences of the growth condition and region of origin. Consumers continue to purchase 

foods that they view as ‘better tasting’ (Seppä et al., 2015). This means consumers may buy 
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other products from the same microclimate if they initially view AVS products as better. Labels 

can be used to inform consumers that products are grown in or using AVS.  

AVS labels promote specific territories for both where the product was sold and the area 

of production. AVS labels can create strong spatial associations. Labels that precisely define a 

place (climate type or region of origin), are of higher value for raw or naturally transformed 

products for consumers (Verlegh & Steenkamp, 1999; Stfani et al., 2005). Geographic 

imaginaries, or imagined geographies, refers to the perception of space and scale created through 

imagery, texts, and/or discourses (Warf, 2010). Geographic imaginaries help give images of 

places, sustainable environments, and culture using labels (Goodman & Goodman, 2001; Pike, 

2009). Labels that define how solar is incorporated into production can help to generate value for 

AVS products.  

To adopt more sustainable consumption patterns, people must be convinced that their 

behavior has a positive impact on multiple spatial scales (Vermeir & Verbeke, 2006). Labeling 

influences how consumers view and interact with products. For example, when people purchase 

products with AVS labels, they might feel like they are investing in the PV industry and all the 

sustainable benefits of AVS (Bougherara & Combris, 2009).  

A label used to delineate PV use on agricultural fields or near the production of goods is 

the product trademark ‘Solar GrownTM’ created by the Clif Family and Rob Davis (Carpenello, 

2020). A trademark is a form of legal protection that allows a person to decide how a word or 

phrase is used with that person’s specific goods or services. It also allows consumers to identify 

the source of goods or services and helps to protect against counterfeit products and fraud 

(USPTO, 2022). Solar GrownTM makes it easier for consumers to identify products that align 

with their values on environmental sustainability and support of the solar industry (Galarraga 

Gallastegui, 2002). The creator of the Solar GrownTM interviews producers to verify that solar 

panels were used near or on the same land the agricultural products were cultivated. This is not 

the same as a third-party certification process where an external party guarantees a product 

complies with specific standards. Products with the trademark may quicken consumer trust 

simply by placement on the product even without prior knowledge or desire for more 

information about AVS technology (Galarraga Gallastegui, 2002; Wüstenhagen et al., 2007). 

The trademark can also make consumers more aware of environmental issues, feeling they are 
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contributing to environmental sustainability by buying AVS items (Galarraga Gallastegui, 2002; 

Mensah et al., 2019).  

Solar GrownTM is a form of eco-label, a voluntary tool to proclaim a product or service’s 

sustainability. Climate change is concerning consumers. Consumers demand more sustainable 

options in the marketplace (Vermeir & Verbeke, 2008; Bartels & Onwezen, 2013). Ecolabeling 

informs consumers of processes, goods, or services that exhibit environmental, social, and 

cultural benefits (Mensah et al., 2019). Eco-labeled products have been perceived as more 

flavorful, higher in quality, safer, and healthier for human consumption creating imagined 

geographies (Vermeir & Verbeke, 2006; Vermeir & Verbeke, 2008).  

Government patents and trademarks can influence consumer decision-making, support, 

social acceptance, and trust in AVS technologies and products (Galarraga Gallastegui, 2002). 

Policies, laws, and regulations shape and create discourses and frameworks that sway market and 

community acceptance (Wüstenhagen et al., 2007; Pascaris et al., 2021). Because trademarks are 

patented by the US government, some consumers may view Solar GrownTM as trusted and 

supported. There is no declaration by the government that certifies the Solar GrownTM. A 

potential issue that arises when using eco-labels is greenwashing.  

Greenwashing is providing misleading, false, or incomplete information about a product 

to make the product sound more environmentally sustainable to consumers than it is (Furlow, 

2010). Because there is no official certification process for products using the trademark, Solar 

GrownTM, and information about AVS comes from a private business, there could be confusion 

or purposeful misinformation about AVS products in the marketplace. Governments have created 

consumer protection laws and policies, that create consequences for companies that misinform or 

don’t follow certification practices. AVS producers should try to establish clear, meaningful 

certification processes.  

It will be interesting to consider how potential users of AVS products and services will 

view AVS even without a clear certification process. Little is known about the intrinsic and 

extrinsic cues of AVS products, which emphasizes the need for more consumer research. More 

information will need to be accumulated to be able to correctly market, certify, and inform 

consumers.  



 17 

1.2 STUDY OBJECTIVE 

This emphasizes the need for a sensory study with AVS produce. For this study, five 

different crops (tomatoes, basil, beans, potatoes, and squash) were assessed by untrained 

panelists to determine if any of their sensory characteristics were changed dependent on growth 

conditions. Crop samples were grown in both AVS and control (traditional, full sun) conditions 

at Biosphere 2 in southern Arizona. The specific objectives of this thesis include: 

1) Using difference testing (the triangle test and the paired comparison test) from sensory 

science methodology to determine if there was a distinguishable difference between AVS 

and control samples,  

2) Identifying whether there was a preference between AVS, and control grown produce 

using a preference test (the paired preference test) from sensory science methodology,  

3) Determining consumers’ WTP for produce grown underneath solar panels using a 5-point 

ordinal Likert scale, 

4) Using multinomial logistic regression and logistic regression modeling to compare 

demographics to the results of the difference testing, preference tests, and Likert scaling. 
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2 CHAPTER 2 -- PRESENT STUDY  
2.1 SUMMARY OF METHODS 

2.1.1 Site Description 

The Biosphere 2 AgriVoltaic Learning Lab (B2AVLL) was established in August of 

2016 with replicated control and AVS plots. The site is located at the University of Arizona 

Biosphere 2 (latitude: 32.578989N, longitude: 110.851103W, altitude:1381 m above sea level), 

Northwest of Tucson, AZ, UAS. Tucson is located within the Sonoran Desert region (Glueck, 

1997), and the climate is classified as hot desert (Koppen classification BWh).  

The site includes both a control (full sun) and AVS sections, each of which is 

approximately 9.1 m × 18.2 m. Native soils at the site were blended with an organic ‘Garden 

Blend’ soil type of 75% organic compost and 25% sand soil (Tank’s Green Stuff, Tucson, 

Arizona, USA), and further amended with aerobically composted chicken manure (Coop poop, 

Pearl Valley Farms Inc, Pearl Valley, IL). The soil depth was tilled down to approximately 0.255 

m. Ten beds were formed within each section included, with three rows in each bed. Each row 

was planted with 10 replicate plants of the same species. This study will focus on Solanum 

lycopersicum (‘Perfect Cocktail Snack’ cherry tomatoes), Ocimum basilicum (‘Sweet’ basil), 

Solanum tuberosum (‘Caribe’ potatoes), Phaseolus vulgaris (‘Anasazi’ red beans), and 

Cucurbita moschata (butternut squash). We delivered irrigation at a daily rate of 3.79 min-1 for 

30 minutes by a multi-valve irrigation system and standard 1.27 cm polyethylene drip irrigation 

tubing (Rain Bird® ESP-Modular Controller and XFS0612500 Sub-Surface Dripline, Azusa, 

CA, USA). The Control section 10 m to the east of the AVS setting to ensure no shading from 

built structures. The AVS section mirrors this control area, but also has an array of fixed, non-

transparent PV panels 3.3 m above the soil surface. PV panels face south at a latitude angle of 

32 with 1 m spacing between each row of panels. The total power generation capacity of the PV 

panels 377 MWh per year (21.6% capacity factor) if connected.  

2.1.2 Microclimate Monitoring 

Ambient air temperature and relative humidity were measured using a custom weather 

station outfitted with a shaded, aspirated temperature probe 2.5 m above the soil surface (Vaisala 

HMP60). Temperature probes used in both settings were cross validated for precision. Incoming 

photosynthetic active radiation (PAR) was measured at 2.5 m above the soil surface (LI-190R, 
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LI-COR). Both probes were measured in the center of the AVS and control settings to avoid 

variances from the edge effect. Volumetric water content, soil temperature, and soil conductivity 

were measured at a soil depth of 5 cm (ECH2O 5TM, METER Group) at six points in both the 

AVS and control settings. Due to the solar zenith throughout the study period, the shading effect 

of the PV array shifted causing the plants grown underneath the PV array to get a natural, 

differential amount of light as seasons progressed. Precipitation was the highest between July to 

September during Monsoon season due to the bimodal precipitation characteristics.  

2.1.3 Crop Cultivation 

The sections include rows of agricultural crop species, but this study will focus on Solanum 

lycopersicum (‘Perfect Cocktail Snack’ cherry tomatoes), Ocimum basilicum (‘Sweet’ basil), 

Solanum tuberosum (‘Caribe’ potatoes), Phaseolus vulgaris (‘Anasazi’ red beans), and 

Cucurbita moschata (butternut squash). For the Spring 2021 growing season, all plants were 

transplanted (tomatoes and basil) or directly seeded mid-April into the B2AVLL plots. Tomato 

seeds were purchased from Ferry~Morse (Ferry-Morse Home Gardening, Norton, MA 02766) 

and sown in plastic-cell seed trays (Tucson, AZ). Seedlings were transplanted at a spacing of 40 

cm apart with seven tomatoes per bed. Tomatoes were trellised by dropping strings from the PV 

structure and clipping the tomatoes to the strings. Basil starts were purchased from Mesquite 

Valley Growers in Tucson, AZ, and transplanted at a spacing of 5 cm with 10 plants per bed. 

