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ABSTRACT  

   

Drawn from a trio of manuscripts, this dissertation evaluates the sustainability 

contributions and implications of deploying underutilized spaces for alternative uses at 

multiple scales: urban, regional and continental. The first paper considers the use of 

underutilized spaces at the urban scale for urban agriculture (UA) to meet local 

sustainability goals in Phoenix, Arizona. Through a data-driven analysis, it demonstrates 

UA can meet 90% of annual demand for fresh produce, supply local produce in all food 

deserts, reduce areas underserved by public parks by 60%, and displace >50,000 tons of 

carbon-dioxide emissions from buildings.  

The second paper considers marginal agricultural land use for bioenergy crop cultivation 

to meet future liquid fuels demand from cellulosic biofuels sustainably and profitably.  At 

a wholesale fuel price of $4 gallons-of-gasoline-equivalent, 30 to 90.7 billion gallons of 

cellulosic biofuels can be supplied by converting 22 to 79.3 million hectares of marginal 

lands in the Eastern United States (U.S.). Displacing marginal croplands (9.4-13.7 million 

hectares) reduces stress on water resources by preserving soil moisture. This 

displacement is comparable to existing land use for first-generation biofuels, limiting 

food supply impacts. Coupled modeling reveals positive hydroclimate feedback on 

bioenergy crop yields that moderates the land footprint.  

The third paper examines the sustainability implications of expanding use of marginal 

lands for corn cultivation in the Western Corn Belt, a commercially important and 

environmentally sensitive U.S. region. Corn cultivation on lower quality lands, which 

tend to overlap with marginal agricultural lands, is shown to be nearly three times more 
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sensitive to changes in crop prices. Therefore, corn cultivation disproportionately 

expanded into these lands following price spikes.  

Underutilized spaces can contribute towards sustainability at small and large scales in a 

complementary fashion. While supplying fresh produce locally and delivering other 

benefits in terms of energy use and public health, UA can also reduce pressures on 

croplands and complement non-urban food production. This complementarity can help 

diversify agricultural land use for meeting other goals, like supplying biofuels. However, 

understanding the role of market forces and economic linkages is critical to anticipate any 

unintended consequences due to such re-organization of land use.  
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CHAPTER 1 

INTRODUCTION 

1.1 Land use and sustainability challenges  

People currently use about a quarter of the land-based net primary production for food, 

feed, fiber, timber and energy (Krausmann et al 2013). Land also provides biodiversity 

and many other essential ecosystem services, like climate regulation.  

Land use / land cover change is one of the most pervasive stressors of the Earthôs 

physical resources and natural systems (Turner II et al 2007). Deforestation, urbanization, 

and the expansion and intensification of agriculture have altered the planetôs surface. As a 

result of human activities, over three quarters of the Earthôs ice-free land area can no 

longer be considered wild (Ellis and Ramankutty 2008), and even remaining wild areas 

are likely influenced by human beings (Sanderson et al 2002). Land use / land cover 

change is also linked to almost all major environmental problems, like land degradation, 

water pollution and habitat destruction, as well as climate change, because land acts as a 

source as well as a sink for greenhouse gas (GHG) emissions.  

For example, soils in croplands are estimated to be lost at a much faster rate than they are 

formed (10 to 20 times under no-till systems to more than 100 times under conventional 

tillage) (Montgomery 2007; IPCC 2019). Extensive and persistent seasonal hypoxia in 

the Gulf of Mexico has been attributed to intensification of agriculture in the U.S. 

Midwest (Donner and Kucharik 2008 and Van Meter et al 2018), and existence of similar 

ñdead zonesò have been documented in coastal waters worldwide (Diaz and Rosenberg, 

2008).  Faster rates of urbanization near protected areas fragment wildlife corridors, 

reducing the effectiveness of efforts to prevent habitat loss (Radeloff et al 2010). During 
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2007-2016, an estimated 23% of total anthropogenic greenhouse gas (GHG) emissions 

were attributable to Agriculture, Forestry and Other Land Use (AFOLU) (IPCC 2019).  

Agriculture is the single biggest transformer of land. Land use / land cover change and 

land use intensification associated with agriculture remains an important source of 

economic growth and development. Worldwide, the total production of cereal crops rose 

by 240% (1961-2017) and cotton output rose by 130% (1961-2013) due to expansion of 

croplands and yield improvements, primarily as a result of increased use of agro-

chemicals (IPCC 2019). Currently, more than one-third of global land use is for 

agricultural purposes (FAOStat 2015): cropping (12%) and permanent pasture (25%). For 

the majority of the worldôs countries (78%), the share of agriculture in total land area is 

more than 14%, and for a quarter, it is at least 50% (Figure 1.1). Irrigated agriculture is 

also responsible for nearly 70% of freshwater consumption worldwide (IPCC 2019). 

 

 

Figure 1.1. Share of agricultural land use by country. Share of agricultural land as percent 

of total land area by country (2015). Source: FAOStat. 
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The following trends highlight the sustainability challenges associated with the use of 

agricultural lands: (i) the shifting of agricultural lands to the tropics; (ii) population 

growth, rising incomes, and increasing demand for food, particularly animal protein; (iii) 

losses and waste along food supply chains; (iv) expansion of crop-based biofuels; (v) 

urbanization and (vi) teleconnections in land use as a result of globalization.   