Anasazi red beans were purchased from Terroir Seeds in Chino Valley, AZ, and Caribe seed 

potatoes were purchased from Wood Prairie Family Farm (Bridgewater, ME 04735). Ten beans 

were co-planted with 10 Caribe potatoes in separate irrigation lines in the same bed. In June 

2021, another crop of these beans and potatoes were grown using two practices; (1) co-planted 

together in separate lines 30 cm apart and (2) with potatoes alone, allowing for 20 potatoes per 

bed. In October 2021, we repeated these two practices: (1) co-planted beans and potatoes 

together in separate lines 30 cm apart and (2) with potatoes alone. Finally, squash seeds were 

from Terroir Seeds in Chino Valley, AZ, and eight seeds were planted at a spacing of 15 cm in 

September 2021, directly into the soil. Squashes were trellised using the vertical trellising 

method using vegetable netting with trellising support clips.  

 

2.1.4 Harvesting and preparation of tomato and basil 
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Both AVS and control tomatoes were harvested at the orange-red and red stages of 

development 1-3 days prior (July 21st, 2021) to tasting on July 22, 2021 (Day 1) and July 24th, 

2021 (Day 2) (Cantwell, 2010). The overall mass of tomato samples produced from control plots 

was 0.900 ±0.983 kg, and the mass of samples produced from AVS was 0.377 ±0.393 kg. The 

tomatoes were selected based on size and, marketability where marketability was defined as 

tomatoes having no blemishes, no pest markings, no openings or crevices, no discoloration, and 

no bacterial or fungal infections. On arrival to the food laboratory, the cherry tomatoes were 

washed in cold tap water in a colander, gently dried with paper towels, and then placed into a 3.8 

L plastic container. Samples were stored at ambient temperatures (23 ℃) for 24 hours prior to 

sensory testing.  

Samples ranged from 1 cm to 2.5 cm in longitudinal diameter (stem scar to blossom end) 

and 1 cm to 2 cm in cross-sectional diameter (transverse diameter). Individual size specifications 

were not collected for every sample due to time constraints. Cherry tomatoes were served whole 

if below 1.5 cm in diameter latitudinally or cut in half longitudinally (stem scar to blossom end) 

if they were over 1.5 cm in diameter. Tomatoes were cut 10 minutes prior to tasting. Cherry 

tomatoes were served at ambient temperature (23℃).  

Basil samples were collected one day prior to tastings on both July 21st and July 23rd. 

Basil was cut 2.5 cm from the mainstem. The overall mass of the basil samples was 0.18 ± 0.110 

kg in control and 0.313 ± 0.282 kg in AVS. Samples were then stored in a brown paper bag in a 

refrigerator (4℃) to maintain the color at harvest and reduce wilting. Samples were chosen based 

on leaf sizes of between 5-10 cm and marketability (i.e., no blemishes, no pest markings, no 

openings or crevices, no discoloration) (Succop & Newman, 2004). Samples were separated 

from the stems, then rinsed in cold water with a colander, then gently patted dry with paper 

towels. Basil was blended for 2 min with a 900-watt motor (nutribullet Pro 900, SKU NB9-

1301AK) until no full leaves remained, 30 min prior to each tasting. Samples were presented at 

ambient temperatures (23 ℃), with each sample cup containing 2 g of blended basil.  

2.1.5 Harvesting and preparation of bean samples  

Anasazi red bean samples (beans) were collected in a one-gallon sealable bag on 

November 10th, 2020, and September 30th, 2021, prior to tasting on October 1st, 2021 (Day 3). 

Beans were dried outside on the plant, then harvested when dried. The fruit weight of all beans 



 21 

was 0.127 ± 0.015 kg in control plots and 0.141 ± 0.098 kg. The beans were spread out and any 

un-marketable samples (i.e., rotting, mushy, musty, or undeveloped) and non-food items were 

removed (i.e. rocks, leaves, husks, or other debris). Once the beans were cleaned, they were 

rinsed under cold water in a colander. Beans were then covered in 2.5 L of filtered water in a 

sealed 3.8 L container and soaked overnight at room temperature for 10 hours. Beans were then 

drained and rinsed right before cooking. The rinsed and soaked beans were added to a large pot 

with 2 L of tap water. The beans were heated on high heat (100C) for 10 minutes, then on 

medium-low heat (90 C) and simmered for 45 min. Water was not removed after cooking. 

Beans were then served uncovered at between 15 C to 62 C, keeping the beans warm in a water 

bath on a stovetop. The other half of the beans were stored at 3.5 ℃ for 24 hours in a refrigerator 

for the second location on October 2nd, 2021 (Day 4). The beans were then warmed at 

temperature ranging from 35 C to 62 C on Day 4 in pressure cookers set to the warm function 

(Instant Pot® Duo™ 6-quart Multi-Use Pressure Cooker, V3). Each sample cup contained 2 - 3 g 

of sample.  

 

2.1.6 Harvesting and preparation of potato samples 

Red Caribe potatoes were the only crop sample grown and assessed twice; once in the fall 

on Day 3 and Day 4 and once in the winter on February 11th, 2022 (Day 5) and February 12th, 

2022 (Day 6). Potatoes were harvested in the week of September 6th, 2021 for the Day 3 and Day 

4 tastings (fall) and January 5th for the Day 5 and Day 6 tastings (winter). Individual potato 

masses were 13.094 ± 9.375 kg from control conditions 23.271±30.975 kg from AVS conditions 

for Day 3 and Day 4; then 41.383 ± 22.920 kg from control conditions and 21±12.728 kg from 

AVS conditions for Day 5 and Day 6. Preparation and serving potatoes were identical for both 

seasons. Potatoes were harvested one month prior to the tasting to cure properly (Wood Prairie 

Family Farm, Bridgewater, ME 04735) immediately after harvesting. Potatoes were stored in a 

dark storage room at the University of Arizona at 21C. Potatoes were washed in a colander 

under cold water until debris was washed off. Potato samples were all marketable (i.e., not 

rotting, not mushy, no cuts, no bacterial or fungal damage, and fully developed). Samples were 

then cut into 1 cm cubes, then steamed in a large pot with 2 cups of tap water and more was 

added throughout the cooking process, but not touching the samples when pouring the water in. 
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Potatoes were steamed for 30 min until fork tender and 93 C. Potatoes were then drained and 

held on in both a warm water baths and a pressure cooker and warmed at 27C to 33.5 C on all 

Day 3 and 4 on the stove top and in pressure cookers set to warm (Instant Pot® Duo™ 6-quart 

Multi-Use Pressure Cooker, V3), then between 35 C to 75 C on Day 5 and Day 6 set at on 80 

C in a countertop food warmer (ServIt FW150L 12" x 27" 4/3 Size Electric Countertop Food 

Warmer with Digital Controls – 120V, 1500W). Because there were so few potato samples, all 

potato samples were kept warm during the tastings, then stored in a refrigerator (3.5 C) in a 

sealed 3.8 L container for 18 hours prior to the second tasting. Potato samples were also stored 

for 20 hours in a refrigerator at 4 C on February 10, 2022, prior to the tasting on Day 5.  

2.1.7 Harvesting and preparation of squash samples  

Butternut squashes were harvested on January 5th, 2022, about one month prior to the 

tasting to cure the squash, although, squash is usually cured for 2 months for continuous 

accumulation of carotenoids and sugar conversion (Zhang et al., 2014). Control plots produced a 

total of 0.710 ± 0.957 kg and 0.811 ± 1.118 kg in AVS. Squashes were stored in a dark storage 

room at the University of Arizona at 21 C. The squash tasting took place on both Day 5 and 

Day 6. Whole squash fruit were washed in a colander under cold water until debris was washed 

off. All squash samples considered marketable (i.e., not rotting, not mushy, no cuts, no bacterial 

or fungal damage, and fully developed). Samples were then cut into 1-2 cm cubes, then steamed 

in a large pot with 2 cups of tap water and more was added throughout the cooking process, but 

not touching the samples when pouring the water in. Squash samples were steamed for 25 

minutes until fork tender and reached an internal temperature of 90C. Squash were then drained 

and immediately went into a blender (Vitamix 5300 Countertop Blender 2.2 HP Motor) and 

blended on speed 5 for 2 min until no lumps were in the mixture. The puree was then stored for 

20 hours in a refrigerator at 4 C on February 10, 2022. Because there was so little sample of 

both treatments, all the purees were kept warm on 80 C in a countertop food warmer (ServIt 

FW150L 12" x 27" 4/3 Size Electric Countertop Food Warmer with Digital Controls – 120V, 

1500W) and served at 49 ℃ - 75 ℃ during the tastings, then stored in a refrigerator (4℃) in a 

sealed 3.8 L container for 18 hours prior to the second tasting. Each sample cup contained 2 

grams of sample.  
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2.1.8 Consumer Study  

For the consumer study, trials were conducted first at Shantz (University of Arizona 

[main] Campus) and then second at Biosphere 2 (B2). Days 1, 3, and 5 were completed at the 

University of Arizona’s (Main Campus) Food lab in sensory booths. Days 2, 4, and 6 were 

completed at the University of Arizona’s Biosphere 2 (B2) in the café. The methods were 

reviewed by the University of Arizona Institutional Review Board (IRB Study # 2105821860). 

Once samples were harvested, they were prepared in the University of Arizona, Shantz food 

laboratory certified kitchen (Tucson, AZ). All samples were washed in USDA certified sinks to 

comply with food safety and quality standards. 

One week prior to each session, recruitment flyers were emailed to the University of 

Arizona School of Geography Development and Environment listserv, the University of Arizona 

of Nutritional Science Department listserv, and the University of Arizona Food Science Club 

listserv; physically posted on bulletin boards around the University of Arizona; and e-posted on 

the University of Arizona Community and School Gardens Program (UACSGP) Facebook page, 

UACSGP Instagram pages, and the UA Agrivoltaics Instagram page (Appendix A: Figure 11).  