The share of agricultural land to total land (also cropland to total land) appears to be 

relatively stable worldwide. However, most developed countries have been experiencing 

a decline in agricultural lands since the 1960s, while in the developing and the least-

developed countries, agricultural lands have been expanding (Fig. 1.2). In particular, 

significant expansion of agricultural lands has been documented in tropical regions, with 

implications for food supply and the environment (Foley et al 2011). Crop yields in the 

tropics tend be lower (Gibbs et al 2008, Monfreda et al 2008). Also, in the twenty years 

between 1980ï2000, forest clearing was the source of over 80% of the new agricultural 

land created in these regions, adding to the planetôs carbon debt, endangering habitats and 

adversely affecting many critical ecosystem services provided by these intact ecosystems 

(Gibbs et al 2010). 

The worldôs population will reach 9.7 billion by 2050 (UN 2019), along with an 

anticipated doubling of food demand (Tilman et al 2011). This is accompanied by rising 

incomes, which generally translates to higher consumption of animal protein (Godfray et 

al 2010, Tilman et al 2011), even though it is an inefficient means of delivering food 

calories. If  current production and consumption trends persist, nearly 1 billion hectares of 

land could be cleared globally by 2050 to meet this demand (Tilman et al 2011).  
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Figure 1.2. Global trends agricultural land use. Change in the share of (a) agricultural 

land and (b) cropland in total land area for selected regions (European Union, Northern 

America, Least-Developed Countries, and World), in 5-yearly increments from 1965 to 

2015. Source: FAOStat. 
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Production and distribution inefficiencies at all stages of food production--from harvest 

to household consumption--indicate approximately one-third of all food produced 

worldwide is lost or wasted. The corresponding land footprint is 1.4 billion hectares 

(2007), or 28% of all agricultural land used worldwide. Dairy and meat products are 

responsible for nearly 80% of this land impact (FAO 2013). 

The use of edible crops as biomass for liquid fuels production is a relatively new 

agricultural use of land (Cassidy et al 2013, Rulli et al 2016). These first-generation 

biofuels fuels can be less-carbon intensive substitutes for petroleum-based liquid fuels, 

which depends on several factors, including the underlying land used to grow the biomass 

(Fargione et al 2008). A period of rapid expansion of first-generation biofuels buoyed by 

policy support in the EU and the U.S. brought about unintended consequences associated 

with food supply and land use (Golub et al 2013, Khanna and Crago 2012, Chen and 

Khanna 2013).  Diversion of productive croplands for biofuels effectively reduces net 

calories available as food, but it could also shift cropping to other locations, which may 

generate a carbon debt if previously uncropped lands are cleared, among other negative 

environmental consequences (Searchinger et al 2008). One of the largest such 

displacements has taken place in the U.S., where corn-based ethanol production uses 

about third of the countryôs corn supply annually, corresponding to an estimated 7% of its 

cropland (9 million hectares in 2011 per Mumm et al 2014).  

Meanwhile, more than half of the planetôs population now live in urban areas (2018), a 

proportion slated to increase to 68% by 2050 (UN 2018). The worldôs economic output, 

energy use and emissions from energy use are concentrated in cities (80% and 70%, 

respectively; Seto et al 2017). Even though cities themselves represent a small portion 
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(1%-3%) of global land use (Lambin and Meyfroidt 2011 and Grimm et al 2008), 

continued urban expansion in Asia and Africa will result in the loss of highly productive 

cropland with negative implications for food supply (Bren dôAmour et al 2017).  

These trends have increasingly global consequences due to growing international trade in 

food and agricultural commodities (Lambin and Meyfroidt 2011) and global supply 

chains that connect emerging export-oriented, land-intensive industries in developing 

countries with buyers in developed economies (Lenzen et al 2012). Similarly, the land 

footprint of cities goes beyond their areal extent. The supply chains for the resources that 

support urban life are increasingly complex and often traced to places outside of the 

immediate regions and even countries where the cities are located. This has created 

ñteleconnectionsò between between urban functions and rural land uses in distant 

localities (Seto et al 2012). 

1.2 Sustainable land management  

Sustainable land management (SLM) strategies are needed to mitigate the negative 

consequence of these stressors on land use and food supply. The goalïand the 

challengeðof SLM is to ensure food security for a growing population with as little new 

land clearing for croplands as possible, efficient use of existing agricultural lands for 

food, feed, fiber, timber and energy, while maintaining the long-term productivity of land 

and its capability to provide ecosystem services (FAO undated, Foley et al 2011).   

On the supply side, closing yield gaps and improving the resource (input use) efficiency 

of existing agricultural lands are important SLM strategies. Both can be accomplished, 

via precision agriculture methods for example, without completely resorting to the 

conventional intensification approaches that has led to the overuse of agrochemicals and 
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overdrawing of freshwater resources for irrigation. On the demand side, improving food 

distribution and access would reduce post-harvest crop losses and food waste. Shifting 

diets away from grain-fed dairy and meat sources would free up valuable plant-based 

calories to be directly consumed as food. Similarly, limiting the diversion of food crops 

for non-food purposes (bioenergy) would increase available food supply. All of these 

strategies are ultimately aimed at minimizing the future expansion of agricultural land 

use, particularly clearing of forests, and limiting the environmental impacts of existing 

agricultural land use.   