Panelists were asked to participate in a quantitative sensory survey using discriminatory, 

preference, directional difference, and willingness to pay (WTP) methods. The consumer panel 

consisted of untrained students, faculty, and staff from the University of Arizona (Tucson, AZ, 

UAS) and untrained visitors at B2 (Tucson, AZ, USA) served as panelists for the study. Panelists 

were screened for meeting an age requirement (must be 18 years or older) and must not have 

been pregnant when completing the evaluation. Panelists also signed a consent waiver and 

received written and verbal instructions prior to completing the survey.  

Panelist demographics are shown in Figure 1 and Table 1. In total, there were 105 

females, 76 males, and 4 people that identified as non-binary. The number of panelists varied by 

day and location (Appendix A: Table 6). Panelists were subjected to different conditions based 

on the site they were tasting at and the day they were tasting samples. Produce samples were 

presented in the following order during the survey sessions and on the following days: tomato 

and basil on Day 1 and Day 2, potato and bean on Day 3 and Day 4, potato and squash on Day 5 

and day 6.  

Demographics included education, income, race and ethnicity, age, residency in Pima 

County, and type of community. Education was based on the categories in Kaczorowska et al. 
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(2019). This included Primary or vocational (Trade School, High School degree, or did not 

complete high school), Secondary (Bachelors), Higher (Masters or PhD). This assumed that 

better educated participants with more money have better access to sustainably labeled foods and 

are therefore more familiar with food labeling (Kaczorowska et al., 2019). For this study, income 

was categorized similar to the income brackets used in Chen et al., 2021. This included (a) low-

income and lower-middle class (≤ $53,500), (b) middle class ($53,501–$107,000), and (c) upper-

middle and high-income (> $107,000) (Snider & Kerr, 2021). Ethnicity and race were separated 

by Caucasian, African American, Hispanic or Latino, and other. This was due to the differing 

views on local foods as mentioned in Zepeda and Leviten-Reid (2004). Age for this study was 

based on ageing and taste perception from Methven et al. (2012). This included (a) Younger 

participants (18-34 years old), (b) middle aged participants (35-64 years old), and (c) older 

participants (65+ years old). This was due to the assumptions that as people age, tastes changes 

and the thresholds considered between different age groups affects the identification of certain 

tastes (Methven et al., 2012). Participants were asked if they lived in Pima County or not to 

distinguish if people from the region were influenced by local food characteristics (Testa et al., 

2020). Type of community was added to Days 5 and 6 to account for deferring attitudes towards 

green buying behaviors as mentioned by (Sønderskov & Daugbjerg, 2011) and local produce as 

mentioned by Lockeretz (1986). Type of community was categorized by rural, suburban, and 

urban. 



 25 

 
Figure 1: Figure 1: Bar chart of the total demographic summary for age, race, gender, income, residency, and education for all 
surveys. 
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Table 1: Demographic information across all days for gender, age, race, residency, income, and education 

Group Variable 

Count  

(Number of 

Participants) 

Percentage (%) 

Gender Female 105 56.8 

 Male 76 41.1 

 Non-Binary 4 2.2 

Age Younger 111 60.0 

 Middle-Age 54 29.2 

 Elderly 20 10.8 

Race White 123 68.0 

 POC 58 32.0 

Pima County Residency Non-Resident 88 47.6 

 Resident 97 52.4 

Income Lower 96 53.3 

 Middle 41 22.8 

 Upper 43 23.9 

Education Higher 47 26.1 

 Primary 66 36.7 

  Secondary 67 37.2 

 

Each location had individualized three-digit codes for the triangle and preference tests. 

All subjects received similar treatments. The subjects were not made aware of which samples 

were grown in AVS and control settings. Samples were served in 2-ounce plastic sample cups 

and with a 7.62 cm sample spoon. To cleanse pallets between samples, water in a small cup and 

a saltless cracker on a white napkin were provided. Samples were presented on a cream color 

tray. Booths, chairs, trays, and writing utensils were sanitized before and between panelists.  

The two locations differed in testing environments. The Main Campus location contained 

sensory booths. The survey was distributed physically and electronically on participants’ 

personal cellular devices using the Qualtrics software (Qualtrics, Provo, Utah, USA, 2021, July). 

Sensory booths were equipped with QR codes for participants taking the survey online or a pen 

and a physical version of the survey for participants taking the written survey, and an overhead 

room lighting source. The subjects were seated in single booths in 18 ℃. Participants were given 

an unlimited amount of time; participant response times were not assessed.  

The B2 location did not contain traditional sensory booths. Instead, participants were 

seated at individual tables. Tables were equipped with QR codes for participants taking the 

survey online or a pen and a physical version of the survey for participants taking the written 
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survey. Room lighting was turned on, however, there was also natural lighting from four full 

length (roof to floor) windows. The subjects worked at tables with temperatures under 23.5 ℃ 

and were able to see one another.  

The triangle test is a discriminatory test that was used to reveal if there was a perceptible 

difference between the samples grown in different microclimates. The method included three 

randomly coded samples generated through the RStudio ‘base’ package (version 4.3.0). 

Participants were given three samples, two of which were from the same growth condition and 

one sample from the other condition. Tomato samples were prepared to make sample sets that 

were distributed based on a pre-made order (in Excel) based on sample ID numbers among the 

subjects using each of the combinations (i.e., ABB, BAA, ABB, BBA, ABA, and BAB). 

Assessors were then asked to taste samples from left to right, then report which sample was the 

‘odd sample out’ even if their selection was based on a guess. Methods were followed according 

to the ASTM E1885 standards (2018). According to Lawless and Heymann (1998), subjects who 

take triangle tests detect differences between samples more accurately than subjects who take 

intensity rating tests. The triangle test was also chosen over the duo trio test as it was more 

statistically significant (ASTM, 2018; Lawless & Heymann, 2010). 

The directional difference test or 2-alternative forced choice test (2-AFC) compares two 

products using two-alternative forced choice tasks and is also known as a paired comparison or 

2-alternative forced choice test. This test was used to determine if there were differences in 

sensory attributes between the two growth conditions that were perceivable to consumers. For 

the paired comparison test, panelists received two samples in simultaneous presentation, half in 

the order AB, the other half BA, although assessors were asked to taste from left to right. 

Samples were again coded with three randomly assigned numbers generated through the RStudio 

‘base’ package (version 4.3.0). Assessors were asked to evaluate specific attributes to identify 

which samples were higher in intensity of the specific attribute even if the selection was a guess, 

according to the ASTM E2164 standards (2016). The directional difference test does not result in 

as much fatigue, carryover, or adaptation as the triangle test (O’Mahony et al., 1985; ASTM, 

2016).  

The preference test establishes superiority in preference of a changed or modified product 

versus and established product (ASTM E1885, 2012). Assessors are given two random three-

digit coded samples and are asked to report their preference. The paired preference test included 
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options of choosing one sample over the other or “like neither” since participants in real life 

would have an option to choose neither. The paired preference test was used as a subjective 

measure relating to respondent’s hedonic response that does not measure objective 

characteristics or the magnitude of preference. Methods from the ASTM E2263 standards were 

followed. Preference tests were chosen as they are quick and easy to use (ASTM E2263, 2012), 

panelists suffer little sensory fatigue (Lawless & Heymann, 2010), and it allows participants to 

select their preferred product or not select one at all. 

For the Likert scale or willingness to pay (WTP) questions, respondents used a 5-point 

ordinal scale to rate their agreement or disagreement with the statement, “Now that you have 

learned that your favorite samples you tasted here today were produced under solar panels, 

would you pay more or less than the average grocery prices for [crop]?” They then rated samples 

based on the ordinal scaling of “pay much more”, “somewhat more”, “the same”, “somewhat 

less”, and “much less” as the distance was not perceived to be the same between the ratings 

(Appendix A: Figure 10). Assessors were also not explicitly told AVS was a sustainable option 

as to not bias results. Because the Likert scale was ordinal, the categories were compressed into 

“more”, “same”, and “less” for further analysis.  

2.1.9 Statistical Analysis 

Statistical analysis was performed using Microsoft Excel for mac Version 16.59 

(22031300) and RStudio Version 1.4.1106 (R Core Team, 2022). Two-sided tests were used for 

the triangle, directional difference, and paired preference tests as there was no prior expectation 

concerning the direction of difference. The alternative hypothesis expresses that the perceived 

direction of the specified sensory attribute is different from one product to the other (ASTM 

E2164 Standard). Because analytical testing was not done in this study, a two-sided test was used 

to determine the possible direction of the difference and if it was important.  

Results of the triangle test were compared with the ASTEM E1885 conversion table 

(2018) and the RStudio package ‘SensoMineR’ (Husson, 2020). Results of the directional 

difference test were compared using the ASTM E2164 conversion table (2016) and the RStudio 

package ‘sensR’ (Chirstensen, 2020). Results of the paired preference test were compared to the 

ASTM E2263 conversion table (2012) and the RStudio package ‘sensR’ was used for analysis 

(Chirstensen, 2020). Results of the WTP, Likert scale were analyzed using the multinomial 



 29 

logistic modeling with a 5% significance level (p-value<0.05). Data was analyzed using the 

package ‘nnet’ in RStudio (Venables & Ripley, 2002). Results of the triangle, directional 

difference, and paired preference tests and demographic information were also subjected to a 

multinomial logistic regression and logistic regression. Due to the low sample size, crops that 

were tasted first in the survey (potato, potato, and tomato) were analyzed together and crops that 

were tasted second in the survey (squash, bean, basil) were analyzed together.  

Multinomial and binomial logistic regressions were performed for this study using the 

package ‘base’ (R Core Team, 2021) and ‘nnet’ packages (Venables & Riply, 2002). 

Multinomial and binomial logistic regressions used the variables Pima county resident, tasting 

location, gender, education, income, race, age, frequency of purchase, and the WTP, Likert 

questions as independent variables and the triangle test, preference test, eat again, pay more, and 

the WTP, Likert Reponses as dependent variables. To predict the outcomes using this model, 

cultivars that were eaten first in the survey order and cultivars that were eaten second in the 

survey were grouped together to give significant results. Odds ratios were given in tables to 

indicate likelihood and p-values (p<0.05) indicated significance. Demographics were categorized 

into up to three categories to account for small sample size. To mitigate error, four non-binary 

participants were removed as to not skew the model due to the small sample size.  

2.2 SUMMARY OF RESULTS  

2.2.1 Microclimate data 

Overall, there were microclimate differences in AVS compared to control that may have 

affected phenotypic traits. This includes cooler soil temperature and higher humidity levels in 

AVS compared to control (Table 2). Water content (WC), air temperature, and vapor pressure 

deficit (VPD) remained relatively the same. The seasonality also changed the humidity, air 

temperature, soil temperature, and soil moisture. The humidity, air temperature, soil temperature, 

and soil moisture for each season are represented in Table 2.  
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Table 2: Microclimate data for AVS and Control Plots 

  
Crop Tomato Basil  

Potato 

(Days 3&4) 

Bean 

2020 

Bean 

2021 

Potato 

(Days 5&6) 
Squash 

Both 

Planting 

Date 4/12/21 4/12/21 6/8/21 4/28/20 6/8/21 10/6/21 9/3/21 

Harvesting 

Date 7/20/21 7/23/21 9/6/21 10/10/20 9/30/21 1/5/22 1/5/22 

Precipitation 

(mm) 218.44 218.44 562.10 943.09 620.01 264.92 355.35 

AVS 

Air Temp 

(°C ) 24.67 24.67 27.10 22.21 26.69 15.00 17.54 

RH (%) 26.25 26.25 46.97 29.50 45.76 36.96 38.39 

VPD (kPa) 2.52 2.52 2.18 2.18 2.16 1.24 1.43 

WC (m3/m3) 0.30 0.30 0.27 0.33 0.27 0.36 0.34 

Soil Temp 

(°C ) 21.18 21.18 24.55 20.02 24.22 15.32 17.22 

Control 

Air Temp 

(°C ) 24.85 24.85 27.31 22.17 26.89 15.13 17.69 

RH (%) 25.65 25.65 46.71 29.24 45.53 36.76 38.18 

VPD (kPa) 2.57 2.57 2.24 2.20 2.22 1.27 1.47 

WC (m3/m3) 0.27 0.27 0.33 0.25 0.33 0.22 0.26 

Soil Temp 

(°C ) 24.43 24.43 27.05 21.70 26.78 15.23 17.92 

 *Temp= Temperature, RH = relative humidity, VPD = Vapor Pressure Deficit, WC = water 

content volume 

2.2.2 Sensory Testing  

The results of the triangle test indicated some significant sensory differentiation between 

AVS and control samples (Table 3). Correct minimum indicated the minimum of panelists who 

should have detected the odd product to say that panelists perceived a difference between the 

samples according to the ASTM E1885 standards. Estimation correct indicated the estimation by 

Maximum Likelihood (ML) of the number of panelists who really perceived the difference 

between the products. Tomatoes were perceived as different at Biosphere 2 and with all tasters 

combined (p<0.05). Basil was not perceived as different anywhere. Potatoes were not perceived 
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as different on any day. Beans were perceived as different at Biosphere 2 and with all tasters 

combined (p<0.05). Squashes were perceived as different at all locations (p<0.05).  

Table 3: Triangle test analysis based on crop and location. Answers to the triangle test are included with the ratio of correct 
number guessed to the total number of tasters 

Crop Location Answers 

(Correct/Total) 

Correct 

Minimum 

Estimation 

Correct 

Tomato Main Campus 5/17 10 0 

 Biosphere 2 18/29*** 13 0 

 Total 23/46** 22 12 

Basil Main Campus 6/17 10 1 

 Biosphere 2 12/30 15 3 

 Total 18/47 22 4 

Potato (Day 

3&4) 

Main Campus 7/17 10 2 

Biosphere 2 24/65 29 4 

Total 31/82 35 6 

Bean Main Campus 6/17 10 1 

 Biosphere 2 32/61*** 27 18 

 Total 38/78*** 34 18 

Potato (Day 

5&6) 

Main Campus 13/32 16 4 

Biosphere 2 19/48 22 5 

Total 32/80 35 8 

Squash Main Campus 20/32 16 14 

 Biosphere 2 26/47*** 22 16 

 Total 46/79*** 34 30 

*p < 0.05        ** p<0.01 ***p<0.001. 

 

Preference tests indicated no preference between growth conditions of tomato, basil, and 

potatoes on either day or squash (p>0.05) (Figure 2). At Biosphere 2, beans from the control 

plots were preferred to AVS beans (p>0.05). Participants at Biosphere 2 were also more willing 

to pay more for beans from control plots and would eat beans from control plots again (p>0.05) 

without knowing which sample was which (Figure 3 & Figure 4).   
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Figure 2: Overall Preference count based on cultivar and responses 

*p < 0.05         

 

 
Figure 3: Pay More count based on cultivar 

*p < 0.05         
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Figure 4: Eat Again count based on cultivar 

*p < 0.05         

 

 For the paired comparison test, beans from control were considered more bitter than AVS 

beans when tasted at Biosphere 2 (p<0.01). Potatoes were considered waxier from AVS 

conditions than from control conditions when all results were combined (p<0.01). No other 

sensory attributes including acidity, bitterness, sweetness, saltiness, and waxiness were 

statistically more intense than another for any crop sample, at any location, or when combined 

(p>0.05).   

Analysis of the WTP, Likert scale indicated that panelists were willing to pay the same or 

slightly more for their preferred samples, regardless of being able to discriminate between 

samples (Figure 5).  

      

      

5 9
3

8 8
1

8 7
2

9 7
1

8 7
2

6 9
2

12
12

5

13 10

7

28
24

10

16

38

7

14 14

3

15
14

1
0

5

10

15

20

25

30
35

40
45

50

A
V

S

C
O

N
T

R
O

L

P
R

E
F

E
R

 N
E

I
T

H
E

R

A
V

S

C
O

N
T

R
O

L

P
R

E
F

E
R

 N
E

I
T

H
E

R

A
V

S

C
O

N
T

R
O

L

P
R

E
F

E
R

 N
E

I
T

H
E

R

A
V

S

*
C

O
N

T
R

O
L

P
R

E
F

E
R

 N
E

I
T

H
E

R

A
V

S

C
O

N
T

R
O

L

P
R

E
F

E
R

 N
E

I
T

H
E

R

A
V

S

C
O

N
T

R
O

L

P
R

E
F

E
R

 N
E

I
T

H
E

R

T O M AT O B AS I L P O T AT O  1 B E AN P O T AT O  2 S Q UAS H

C
O

U
N

T

EAT AGAIN

Shantz Biosphere 2



 34 

 
Figure 5: Likert Scale results of each crop at both tasting locations including the number of people (count) that chose the ordinal 
ranking 

 

2.2.3 Multinomial logistic  

After each sensory test, consumers were requested to answer demographic questions. In 

this experiment, consumers conducted blind tests with no previous information about the 

samples they were tasting. Based off the models attempting to predict the results of the triangle 

test for residency, gender, education level, income, race, age, frequency of purchasing the 

produce, and WTP were held constant and were significant indicators for income and age 

(Appendix A: Table 7). Potatoes and tomatoes were grouped together as they were eaten first; 

squash, bean, and basil samples were grouped together as they were consumed second in the 

survey. The multinomial logit estimate comparing middle-aged participants relative to young 

participants had 1.262 times lower odds of being able to tell the difference between growth 

conditions of potato and tomato samples given all other predictor variables in the model were 
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held constant (p<0.05). The multinomial logit estimate comparing middle-aged participants 

relative to young participants had 1.262 times lower odds of being able to tell the difference 

between growth conditions of potato and tomato samples given all other predictor variables in 

the model were held constant (p<0.05).  

The models attempting to predict the results of the paired preference test of overall 

preference for residency, gender, education level, income, race, age, frequency of purchasing the 

produce, and WTP were held constant and were significant indicators for gender, residency, 

place of tasting, and age (Appendix A: Table 8). The model indicated that male participants were 

7.392 times more likely than females to prefer neither potato or tomato compared to control 

potato and tomato samples when all other predictor variables in the model were held constant 

(p<0.05). The model indicated that residents of Pima county were 3.323 times less likely than 

non-residents to prefer AVS squash, bean, and basil samples compared to control squash, bean, 

and basil samples when all other predictor variables in the model were held constant (p<0.05). 

The model also indicated that residents of Pima county were 5.864 times less likely than non-

residents to prefer neither squash, bean, and basil samples compared to control squash, bean, and 

basil samples when all other predictor variables in the model were held constant (p<0.05). 

Participants that tried the samples at the Main Campus site      were 2.912 times more likely to 

prefer AVS squash, bean, and basil samples than participants at Biosphere 2 (p<0.05) The model 

indicated that middle-aged participants were 3.549 times more likely than young participants to 

prefer AVS squash, bean, and basil samples compared to control squash, bean, and basil samples 

when all other predictor variables in the model were held constant (p<0.05).  