Considering alternative productive uses for underutilized spaces (at the urban scale) and 

marginal agricultural lands (at larger ïe.g. regional or continental--scales) can 

complement these SLM strategies, which is the focus of this dissertation.  

Urban agriculture (UA) can address food security issues at a city-scale by increasing 

local food supply (mainly from fresh fruits and vegetables) and by improving food 

distribution and access. UA can also cut the rate of food losses and wasteðwhich is 

substantial for highly perishable fruits and vegetablesðby shortening supply chains. 

When deployed on underutilized urban spaces, UA can also improve land use efficiency 

within cities.  

At the regional or continental scale, emphasizing the cultivation of dedicated energy 

crops on marginal lands for bioenergy purposes accomplishes two sustainability goals: 

One, the substitution of bioenergy from food crops with that from non-food crops. Two, 

shifting energy production away from the most productive of croplands.  

However, this dissertation does not advocate for either as one-size-fits-all SLM solutions, 

or suggest these are the best possible uses of such underutilized spaces or marginal lands. 
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Rather, the objective is to demonstrate the applicability and viability of both in the U.S. 

context, while also developing analytical frameworks to evaluate them in other 

geographic settings.    

1.3 Underutilized spaces and marginal lands 

Underutilization suggests a resourceð in this case, landðthat is not used to its full 

capacity or potential. However, the notion of underutilization in the context of land can 

be hard to describe, and mean different things to different people. Broadly, the difficulty 

lies in the implication that there is an optimal use (or mix of uses) for a given piece of 

land that maximizes this potential, and with respect to that benchmark the existing land 

use can be improved upon or the land can be put under an alternative use (or mix of uses) 

to deliver larger net benefits to its owner. The range of possibilities also includes the 

optimal use being non-use by humans (e.g. wilderness).    

There are inherent challenges in estimating these net benefits from current versus 

alternative uses: most crucially, this is because not all benefits and costs from a given 

land use can be readily measured in monetary or other common unit (e.g., biophysical, 

utility) terms. Additionally, costs and benefits can accrue to near as well as distant 

stakeholders who are not the owners of the land. From a sustainability standpoint, the 

numerous and multi-scale environmental functions of land resources can be difficult to 

value even when they are categorized into ñecosystem servicesò (Saunders and Luck 

2016, Schröter et al 2014). On the other hand, determining the value of land based on its 

productive (economic) uses is comparatively straightforward, especially in a market 

economy as the U.S.  
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Thus, without a full accounting of benefits and costs under the full spectrum of 

alternative uses it is difficult to establish the benchmark use against which the claim of 

underutilization is made. 

The term marginal land is used widely and conveniently to describe land from both 

economic and biophysical productivity perspectives, but it is mainly economic in its 

implications. In other words, the economic prospects of land make it marginal along with 

its physical characteristics. On marginal lands, ñthe returns to production are either 

meager or precariousò (Peterson and Galbraith 1932). More importantly, what are 

marginal lands -or more precisely land resources at the margin- can change with time, 

and in response to economic growth, demographic shifts, technology and policy changes. 

This is exemplified by the gradual shifting margin of U.S. agricultural production 

westward and abandonment of farmlands in the East over the past 150 years (Peterson 

and Galbraith 1932, Campbell et al 2008).        

Not all underutilized spaces / lands are economically marginal (e.g. fallowed croplands). 

Some lands conveniently labeled as marginal because of poor physical characteristics 

(e.g. poor drainage, rocky, erodable, etc.) might be in productive economic uses. 

Sometimes, urban lots remain vacant and underutilized in the middle of booming city 

centers with high rents; clearly there could be a zoning or remedial issue with the land, 

but it is often the case that owners simply are waiting for rents to rise even further 

(Titman 1985). Clarifying these distinctions is outside the scope of this dissertation, but 

would be important for designing and implementing successful SLM strategies.  

Research presented in this dissertation also does not address any conceptual ambiguity 

associated with the definition of marginal land or underutilized spaces, and does not 
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claim to resolve whether or not the land or spaces are truly underutilized. For its 

purposes, it focuses narrowly on several types of spaces that are generally accepted as 

underutilized with respect a dominant use type.   

For example, cities exhibit a density of settlement and development that is more compact 

than their outlying areas or rural areas. In this setting, settlement and development is the 

de-facto benchmark land use and underutilized spaces can extend from urban beaches to 

wetlands, include community gardens, parks, and peri-urban farmlands, as well as 

parking lots, abandoned buildings, empty lots, and inactive industrial sites. Traditionally, 

however, underutilized spaces in an urban context have been associated with vacant 

and/or abandoned lots or buildings (Pagano and Bowman 2000). Even then, precise 

definitions vary from one locality to another (Mori 2004). 

Focusing specifically on vacant lands and buildings in the U.S., Newman et al (2016, in 

an update of Pagano and Bowman 2000) survey 124 U.S. cities with populations 

>100,000.  They report, on average, 16.7% of total urban area is made up of vacant land. 

The estimates vary regionally (9.3% in the Northeast versus 23.5% in the South). At the 

city-scale, estimates reveal even wider discrepancy, with proportion of vacant land 

ranging from <1% to more than 70% of total land. Using the authorsô estimate for the 

Northeast region (which is the most urbanized region of the U.S.), the amount of vacant 

lands in U.S. urban areas is about 2.6 million ha.      

In this dissertation, the definition of underutilized spaces in an urban setting is extended 

to include rooftops and building façades in addition to the underutilized vacant parcels.  