The models attempting to predict the results of the paired preference test asking 

participants if they would pay more based on flavor for residency, gender, education level, 

income, race, age, frequency of purchasing the product, and WTP were held constant and were 

significant indicators for education, residency, and age (Appendix A: Table 11). For the potato 

and tomato models, participants that had a bachelor’s or associate degrees were 3.013 times more 

likely than people with master's or Ph.D. degrees to prefer AVS samples compared to control 

(p<0.05). The model for squash, bean, and basil indicated that residents of Pima county were 

3.3058 times less likely than non-residents to prefer AVS samples. Pima county residents were 

also 2.943 times less likely to prefer neither squash, bean, nor basil sample than non-residents 
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(p<0.05). The age of participants also influenced the model. Middle-aged participants were 3.833 

times more likely than young participants to prefer AVS samples over control samples (p<0.05).  

The models attempting to predict the results of the paired preference test asking 

participants if they would eat samples again based on flavor for residency, gender, education 

level, income, race, age, frequency of purchasing the product, and WTP were held constant and 

were significant indicators for race and tasting location (Appendix A: Table 9). The model 

indicated that participants of color were 5.177 times less likely than white participants to prefer 

neither sample of potato nor tomato compared to the control (p<0.05). For the squash, bean, and 

basil eat later preference test, participants at the Main Campus were 2.890 times more likely than 

Biosphere 2 participants to choose AVS compared to control squash, bean, and basil samples 

(p<0.05).  

The models attempting to predict the results of the WTP, and Likert scale after knowing 

their favorite sample might have been produced under solar for residency, gender, education 

level, income, race, age, and frequency of purchasing the produce were significant indicators for 

location of tasting and age (Appendix A: Table 11). Participants at the Main Campus were 4.718 

times more likely to pay more for their preferred potato and tomato samples after knowing they 

were grown under solar panels than participants at Biosphere 2 (p<0.05). Elderly participants 

were 4.816 times more likely than young participants to pay more for their favorite samples of 

potatoes and tomatoes after knowing they were grown under solar panels (p<0.05). Participants 

that were at the Main Campus were 4.056 times more likely to pay more for their preferred 

squash, bean, and basil samples after learning they were grown under solar panels (p<0.05).  

All results that were 0 and had very high odds ratios were outliers due to a low count of 

participants choosing that option, in this case, mainly people willing to pay less for samples, so 

the results were not reliable associations.  

2.3 DISCUSSION 

Social acceptance and sustainability of AVS are influenced by market factors such as the 

preferences of consumers of AVS technology and goods produced using AVS (Pascaris et al., 

2021; Wüstenhagen et al., 2007). Understanding if there was a difference in sensorial 

characteristics of AVS compared to control (traditional, full sun) conditions is crucial, as it plays 

a major part in consumer decision making and adds to the conversation of AVS’s economic and 
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social sustainability (Gilsenan et al., 2012     ; Pascaris et al., 2021; Wüstenhagen et al., 2007). 

Here, we began to explore how consumers experienced AVS production from open field 

conditions. 

2.3.1 Differences Among Crops  

Social acceptance of AVS is influenced by market factors such as consumers’ perceptions 

of AVS technology and goods produced using AVS (     Pascaris et al., 2021; Wüstenhagen et al., 

2007). Understanding if there was a difference in sensorial characteristics of AVS compared to 

control (traditional, full sun) conditions is crucial as it plays a major part in consumer decision 

making and adds to the conversation of AVS’s sustainability (Gilsenan et al., 2012;      Pascaris 

et al., 2021; Wüstenhagen et al., 2007). Social acceptance of the public and potential consumers 

of goods from AVS remains unclear for a multitude of crops cultivated in AVS conditions. One 

aim of this study was to explore how consumers experienced AVS production from both AVS 

conditions and open-field (control) conditions. 

The difference in microclimate in AVS compared to control plots allowed for potential 

sensory and quality differences in the five different cultivars. As a result, all fruit samples tested 

in this study, Solanum lycopersicum (‘Perfect Cocktail Snack’ cherry tomatoes), Phaseolus 

vulgaris L. (‘Anasazi’ red beans), and Cucurbita moschata (butternut squash), were perceived as 

different by panelists. The cultivars Ocimum basilicum (‘Sweet’ basil) and Solanum tuberosum 

(‘Caribe’ potatoes) were not perceived as different by panelists. The differences between these 

could have been a potential explanation in plant morphology, physiology, biochemistry, and 

phenology which affected the sensory thresholds enough so that participants could detect a 

difference.  

Tomatoes have been grown many times in AVS conditions both in greenhouses and open 

conditions. They have been found to change responses to light and temperature in AVS 

conditions compared to controls. AVS grown tomatoes have shown differences in sugar, acidity, 

yield, pigmentation and carotenoids, and firmness due to different microclimate conditions 

(Aroca-Delgado, 2019; Barron-Gafford et al., 2019; Bulgari et al., 2015; López-Díaz et al., 

2020). In studies by Bulgari et al. (2015), sucrose content was reduced in AVS microclimate 

conditions due to the lower light, temperature, and water availability (Bulgari et al., 2015). 

Higher levels of solar irradiation produced fruits with higher sugar levels than low irradiance 
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(Winsor and Adams, 1976). Sugar is correlated with sweetness perceived by people. An increase 

in temperature can increase citric acid content and reduce carotenoid concentration allowing for 

AVS to produce lower amounts of citric acid and carotenoids compared to controls (Yakir et al., 

1984). Citric acid corresponds to acid and sour taste perceptions in humans. The sugar to acid 

ratio can highly influence how people perceive and prefer tomatoes as well as other fruits like 

squash (Lambeth, Fields, & Huecker, 1964). The higher the ratio between soluble solids and 

titratable acidity (TA) acid content, also known as Brix/TA ratio (B/A ratio), the higher the 

overall flavor rating for tomatoes (Lambeth et al., 1964). The ratio might have been high enough 

to allow participants to recognize a difference and prefer traditional conditions slightly over 

AVS; additional analytic techniques would be needed to prove this.  

Color differences have been studied between AVS and control conditions. Lycopene and 

b-carotenes are pigments and antioxidants responsible for the red and deep-red color of ripe 

tomatoes. These are also responsible for how people perceive overall quality, sweetness, 

juiciness, and expected tomato flavor (Stommel et al., 2005). Lycopene content in PV (82.8 

mg/kg) was about half of what traditional, full light conditions (41.7 mg/kg) were (Bulgari et al., 

2015; Shi et al., 1999). The color was the most intense in control treatments compared to 

shading, though the temperatures were over the optimum range (15-20 °C) for best ripening for 

breaker stage fruit (Cantwell, 2000) reaching 34.5 °C in the controls (López-Díaz et al., 2020). 

Due to the change in temperature and ripening for tomatoes in AVS plots, people may have 

perceived differences in color allowing them to distinguish between control and AVS grown 

tomatoes.  

The other fruit samples in this study all indicated similar perceivable differences. Sucrose 

and starch content are the main influencers of squash preference and acceptability (Corrigan et 

al., 2000). Squash accumulates between 52-53% starch and 10-15% sugar during fruit 

development at harvest then converts starches (14-19% dry weight) to sugars (43% dry weight) 

after curing (Loy, 2014). Starch content is correlated to textural attributes and soluble sugar 

levels in mature fruit. The starch and sugar ratio in mesocarp tissue plays a role in determining 

fruit quality in humans. During storage, fruit starch is metabolized into sugars (Loy, 2004; Paris 

et al., 2017). A slower growth rate may mean higher dry matter, but lower soluble solid 

accumulation, meaning a higher ratio of starch to sugar which may not be desirable to 

consumers. Lower sugar ratios may be a consequence of lower sunlight irradiation levels (Conti 
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et al., 2015). Color also influences consumer preference for squash. The more orange and less 

yellow butternut squash is, the more preferred it is (Silva et al., 2019). Butternut squash gets 

orange-colored flesh from the carotenoids α-carotene, β-carotene, lutein, and violaxanthin (     

Conti et al., 2015; Hidaka et al., 1987; Paris et al., 2017). Reduction in carotenoid levels can be 

affected by high temperatures, photoperiod, and reduction in light intensity (Conti et al., 2015). 

Because of the potential color differences and sugar differences, consumers were able to tell a 

difference between AVS and control squash samples.   

The microclimate in AVS systems may have changed Anasazi Red bean sensory 

characteristics and seed yield to allow participants to distinguish significant differences and to 

prefer control Anasazi beans over AVS. Bean seed composition and quality depend on genetics, 

the microclimate of agroecological conditions, cultivation practices, post-harvest management, 

storage temperature, and time stored (Garcia-Diaz et al., 2018). Because AVS reduces irradiance 

levels, the plant delays flowering and physiological maturity to increase the grain filling period 

and increase mean grain weight. Grains per pod, pods per plant, and overall plant numbers 

decreased with shading (Hadi et al., 2006; Worku et al., 2004). Grain filling has to do with starch 

content, or the amylose/amylopectin ratio. Texture in common beans is affected by the proteins, 

starch, amylose, and amylopectin molecules (Florez et al., 2009; Pujolá et al., 2004). Starch 

content increases and protein content decreases with high rainfall and mild temperatures 

(Escribano et al., 1997; Florez et al., 2009). Texture could have influenced sensorial differences 

perceived by people.  

Anasazi beans are from the four corners region of Arizona, Colorado, New Mexico, and 

Utah, named by the Navajo tribe as Anasazi, which translates to ‘the ancient ones’ (Bassett, 

2000; Kaplan, 1956). The Anasazi market class of beans (grown mainly at 2134 m elevation in 

the four corners) were moved to southern Arizona after other varieties of beans because they 

weren’t preferred by the indigenous peoples of the area (Bassett, 2000; Kaplan, 1956). Anasazi 

beans have been characterized as tender, meaty, hearty, creamy, and rich (McCauley, 2021). 