Rooftops and building façades have been considered as potential suitable spaces for UA 

applications (e.g., Clinton et al 2018 and Thomaier et al 2015), but not necessarily 
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described as underutilized. There are few country- or global scale estimates of urban 

spaces associated with building exteriors: one example is Clinton et al (2018), which 

estimates approximately 1.4 million ha of total available space globally from these 

sources. The same study, aggregating spaces from building exteriors with vacant areas, 

estimates the global potential area available for UA to range from 7 million ha to 11 

million ha worldwide. According to the authors, the U.S. is the largest source of 

(underutilized) urban spaces for UA with 2 million ha of available space that represents 

about 7% of total urban area in the U.S. (based on Bigelow and Borchers 2017).  

Other country- or global-scale studies on UA consider ñlandò requirements, but not 

necessarily the availability of (underutilized or other) urban spaces for UA. For instance, 

Badami and Ramankutty (2014) estimate what proportion of urban land would need to be 

used for UA for select countries to improve food security for the urban poor. (They report 

1.3% of urban land area in the U.S. is needed). Martellozzo et al (2015) estimate one-

third of global urban area would need to be used for UA to meet the existing vegetable 

demand of urban residents (>21 million ha). Thebo et al (2014) estimate existing 

agricultural land use within urban and peri-urban areas and report as much as 67 million 

ha of urban land is currently used for cropping.  

Descriptions of underutilized lands are variable in non-urban settings too. For example, 

croplands can be considered underutilized if  observed crop yields fall short of the 

physical/climatic potential (i.e., the ñyield gapò). Also, some lands are either not suitable 

for agriculture--due to low soil productivity or other concerns that make it risky for 

growing crops--or prone to degradation (Bouwman 2007), and therefore deemed 

marginal. Marginal lands may also refer to abandoned or degraded lands, wastelands, and 
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otherwise idle lands. Abandoned lands were at some point used for agriculture or pasture, 

but no longer in productive use (Field et al 2008). Degraded lands due to soil erosion, 

desertification, salinization, acidification can no longer provide ecosystem services 

without aid or intervention. The physical and ecological characteristics of wastelands 

make them unfit for agriculture. Lastly, idle lands can include all of the above in addition 

to undeveloped lands and conservation areas (Farrel et al 2006). Independent of their 

physical state, marginal lands could also arise in response to changing economic 

conditions, public policy, or land management practices (Wiegmann 2008). For example, 

the process of urbanization creates underutilized agricultural lands at the urban-rural 

fringe (margin) as farming activity declines in anticipation of development.   

Since around 2006, literature has commented on the potential of marginal lands to 

support biofuels production using biomass from non-crop feedstocks (e.g. Tilman et al 

2006).  Based on large-scale resource assessments estimate the size and distribution of 

such lands, the scale of marginal lands is at least several hundred million hectares, and 

could be as high as a billion hectares worldwide. For the U.S., comparable estimates 

indicate a range of 43 million ha to >100 million ha.   

Independent of their potential for biomass energy agriculture, Houghton (1991) estimated 

500 million ha of degraded lands globally, 60% of which was in Africa, and the balance 

distributed equally in Asia and Latin America.  The source for these degraded lands were 

areas identified as formerly tropical forests that remained undeveloped and not used for 

agriculture. Using these degraded land estimates as a starting point, Tilman et al (2006) 

calculate bioenergy could meet 25% to 35% of global energy needs.  
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Field et al (2008) focus on abandoned agricultural lands whose size they estimate to be 

386 million ha globally (with ±50% uncertainty). In their analysis, the authors use HYDE 

database of historical land cover change from 1700 to 2000 to determine areas that were 

once used for agriculture (cropping and pasture), but not any longer. An initial estimate 

(>700 million ha) is adjusted downwards by removing lands that have since become 

urbanized, reforested, or went back into agricultural use based on more recent land use 

/land cover data from MODIS. They estimate the potential of biomass energy (content) to 

be about 5% of global primary energy consumption.  

Campbell et al (2008) refine the area estimates of abandoned agricultural lands of Field et 

al (2008), while also employing a global ecosystem model (CASA) for determining 

biomass yields. In this study, the available area is 474-579 million ha range (and excludes 

transitions between crop and pasture). The energy content of dry biomass harvested from 

this land base is about 7-8% of world primary energy demand, although sufficient to meet 

energy needs in certain regions (e.g. Africa).  

Cai et al (2011) use a range of definitions for marginal agricultural lands to estimate the 

potential for second-generation biofuel production in Africa, Europe, South America, and 

China, India, and the continental U.S. The low-end of estimated land available is 320 

million ha of land based on the narrowest definition of marginal lands (limited to 

abandoned and degraded cropland and mixed crop and vegetation land). Under the most 

extensive marginal land designation, existing pasturelands, grassland, savanna, and 

shrubland with marginal productivity are also included. Then, the total available land 

exceeds 1,100 million ha globally. (This is approximately 25% of existing agricultural 

lands in the world). The authors estimate such land use could meet as much as 58% of the 
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[then] current world liquid fuel consumption. Based on Cai et al (2011) analysis, the 

available land base in the U.S. varies from 43 million ha to 128 million ha.  

Zumkehr and Campbell (2013) also emphasize the use of abandoned croplands for 

bioenergy purposes, but focus on the U.S. They create historical agricultural land use 

map for the continental U.S. combining recent census data on agricultural land use with a 

simple land use change model applied backwards to estimate historical croplands at the 

county-scale. This study estimates 45 million ha of abandoned croplands, whose 

bioenergy potential can meet 4% to 30% of U.S. liquid fuel demand, under a range of 

biomass yield assumptions.  

1.4 Description of the three papers and the organization of the dissertation 

The three papers that constitute this dissertation are: 

1. Urban Agricultureôs Bounty: Contributions to Phoenix's Sustainability Goals (Paper 

1; Chapter 2 of the dissertation), 

2. Can Environmentally Sustainable Land Utilization for Bioenergy Crops Support a 

Cellulosic Biofuels Industry? (Paper 2; Chapter 3 of the dissertation), and 

3. Role of land quality in corn acreage response to price and policy changes: evidence 

from the Western Corn Belt (Paper 3; chapter 4 of the dissertation).  

The study areas for all three papers are in the U.S., a highly urbanized country with a 

large agricultural sector. In 2012, U.S. agricultural land use of approximately 422 million 

ha represented more than 50% the total land use, despite a steady decline in croplands 

since 1950s (by 18%; Bigelow and Borchers 2017). The U.S. also makes up 10% of 

world agricultural land use, and is second only to China (2012 data from FAOStat).  
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More than 82% of U.S. population live in urban areas (compared to 55.3% for the world; 

UN 2018). Urban land use in the country is about 28.3 million ha (3% of the total land 

use). It has nearly tripled since 1949 in response to economic and population growth 

(Bigelow and Borchers 2017). 

Below, I briefly describe the research objectives and summarize key features of each 

paper. The papers are then presented in the order above as Chapters 2-4. Chapter 5 

provides a brief conclusion and outlines possible avenues of future research.  

The first paper conducts a city-scale analysis to quantify benefits from UA for the City of 

Phoenix, Arizona. The paper adopts the data-driven approach of Clinton et al (2018) in 

quantifying these benefits. It also develops a ñdesired outcomesò framework which uses 

metrics to assess the effectiveness of UA in meeting the cityôs 2050 sustainability goals 

in terms of local food supply, reducing energy and emissions from buildings, and 

increasing green open spaces. The paper asks two key research questions: 

¶ Can UA be a tool to advance sustainability goals in arid cities like Phoenix and 

what tradeoffs exist with use of scarce water resources?  

¶ Can UA help meet urban sustainability goals in addition to food production? 

The second paper zooms out with a study area that extends to the entire CONUS. The 

objective of the paper is to demonstrate how the future demand for low-carbon liquid 

fuels in the U.S. can be met with biofuels from sustainably grown energy crops, while 

ensuring an economically viable biofuel industry. The analysis in this paper focuses on 

the final (economic optimization) stage of a coupled hydroclimate-ecosystem-economic 

modeling approach.  Sustainably grown energy crops are perennial grasses (miscanthus 

or switchgrass) grown on marginal lands (based on gridded data from Cai et al, 2011) to 
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avoid competing with food crops grown on prime farmlands. The land base for biomass 

supply is further restricted to eastern CONUS where rain-fed agriculture is feasible 

(specifically, East of the 104th Meridian). The analysis also assesses the supply and 

economic implications of placing an additional constraint on the land-base with regards 

to soil moisture (over a 10-year period). Avoiding regions with soil moisture loss 

prevents overuse of surface and groundwater resources. A novel feature of the integrated 

modeling framework involves the use of modeled bioenergy crop yields that reflect the 

hydroclimatic feedback resulting from large-scale land conversion to bioenergy crops. 

The principal questions asked by Paper 2 are: 

¶ What is the resource (land base) and fuel price scenarios under which sufficient 

biofuels are produced to meet the future, non-electrifiable portion of U.S. liquid 

fuels demand?  

¶ What are the output impacts of land- and water-use related constraints imposed to 

ensure sustainability of these biofuels?  

The third paper investigates the expansion of corn cultivation in the Western Corn Belt 

(WCB) region in response to changing crop prices over a three-decade period (1986-

2015). The WCB is a five-state region where concerns have been raised about conversion 

of previously uncultivated (native) grasslands into corn cultivation following changes to 

U.S. biofuel policy (e.g., Wright and Wimberly 2013 and Lark et al 2015). It contains a 

large share of the marginal agricultural lands identified by Cai et al (2011) and is also 

home to ecologically sensitive areas, like the Prairie Pothole Region (PPR). The main 

research questions of this paper are:  
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¶ How has corn cultivation expanded on lower versus higher quality lands in 

response to high corn prices?  

¶ Has this price response varied before and after the change in US biofuel policy in 

2005? 

If lower quality--more marginal, less productive--lands move in and out of corn 

cultivation more easily in response to changing crop prices, this has implications for 

alternative uses of marginal lands (like bioenergy). For environmentally vulnerable 

marginal lands, high prices would generate larger environmental impacts, but small 

output benefits.   

The first two papers in this dissertation are assessments under fixed economic conditions 

representing snapshots in time, whereas the third paper allows (crop) prices to vary by 

taking a historical view and conducting an analysis using panel data.  