Malic acid, citric acid, sucrose content, and proteins influence bean flavor. Malic acid and citric 

acid are responsible for sourness in beans (Florez et al., 2009). Sweetness is influenced by 

sucrose content. The greatest variability between beans based on environment was found to be 

protein, sucrose content, citric acid, and malic acid that varied by location (Florez et al., 2009). 
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More research on Anasazi beans related to flavor and flavor analysis in AVS conditions would 

need to be conducted to make better claims about the species.  

It was hypothesized that due to higher elevation and cooler climate Anasazi beans might 

be perceived as better in the cooler AVS climate (Parker et al., 2020), but this study indicated 

preferences for control grown Anasazi beans. Due to adaptations in full-sun conditions, people 

may have preferred Anasazi beans due to other sensorial and quality factors. 

Further research could be done to understand if the flavor was not the determining factor 

that would influence choice. In another study, people were willing to pay between US$13.20/kg 

and $17.60/kg for locally produced heirloom beans at farmers markets (Swegarden et al., 2016). 

It would be interesting to explore if labeling or educating consumers about AVS technology at a 

farmers’ market would increase sales of AVS grown products 

Vegetables in this study, including herbs, were not perceived as different by consumers. 

Basil has been previously studied in shaded and control conditions and AVS conditions for yield 

and volatile production (Chang et al., 2008; Thompson et al., 2020). Lipids and carbohydrates 

did not show a significant difference in AVS compared to full-sun conditions, but protein content 

was reduced by 14.1% in AVS conditions (Thompson et al., 2020). In shaded conditions, 

volatiles were five times lower in 75% shading (5.3 mols m-2 d-1) for plants that started shading 

at the 1 -3 leaf-pair growth stage compared to non-shaded (24.9 mols m-2 d-1) conditions (Chang 

et al., 2008). Eugenol and linalool are non-polar volatiles that give basil it’s characteristic floral, 

sweet, and citrusy      aroma profiles (Simon et al., 1999). The volatile linalool was reduced by a 

factor of 4 in 75% shaded plants and eugenol was reduced by a factor of 3 in 75% in shaded 

plants. Methyl eugenol was enhanced sixfold in 75% shading compared to no shading at the 1 

leaf-pair growth stage (Chang et al., 2008). However, because Thompson indicated no significant 

difference in lipid content; there was probably little difference in aroma profiles of the plants 

resulting in tasters not being able to distinguish between samples and not having a preference 

between samples.  

Participants in the study also had a difficult time distinguishing the difference between 

potato samples. Potato quality was influenced by components (non-volatile) in potatoes such as 

glycoalkaloids, sugars, amino acids, lipids, acids, nucleotides, and cell structures (Jansky, 2008; 

Maga & Holm, 1992). Glycoalkaloids and solanine produced bitter flavors in potatoes and 

increased with increased light intensity, higher temperatures, and increased day lengths (Maga & 
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Fitzpatrick, 2009). Volatiles produced after heating affect the sugars, amino acids, and lipids in 

potatoes. Phenolic compounds can contribute negatively to flavor, as there is a positive 

correlation between phenolic contents and bitterness/astringency (Jansky, 2008; Mondy et 

al. 1971     ). Steamed tubers with high levels of guanosine 5′-monophosphate (GMP), a 

ribonucleotide, with high levels of glutamate are positively correlated to good perception scores 

in sensory analyses (     Jansky, 2008; Morris et al., 2007). The texture of potatoes was 

characterized by waxy, otherwise known as soft, and mealy, otherwise known as floury (Taylor 

et al., 2007). Texture can greatly differ depending on the cooking method (     Raigond et al., 

2020; Taylor et al., 2007), starch content and distribution in tubers, starch swelling, cell size, and 

type of starch in potatoes (Taylor et al., 2007). Because cooking was the same for both 

treatments, the difference in texture was due to the potato's intrinsic factors such as starch type. 

The difference in starch type, amylose, and amylopectin, is usually dependent on the granular-

bound starch synthase (GBSS) and antisense GBSS which reduces the amount of amylose 

content in potatoes. The expression of antisense GBSS is specific to a potato’s genome which 

would not change under the different microclimate conditions of AVS (     Denyer et al., 2001; 

Kuipers et al., 1994;). High amylose content reduces starch-swelling properties causing potatoes 

to be harder and less waxy. Waxy potatoes usually lack amylose content (McPherson & Jane, 

1999). However, none of the differences were above participants' threshold to indicate a 

difference or prefer one growth condition over the other.  

Although size and senescence of potatoes were not factors biasing the participants in this 

study, potatoes grown in AVS conditions in south-west Germany with bifacial solar panels have 

indicated leaf senesces later in AVS than in control plots as well as a reduction in potato tuber 

yield in AV (2.36 kg m-1) compared to full-sun conditions (28.8 kg m-1) which was comparable 

to the harvest data collected for tastings on Day 5 and 6 (Weselek et al., 2021). The late 

senescence and decreased yield may have been due to the reduced temperature stress under PV 

(Weselek et al., 2021).  

These results of the fruit and vegetable cultivars indicated there might be differences 

between growth conditions influencing crop sensorial quality, but this would not necessarily 

affect stakeholders' abilities to market products to consumers. This study was limited in the 

sample size of crops produced at Biosphere 2. This reduced the sample size of participants in the 

study. Due to a minimized sample size, this study was limited regarding accuracy of its results 
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(speific limits are listed in the limitations section of this report). Suffice it to say further studies 

should include more samples to be statistically sound. 

2.3.2 Differences Among Panelists  

To investigate how demographic factors were associated with sensory testing and WTP, 

binary logistic regression analysis and multinomial logistic regression analysis were performed 

to assess the association between triangle test results, paired preference test results, WTP results, 

and a suite of independent variables (residency, tasting location, gender, education, income, race, 

age, frequency of purchase, the purchase price of produce grown under PV) (Appendix A: Table 

11). Potatoes and tomatoes were grouped together as they were eaten first. Squash, bean, and 

basil samples were grouped together as they were consumed second in the survey. Tucson 

residents did not prefer and would not be willing to pay more for AVS samples compared to non-

residents for squash, bean, and basil samples as people in the region might have been more 

accustomed to Anasazi beans grown in full-sun conditions. People that tasted samples at the 

Main campus were more likely to prefer the flavor overall, eat samples later, and pay more for 

AVS samples compared to control samples. There were fewer panelists at the University of 

Arizona main campus, and a larger percentage of tasters at the Main Campus had completed a 

higher education degree than panelists at Biosphere 2 allowing potential biases for wanting to 

support novel technologies and research.  

In models, males were less likely to report a preference; males report less olfactory 

abilities than women in terms of sensitivity, identification, familiarity, and recognition (Spence, 

2019). Those with a secondary education degree were more likely to pay more for AVS samples 

compared to control samples than higher education participants. More research would need to be 

done on the income levels and mitigating potentials for hypothetical willingness to pay more for 

one sample over the other. Income was not a significant factor for paying more based on flavor 

or after knowing their favorite samples were grown under solar. This differed from the 

hypothesis that all higher-income participants would be willing to pay more for sustainable 

technologies (van Doorn & Verhoef, 2011). Race influenced the odds of choosing neither 

sample. More research would need to be done relating to white people versus POC regarding 

regular food intake to understand if there were environmental or genetic influences on preference 

and taste. Middle-aged people were more likely to prefer AVS than young people. More research 
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would need to be done to understand differences in sensory thresholds for young people 

compared to middle-aged people to understand if preference was due to middle-aged people 

liking one sensory attribute more than younger people which would have influenced preference. 

The frequency of purchase was not statistically significant given the sample size of people who 

indicated low frequency. 

2.3.3 Limitations of the Study and Future Studies 

As with all studies, this study had limitations. Random and systematic errors also 

occurred during this study. Due to a minimized sample size, this study was limited in the 

accuracy of its results. According to Lee and OMahony (2004), the triangle method requires at 

least 276 tests of one type of sample to reach a significant statistical power. The result of 

modeling indicates that for a d’ value of unity at the 5% level of significance, which allows for 

differences to be detected 90% of the time, the triangle test must require a very large sample size 

to detect small differences (Lee & OMahony, 2004). Not only would the test require at least 276 

tests, but this study would also require more uniform tasting stimuli or samples. This influenced 

the results of all statistical models. The sample size was low due to a limited plot area. The 

sample size was also limited due to low foot traffic in the main campus area and weather 

constraints in Tucson. The small sample size allowed for bias and inaccurate modeling results.  

Although this study was designed to mitigate error, there were still random and 

systematic errors. Random errors included the types of lighting, relative humidity, and 

temperature of the rooms between sites. To remove bias in the future, sensory studies could be 

limited to one location. Some systematic errors encountered in this study included time 

constraints that did not allow for recording data and images of the study.  

There were also instrumental errors in the study. Due to the range in serving temperatures 

for samples, the sensorial properties (e.g., texture, mouthfeel, sweetness, overall flavor, saltiness, 

creaminess, etc.) of the warmed samples (i.e., potatoes, beans, and squashes) probably differed 

over time (Canet et al., 2005; Mony et al., 2013). Due to an inconsistent total volume of samples, 

some samples were warmed to different degrees of temperatures and dried out at different rates, 

creating different sensory experiences between samples, potentially skewing results of the 

overall perception and preference of some samples. 



 44 

Human errors due to interpretation by participants also occurred. Due to using both 

physical and electronic versions of the survey, participants interpreted the questions slightly 

differently as there was no way to randomize the surveys that people received. This could have 

led to biasing with physical compared to electronic surveys.  