The research in this dissertation is empirical in nature and utilizes secondary data, most 

of which is publicly available. The land use data are both GIS-based (e.g. USDA Crop 

Data Layer, gridded marginal land map from Cai et al (2011), LiDAR, NAIP imagery) 

and survey or census-based data collected by the federal government (USDA) as well as 

parcel-level cadastral data from local government. These data are complemented with 

other spatially explicit data sources (administrative boundaries, soil maps, climate and 

weather data, maps of industrial infrastructure, roads, and railways). Socioeconomic and 

other data is sourced primarily from the U.S. Census Bureauôs American Community 

Survey.  

Paper 1 uses parcel and building-level data for the assessment of underutilized urban 

spaces, and then aggregates them to the census block group level to permit neighborhood 
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level analysis.  Paper 2 uses gridded marginal land map from Cai et al (2011) (1km), map 

of existing croplands from USDA Crop Data Layer (30m), and gridded data of simulated 

biomass yields (10km) generated by an ecosystem model (AGRO-IBIS). The 

optimization analysis is done at the 10-km scale to fully represent spatial variation in 

simulated biomass yields. Paper 3 primarily uses county-level land use data for harvested 

corn acreage from the USDA, but groups the counties in the sample with respect to land 

quality using 90-m resolution data on soils. In this case, the advantage of county-level 

data is the longer temporal coverage necessary for the analysis despite it being coarser in 

spatial resolution than satellite-based sources.  

The three papers also employ different methodological approaches and utilize different 

datasets. Paper 1 uses a data-driven framework that combines fine resolution GIS data 

with socioeconomic and physical indicators.  Paper 2 uses a spatially explicit 

optimization model by Parker (2011) that simulates a profit-maximizing cellulosic 

biofuel industry based on simulated biomass yields, product and input prices, 

transportation costs, and other relevant constraints (such as technology parameters). 

Paper 3 uses a multivariate regression model to estimate the price response of corn 

acreage at county-scale. Table 1.1 summarizes the key features of the three papers.  

1.5 Collaborations and publication status 

Two of the papers in this dissertation are collaborative efforts, led by the author of this 

dissertation.  

Paper 1 is work joint with Michelle Stuhlmacher, Jordan P. Smith, Matei Georgescu 

(School of Geographical Sciences and Urban Planning, Arizona State University) and 

Nicholas Clinton (Google, Inc.). It was published in Environmental Research Letters in 
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September 2019 (https://doi.org/10.1088/1748-9326/ab428f).  I had a leadership role at 

all stages of this paper, from study design to the publication. Specifically, I, M. 

Stuhlmacher and M. Georgescu were responsible for study design and developing the 

city-scale framework. I substantially performed the literature review with contributions 

from J.P. Smith. The 2017 update to Phoenix, Arizona vacant lots assessment was led by 

J.P. Smith, with M. Stuhlmacher and I performing the GIS aggregation of parcel level 

data to to block group level. M. Stuhlmacher and I worked jointly on the assessment of 

available building spaces (rooftops and façades) for urban agriculture using LiDAR data. 

M. Stuhlmacher and I also jointly undertook the energy flux calculations involving 

rooftops with and without urban agriculture substrate. I collected the data on suitable 

crops, calories, food losses, water use and other relevant data, and conducted the crop 

ranking and food supply analysis, including the sensitivities. I also collected and analyzed 

the socioeconomic data (e.g. on food deserts, energy use, demographics, income) used in 

the discussion. I performed all analysis and manuscript revisions in response to feedback 

from anonymous reviewers. I substantially wrote the manuscript, with all coauthors 

taking part in refining the finished product initially for journal submission and later for 

final publication purposes.   

Paper 2 is collaborative work with Nathan Parker (School of Sustainability, Arizona State 

University), Meng Wang, and Matei Georgescu (School of Geographical Sciences and 

Urban Planning, Arizona State University) Dr. Andrew VanLoocke, Iowa State 

University, and Dr. Justin Bagley (Carbon Lighthouse).  It is slated for submission for 

publication during Spring 2020. This paper constitutes the final stage of a larger coupled 

hydroclimate-ecosystem-economic modeling effort concerning a future cellulosic biofuel 

https://doi.org/10.1088/1748-9326/ab428f
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industry in the U.S. It summarizes the economic modeling results, which are obtained 

using a spatially-explicit optimization model. In this paper, M. Georgescu, N. Parker and 

I worked on study design. I and N. Parker developed scenarios for modeling. I collected, 

analyzed, and processed all of the spatially-explicit input data used for the economic 

optimization model, except for the simulated bioenergy crop yields. These were provided 

by A. VanLoocke and J. Bagley. Summary results from hydroclimate simulations 

relevant to the economic modeling were provided by M. Wang. I performed the spatially-

explicit biomass assessment that is at the core of the optimization model. I assisted N. 

Parker in customizing the other sub-models that feed into the economic optimization, 

such as the network model of biomass transportation and fuel distribution costs. N. 

Parker conducted optimization runs, and I processed and analyzed all output from these 

runs. As in Paper 1, I substantially wrote the manuscript, with valuable comments and 

suggestions from M. Georgescu and N. Parker to improve exposition. 

Paper 3, which is a sole-authored paper, was published in Environmental Research 

Communications in July 2019 (https://doi.org/10.1088/2515-7620/ab2c3f).  

https://doi.org/10.1088/2515-7620/ab2c3f
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Table 1.1 

Key features of the three papers included in the dissertation 

 
 

 
Paper 1 Paper 2 Paper 3 

Title 

Urban Agricultureôs Bounty: 

Contributions to Phoenix's 

Sustainability Goals 

Can Environmentally 

Sustainable Land Use for 

Bioenergy Crops Support a 

Cellulosic Biofuels Industry? 

Role of land quality in 

corn acreage response to 

price and policy changes: 

evidence from the 

Western Corn Belt 

Method Data-driven assessment 

Economic optimization as 

part of larger integrated 

hydroclimate-ecosystem-

economic modeling 

GIS and multivariate 

regression analysis 

Geographic 

scope 
City of Phoenix, Arizona CONUS 

Western Corn Belt (398 

counties) 

Spatial 

scale  
Census block group 

ñPseudo-farmsò at 10 km 

scale 
County 

Temporal 

scale 
Snapshot circa 2016/2017 Single year (2012)  1986-2015 

Land use 

data 

Cadastral data, NAIP imagery, 

and LiDAR 

Map of suitable marginal 

lands for bioenergy crops 

from [8] and USDA Crop 

Data Layer (2012) for 

competing land uses  

(aggregated to 10 km pixel) 

USDA NASS survey data 

on land use and acreages 

(county-year) 

Dependent 

variable 

Metrics based on the desired 

outcomes associated with local 

sustainability goals for local food 

systems, energy and buildings, 

and green open spaces 

Aggregate profits to 

cellulosic biofuel industry  
Acreage planted for corn  

Key 

independent 

variables 

Local data on suitable crop yields, 

municipal water use, energy use 

and emissions, weather, land 

values, population, and other 

socioeconomic variables  

Crop yields, input and 

transportation costs, 

technology parameters, 

product prices 

Crop and input prices, 

CRP rents; 

weather/climate and soil 

quality 

Outcome 

Proportion / percentage delivered 

for the metrics described above 

(dep. var.) 

Supply curves for cellulosic 

biofuels and configuration of 

biofuel industry 

Average acreage 

response to crop prices 

for typical WCB county 

Is outcome 

spatially 

explicit? 

Yes Yes No 
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CHAPTER 2 

URBAN AGRICULTUREôS BOUNTY: CONTRIBUTIONS TO PHOENIXôS 

SUSTAINABILITY GOALS 

 

ABSTRACT 

With over half of the worldôs population living in cities, there is mounting evidence indicating 

that investments in urban sustainability can deliver high returns on socioeconomic and 

environmental fronts. Current scholarship on urban agriculture (UA) reports a wide range of 

benefits which have been shown to vary with the scale and type of benefit examined. Notably, 

most city-scale studies do not align benefits of UA with locally meaningful goals. We fill this 

gap by conducting a city-scale analysis for Phoenix, the fifth largest city in the USA by 

population and evaluate these benefits based on their ability to contribute to select desired 

outcomes specified in Phoenixôs 2050 Sustainability Goals: the elimination of food deserts, 

provision of green open space, and energy and CO2 emissions savings from buildings. We 

consider three types of surfaces for UA deploymentðundeveloped vacant lots, flat rooftops, and 

building façadesðand find that the existing building stock provides 71% of available UA space 

in the study area. The estimated total food supply from UA is 183,000 tons per year, providing 

local produce in all existing food deserts of Phoenix, and meeting 90% of current annual 

consumption of fresh produce based on national per capita consumption patterns. UA would also 

add green open space and reduce by 60% the number of block groups underserved by public 

parks. Rooftop deployment of UA could reduce energy use in buildings and has the potential to 

displace more than 50,000 tons of CO2 per year. Our work highlights the importance of 
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combining a data-driven framework with local information to address place-based sustainability 

goals and can be used as a template for city-scale evaluations of UA in alternate settings. 

 

2.1 Introduction  

Globally, the proportion of urban dwellers is expected to increase from 55% to 68% by 2050 

(UN 2018). Cities occupy a small portion of the worldôs land area (1%-3%), but are responsible 

for most of the energy and resources used and emissions generated (Seto et al 2017; Grimm et al 

2008). Today, large-scale urbanization is a change process occurring simultaneously in many 

parts of the world (Seto et al 2017). However, the nature of these urban transitions and patterns 

of urbanization varies from place to place, each with their particular challenges and 

consequences (Cohen 2006 and Seto et al 2017). Although the growth of cities in Asia and 

Africa involves loss of highly productive cropland with implications for global food production 

(Bren dôAmour et al 2017), developed cities in North America and Europe have completed their 

agrarian transition. There, retrofitting existing building stock is a sustainability priority that will 

lead to substantial reductions in energy use (Georgescu et al 2015; Guneralp et al 2017). 

Therefore, it is important to identify the appropriate city-scale response for achieving 

sustainability, which then needs to be complemented by an understanding of feedbacks and 

interactions across scales.  

Urban agriculture (UA) is one tool in a portfolio of measures for achieving urban sustainability 

and making cities more resilient (Dubbeling et al 2009; de Zeeuw et al 2011; de Zeeuw and 

Dreschel 2015). It contributes to resilience by providing locally produced food and diversifying 

existing food supply, creating alternative earning opportunities for residents (de Zeeuw et al 
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2011 and Zezza and Tasciotti 2010). It serves as an opportunity to productively use increasingly 

scarce urban water resources by reusing greywater, and redirecting household organic waste (de 

Zeeuw et al 2011). Commodities supplied through UA are distributed via short marketing chains, 

potentially reducing transportation costs and associated emissions (Weber and Matthews 2008). 