This study provided valuable information and conclusions for those researching and 

investing in AVS goods and AVS technology. Research should be continued regarding consumer 

evaluations of AVS goods. Because this study was hypothetical, future research could also 

include a reward for participants to give more accurate responses to the Likert, WTP scale 

questions. Future studies could be more accurate when asking questions about WTP. This study 

was limited in the ability to match the numbers of the AVS samples with participants’ WTP 

question as the samples were all randomized and the Qualtrics software was not able to match 

the number that AVS corresponded to with the WTP, Likert scale question. In this case, prior to 

knowing any outcomes of preference or difference testing, the question that stated “... now you 

learn… favorite samples… produced under solar panels… pay more or less… ?” should have 

been posed a different way, as most participants chose control samples as favorites. This may 

have prevented an accurate estimate of consumers’ wiliness to pay more for AVS produce.  

Future studies could record data at multiple time points throughout a season with trained 

panelists to get the analytic and hedonic ratings for sweetness, acidity, and chemical composition 

of fruits. B/A ratios change over a season for most fruits, so it would be interesting to understand 

if the B/A ratio was influenced in fruits over a season in AVS conditions compared to control 

conditions.  

Future studies should also identify consumers’ prior knowledge and preferences of PV 

technology and the solar industry to gauge the social acceptance of AVS technology by the 

public. Consumer knowledge and support or lack thereof for solar panels and the solar industry 

could influence their support and consumption of AVS products. Questions regarding where 

solar should be implemented, who benefits from solar, how sustainable solar is as perceived by 

the public, how sustainable are AVS products, and what types of products are people willing to 

purchase from AVS farms would all benefit future consumer research of AVS products for the 

academic and broader communities.  

A consumer study for potential buyers of AVS products should also include more 

information about labeling. This could include qualitative questions about what consumers value 
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when purchasing food items at the grocery store, farmers markets, or other food retail spaces. 

Questions could also relate specifically to the ‘Solar GrownTM'’ to understand how consumers 

view this type of label. Because this study did not consider the effects of the different types of 

eco-labeling, it would be beneficial to understand if potential consumers of AVS products view 

‘Solar GrownTM’ as sustainable and trustworthy. Questions about ‘Solar GrownTM’ could also 

include how exclusive consumers view the product, where consumers would expect to find AVS 

products, and exactly how much they would expect to pay for these products.  

Improvements would need to be made in the future to account for errors and increase 

population size. Limitations and future studies should be done to improve the research going 

forward. To make more conclusions about additional cultivars and the cultivars studied in this 

thesis, more samples should be compared for flavor and social acceptance.  

2.4 CONCLUSION  

To inform future investors and academic research, this study can be used to estimate the 

potential social acceptance of AVS products by consumers. We explored differences in sensorial 

quality between AVS and control (traditional, full sun) crops. Fruits were more likely to be 

perceived as different than vegetables. However, only Anasazi bean samples were perceived as 

different such that panelists indicated a preference for the control growth condition. This study 

also indicated that people were willing to pay more or the same for their preferred sample after 

knowing that the samples were grown in AVS conditions. Future research should study these 

crop samples in other ecosystems and locations to determine if the differences between AVS and 

control were only in the dry arid ecosystem. Variety trials can also be conducted to understand if 

there are any cultivars and varieties that are perceived as different and more preferred from AVS 

conditions. Future research should study these crop samples in other ecosystems and locations to 

determine if the differences between AVS and control were only in the dry arid ecosystem. 

Variety trials should also be conducted to understand if there are any cultivars and varieties that 

are perceived as different and more preferred from AVS conditions. All things considered, this 

study will provide future researchers and the marketing industry with information about the 

sensory of crops grown in AVS. All things considered, this study will provide future researchers 

and the marketing industry with information about the sensory of crops grown in AVS. 
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APPENDIX A 

ADDITIONAL TABLES  

Table 4: Independent variable counts by location, day, and variable  

Independent 

Variable Location Day var Count 

Gender 

Shantz 

1 Female 10 

1 Male 7 

B2 

2 Female 17 

2 Male 12 

Shantz 

3 Female 12 

3 Male 5 

B2 

4 Female 33 

4 Male 25 

4 

Non-

Binary 1 

Shantz 

5 Female 4 

5 Male 11 

5 

Non-

Binary 2 

B2 

6 Female 19 

6 Male 10 

6 

Non-

Binary 1 

Age 

Shantz 

1 Younger 11 

1 

Middle-

Age 5 

1 Elderly 1 

B2 

2 Younger 15 

2 

Middle-

Age 14 

Shantz 

3 Younger 12 

3 

Middle-

Age 4 

3 Elderly 1 

B2 

4 Younger 30 

4 

Middle-

Age 15 

4 Elderly 14 

Shantz 

5 Younger 15 

5 

Middle-

Age 2 



 47 

B2 

6 Younger 15 

6 

Middle-

Age 11 

6 Elderly 4 

Race 

Shantz 

1 White 10 

1 POC 7 

B2 

2 White 20 

2 POC 9 

Shantz 

3 White 12 

3 POC 5 

B2 

4 White 42 

4 POC 13 

Shantz 

5 White 9 

5 POC 8 

B2 

6 White 22 

6 POC 8 

Pima 

County 

Shantz 1 Resident 17 

B2 

2 

Non-

Resident 22 

2 Resident 7 

Shantz 

3 

Non-

Resident 2 

3 Resident 15 

B2 

4 

Non-

Resident 38 

4 Resident 21 

Shantz 

5 

Non-

Resident 3 

5 Resident 14 

B2 

6 

Non-

Resident 21 

6 Resident 9 

Income 

Shantz 

1 Lower 10 

1 Middle 5 

1 Upper 1 

B2 

2 Lower 12 

2 Middle 8 

2 Upper 9 

Shantz 

3 Lower 13 

3 Middle 2 

3 Upper 2 

B2 

4 Lower 31 

4 Middle 14 
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4 Upper 11 

Shantz 

5 Lower 11 

5 Middle 1 

5 Upper 4 

B2 

6 Lower 9 

6 Middle 5 

6 Upper 16 

Education 

Shantz 

1 Higher 7 

1 Primary 3 

1 Secondary 5 

B2 

2 Higher 8 

2 Primary 12 

2 Secondary 9 

Shantz 

3 Higher 6 

3 Primary 6 

3 Secondary 5 

B2 

4 Higher 12 

4 Primary 25 

4 Secondary 20 

Shantz 

5 Higher 5 

5 Primary 11 

5 Secondary 1 

B2 

6 Higher 6 

6 Primary 5 

6 Secondary 18 

 

 
Table 5: Multinomial Logistic Triangle Test Results 

    coeff OddsRatio p_value R2 

Potato & Tomato  (Intercept) 0.308 1.361 0.039  
Pima County Residency (ref 

= Non-resident) Resident -0.067 -1.069 0.509  
Location (ref = Biosphere 2) Main Campus 0.026 1.026 0.801  

Gender (ref = Female) Male 0.066 1.069 0.434  
Education (ref = Higher) Primary 0.115 1.122 0.299  

 Secondary 0.192 1.211 0.069  
Income (ref = Lower) Middle -0.233 -1.262* 0.040  

 Upper -0.011 -1.011 0.930  
Race (ref = White) POC 0.053 1.054 0.547  
Age (ref = Young) Middle-Age 0.034 1.034 0.752  

 Elderly 0.335 1.399* 0.035  
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Frequency of Purchase (ref 

= High Frequency) 
Med Freq 

0.067 1.069 0.456  
 Low Freq -0.190 -1.209 0.476  

Likert (ref = Same) More -0.075 -1.078 0.379  
 Less 0.203 1.225 0.400  

  PSEUDO R-SQUARED     0.099 

Squash, Bean, & Basil (Intercept) 0.643 1.903 0.000  
Pima County Residency (ref 

= Non-resident) Resident -0.084 -1.088 0.416  
Location (ref = Biosphere 2) Main Campus 0.075 1.078 0.475  

Gender (ref = Female) Male -0.059 -1.061 0.493  
Education (ref = Higher) Primary 0.008 1.008 0.942  

 Secondary 0.080 1.084 0.453  
Income (ref = Lower) Middle -0.008 -1.008 0.948  

 Upper -0.019 -1.020 0.876  
Race (ref = White) POC 0.050 1.051 0.580  
Age (ref = Young) Middle-Age -0.203 -1.225 0.065  

 Elderly -0.142 -1.152 0.378  
Frequency of Purchase (ref 

= High Frequency) 
Med Freq 

-0.019 -1.019 0.835  
 Low Freq -0.341 -1.407 0.211  

Likert (ref = Same) More -0.155 -1.168 0.076  
 Less -0.115 -1.121 0.641  

  PSEUDO R-SQUARED     0.073 

*p<0.05 

 
Table 6: Multinomial Logistic Preference Overall Results 

    Odds Ratio P-values   

    

AVS 

(ref = 

control) 

Prefer 

Neither 

(ref = 

control) AVS_P Neither_P R2 

Potato & Tomato  (Intercept) -2.276 -9.818 0.212 0.041  
Pima County Residency (ref 

= Non-resident) Resident -1.096 1.325 0.837 0.703  

Location (ref = Biosphere 2) 
Main 

Campus 1.198 -1.916 0.685 0.419  
Gender (ref = Female) Male 1.385 7.392* 0.382 0.006  

Education (ref = Higher) Primary 1.746 2.060 0.261 0.363  
 Secondary 2.076 -2.463 0.114 0.337  

Income (ref = Lower) Middle -1.938 2.291 0.186 0.368  
 Upper 1.184 1.549 0.751 0.649  



 50 

Race (ref = White) POC -1.175 -3.874 0.671 0.085  
Age (ref = Young) Middle-Age 1.079 -1.057 0.873 0.944  

 Elderly 1.325 -1.585 0.687 0.681  
Frequency of Purchase (ref 

= High Frequency) 
Med Freq 

1.447 -1.611 0.350 0.498  

 Low Freq 

1.217 

-

111213.34

5** 0.860 0.000  
Likert (ref = Same) More -1.149 -1.159 0.708 0.823  

 Less -2.585 3.449 0.469 0.339  

  

PSEUDO R-

SQUARED       0.084 

Squash, Bean, & Basil (Intercept) -2.570 -17.226 0.166 0.015  
Pima County Residency (ref 

= Non-resident) Resident -3.323* -5.864* 0.017 0.018  

Location (ref = Biosphere 2) 
Main 

Campus 2.912* 1.539 0.029 0.573  
Gender (ref = Female) Male 1.617 2.184 0.226 0.193  

Education (ref = Higher) Primary 1.377 3.317 0.538 0.145  
 Secondary 1.517 -1.240 0.388 0.801  

Income (ref = Lower) Middle -1.816 2.243 0.271 0.353  
 Upper 1.131 1.859 0.826 0.516  

Race (ref = White) POC 1.173 -1.430 0.696 0.593  
Age (ref = Young) Middle-Age 3.549* 1.821 0.016 0.444  

 Elderly -1.453 -4.825 0.611 0.213  
Frequency of Purchase (ref 

= High Frequency) 
Med Freq 

1.255 2.529 0.587 0.219  

 Low Freq 

-3.366 

-

301197.47

9** 0.348 0.000  
Likert (ref = Same) More 1.611 2.224 0.236 0.202  

 Less -5.806 -1.117 0.178 0.939  

  

PSEUDO R-

SQUARED       0.127 

*p<0.05; **Outlier 

 
Table 7: Multinomial Logistic Eat Again Results 

    Odds Ratio P-values   

    

AVS (ref = 

control) 

Prefer 

Neither 

(ref = 

control) AVS_P Neither_P R2 

Potato & Tomato  (Intercept) -1.288 1.116 0.722 0.902  
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Pima County Residency 

(ref = Non-resident) Resident 1.216 -1.115 0.673 0.871  
Location (ref = Biosphere 

2) 
Main Campus 1.031 1.391 0.948 0.630  

Gender (ref = Female) Male 1.568 2.354 0.255 0.109  
Education (ref = Higher) Primary 1.297 -2.598 0.620 0.167  
 Secondary 1.662 -1.931 0.304 0.311  

Income (ref = Lower) Middle -2.005 -1.502 0.178 0.580  
 Upper -1.248 -1.480 0.693 0.613  

Race (ref = White) POC -1.777 -5.177* 0.154 0.012  
Age (ref = Young) Middle-Age -1.380 -1.221 0.518 0.763  

 Elderly -1.215 -2.007 0.789 0.476  
Frequency of Purchase 

(ref = High Frequency) 
Med Freq 2.080 1.157 0.080 0.790  

 Low Freq 

1.703 

-

449496.09

4** 0.633 0.000  
Likert (ref = Same) More -1.838 -2.009 0.124 0.196  

 Less -1.581 6.186 0.765 0.184  
  PSEUDO R-SQUARED       0.093 

Squash, Bean, & Basil (Intercept) -2.932 -15.786 0.114 0.018  
Pima County Residency 

(ref = Non-resident) Resident -2.536 -3.280 0.056 0.099  
Location (ref = Biosphere 

2) 
Main Campus 2.890* 1.242 0.027 0.775  

Gender (ref = Female) Male 1.314 1.074 0.481 0.906  
Education (ref = Higher) Primary 1.678 1.526 0.317 0.580  
 Secondary 1.324 -4.843 0.562 0.081  

Income (ref = Lower) Middle -1.272 2.462 0.649 0.304  
 Upper 1.467 2.449 0.490 0.354  

Race (ref = White) POC 1.088 -1.025 0.836 0.970  
Age (ref = Young) Middle-Age 3.064* 1.300 0.026 0.751  

 Elderly -1.511 -1.221 0.588 0.841  
Frequency of Purchase 

(ref = High Frequency) 
Med Freq 1.334 5.110 0.481 0.054  

 Low Freq 

-2.744 

-

89295.961

** 0.433 0.000  
Likert (ref = Same) More 1.255 1.643 0.566 0.416  

 Less -2.700 7.184 0.473 0.145  
  PSEUDO R-SQUARED       0.122 

*p<0.05; **Outlier 
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Table 8: Multinomial Logistic Pay More 

    Odds Ratio P-values   

    

AVS (ref = 

control) 

Prefer 

Neither 

(ref = 

control) AVS Neither R2 

Potato & Tomato  (Intercept) -2.192 -1.136 0.310 0.864  
Pima County Residency 

(ref = Non-resident) Resident 1.834 -1.564 0.242 0.399  
Location (ref = 

Biosphere 2) 
Main Campus 

1.230 1.177 0.687 0.762  
Gender (ref = Female) Male -1.177 1.322 0.705 0.519  

Education (ref = 

Higher) 
Primary 

1.538 -1.519 0.455 0.451  
 Secondary 3.013* 1.373 0.045 0.558  

Income (ref = Lower) Middle -2.653 -1.368 0.099 0.580  
 Upper 1.091 -2.608 0.886 0.153  

Race (ref = White) POC -1.981 -1.487 0.129 0.371  
Age (ref = Young) Middle-Age 1.610 1.126 0.396 0.828  

 Elderly 1.039 -3.119 0.961 0.189  
Frequency of Purchase 

(ref = High Frequency) 
Med Freq 

1.199 1.571 0.680 0.345  
 Low Freq -2.140 -1.326 0.576 0.835  

Likert (ref = Same) More -1.283 1.167 0.564 0.727  
 Less 1.066 3.434 0.966 0.340  

  PSEUDO R-SQUARED       0.067 

Squash, Bean, & Basil (Intercept) -5.317 -2.917 0.038 0.168  
Pima County Residency 

(ref = Non-resident) Resident -3.048* -2.943* 0.043 0.048  
Location (ref = 

Biosphere 2) 
Main Campus 

2.436 1.662 0.096 0.346  
Gender (ref = Female) Male 2.148 2.321 0.090 0.058  

Education (ref = 

Higher) 
Primary 

2.092 -1.160 0.220 0.799  
 Secondary 2.375 1.069 0.130 0.904  

Income (ref = Lower) Middle -1.625 1.433 0.437 0.539  
 Upper -1.061 -1.088 0.925 0.897  

Race (ref = White) POC 1.609 1.391 0.308 0.479  
Age (ref = Young) Middle-Age 3.833* 1.858 0.026 0.297  

 Elderly -1.922 -2.762 0.449 0.209  
Frequency of Purchase 

(ref = High Frequency) 
Med Freq 

1.863 2.558 0.182 0.054  
 Low Freq -2529690.679** -1.857 0.000 0.635  
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Likert (ref = Same) More 1.481 1.212 0.384 0.669  
 Less -4.745 -1.360 0.282 0.800  

  PSEUDO R-SQUARED       0.101 
*p<0.05; **Outlier 

 
Table 9: Multinomial Logistic Likert 

    Odds Ratio P-values   

    More Less More Less R2 

Potato & Tomato  (Intercept) -2.077 -1.01E+90** 0.249 0.000  
Pima County Residency (ref 

= Non-resident) Resident -1.429 -5.81E+00 0.438 0.256  

Location (ref = Biosphere 2) 
Main 

Campus 4.718* 3.78E+00 0.001 0.408  
Gender (ref = Female) Male -1.082 Less 0.833 0.055  

Education (ref = Higher) Primary 1.479 1.00E+88** 0.425 0.000  
 Secondary 1.391 1.65E+88** 0.473 0.000  

Income (ref = Lower) Middle -2.015 -1.33E+01 0.169 0.198  

 Upper 
1.504 

-

2.22E+113** 0.449 0.000  
Race (ref = White) POC -1.335 -2.66E+00 0.459 0.519  
Age (ref = Young) Middle-Age -1.592 5.32E+00 0.329 0.195  

 Elderly 4.816* 3.97E+01 0.037 0.075  
Frequency of Purchase (ref 

= High Frequency) 
Med Freq 

1.554 2.86E+00 0.271 0.435  
 Low Freq 1.431 -3.82E+03** 0.751 0.000  

  

PSEUDO R-

SQUARED       0.163 

Squash, Bean, & Basil (Intercept) -2.681 -1.27E+14** 0.128 0.000  
Pima County Residency (ref 

= Non-resident) Resident 1.293 -3.60E+00 0.566 0.481  
Location (ref = Biosphere 2) Main Campus 4.056* 5.42E+00 0.001 0.361  

Gender (ref = Female) Male -1.067 4.96E+00 0.862 0.158  
Education (ref = Higher) Primary -1.022 7.13E+11** 0.965 0.000  

 Secondary 1.442 2.19E+12** 0.429 0.000  
Income (ref = Lower) Middle -1.533 -8.73E+00 0.401 0.212  

 Upper 1.985 -3.52E+00 0.213 0.441  
Race (ref = White) POC -1.346 -1.89E+00 0.450 0.639  
Age (ref = Young) Middle-Age -1.309 1.29E+01 0.582 0.062  

 Elderly 3.527 4.30E+01 0.080 0.059  
Frequency of Purchase (ref 

= High Frequency) 
Med Freq 

1.312 2.18E+00 0.495 0.538  
 Low Freq -2.701 -7.95E+04** 0.437 0.000  
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PSEUDO R-

SQUARED       0.147 

*p<0.05; **Outlier 

 

ADDITIONAL FIGURES 

(a)  (b)  

(c)  

(d)  

Figure 6:Example Survey Questions (a) Example paired Comparison (b) Example Paired Preference (c) Example Triangle Test (d) 
Example Knowing Solar Question 
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Figure 7: Example Recruitment Flyer 
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