UA landscapes can act as urban habitats for wildlife (Goddard et al 2010).  

There are risks and drawbacks associated with UA that may reduce the magnitude of benefits, 

though these can be managed by testing, treatment, and use of appropriate management 

practices. Food production can be inefficient with respect to large-scale commercial agriculture 

(Desrochers and Shimizu 2012). Plants grown on contaminated soils (Beniston and Lal 2012; 

Meharg 2016) or in areas of high air pollution (Bell et al, 2011) reduce yields and pose health 

and safety concerns. Other risks associated with UA involve the application of herbicides and 

pesticides, and use of untreated manure or wastewater, and introduction of new pests and 

diseases (Smit et al 2001). 

Global studies (Clinton et al 2018, Martellozzo et al 2014) emphasize the scale of the UA 

opportunity. In addition, quantifying the potential for co-benefits that extend beyond merely 

addressing food insecurity concerns (Clinton et al 2018) require place-based assessments to tailor 

how UA can be used to achieve sustainability and contribute to resiliency in specific urban 

contexts. In the process, it is essential to focus on solutions that are consistent with place-based 

desired outcomesð"a sustainability wish listòð of urban policymakers and residents. These can 

accelerate the transition towards urban resilience and reduce risks due to a lack of understanding 

of the socio-political infrastructure (Eakin et al 2017). This makes sustainability science relevant 
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to city needs, consistent with its goal to be ñuse-inspiredò and ñaction-orientedò (Turner et al 

2007; Clark, 2007 and Seto et al 2017). 

Here we quantify UA benefits for the City of Phoenix, AZ, through a ñdesired outcomesò 

framework by connecting UA with Phoenixôs locally defined sustainability goals.  Phoenix is the 

fifth largest and second fastest growing city in the U.S. by population (1.63 million people in 

2017 with 1.5% increase over 2016-2017; U.S. Census Bureau, 2018a). The regionôs climate 

allows for year-round crop production with the aid of irrigation. Not unlike other Sunbelt cities, 

however, urban population growth and climate change exacerbate existing water-resource 

concerns for Phoenix (Georgescu et al 2013; Gober and Kirkwood, 2010). The overarching 

question we address here is to what extent can UA be a tool to advance sustainability goals in 

arid cities like Phoenix and what tradeoffs exist with use of scarce water resources?  

We adopt the data-driven approach introduced by Clinton et al (2018), which performed the first 

global assessment of ecosystem benefits owing to UA deployment. Our work builds upon prior 

city-scale assessments of UA (e.g., Ackerman et al 2014; CoDyre et al 2015; Haberman et al 

2014; Mack et al 2017; McClintock et al 2013; Mendes et al 2008; Orsini et al 2014; Patel and 

MacRae 2012; and Saha and Eckelman 2017) by extending analysis beyond food production. We 

inquire whether a broader range of locally-defined sustainability outcomes, in addition to food 

production, could be attained, and if so to what extent, through UA adoption. The developed 

framework is translatable to other cities and can be used as a template for similar city-scale 

evaluations of UA as well as other urban sustainability solutions.  
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2.2 Materials and methods  

2.2.1 Study area  

Phoenix is the seat of Maricopa County and capitol of the state of Arizona, in southwestern USA 

(Fig. 2.1A). Our study area includes all census block groups with LiDAR building footprint data 

that intersect the administrative boundaries of Phoenix (Fig. 2.1B). 

 

 

Figure 2.1. Study area. (A) The location of City of Phoenix in relation to Maricopa County, state 

of Arizona, Arizonaôs neighboring states within the USA. (B) The administrative boundaries of 

the city (blue); existing LiDAR buildings data coverage in metro Phoenix by block group (red); 

and the census block groups constituting the study area (green). 
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Arizona is the sixth largest state in the U.S. by land area. Urban areas constitute 2% of land in 

Arizona (compared to 3% across the U.S.), with Phoenix being the largest urban area in the state. 

Situated in the Salt River Valley in the Sonoran Desert, Phoenix is spread over nearly 1,344 

square kilometers (519 square miles). It has a subtropical desert climate with abundant sunshine 

(85% of daytime hours) and receives about 203.2 mm of rainfall per year. 

Agriculture has a long history in Phoenix. Evidence of irrigation canals and seasonal farming 

predate modern settlement by over a thousand years. Modern Phoenix also has roots as an 

agrarian community. The city originally consisted of a small urban core surrounded by farmland. 

Since the 1940s, it has transitioned into a commercial and industrial center, resulting in the 

current land use pattern observed: loss of farmland to development and vacant lots in the urban 

core and along the periphery. 

2.2.2 Desired outcomes and metrics 

In 2016, the City of Phoenix adopted the 2050 Environmental Sustainability Goals towards 

becoming a ñSustainable Desert Cityò as envisioned in the cityôs General Plan (City of Phoenix, 

2017a). The cityôs current goals were developed with widespread input from the community and 

encompass buildings and energy use, clean air, water use, parks and open spaces, local food 

systems, transportation, and waste management. Along with each goal are associated desired 

long-term outcomes. 

We focus on three of these sustainability goals for which UA can help deliver the associated 

desired outcomes. These are (1) local food systems, (2) open space provision, and (3) building 

and energy use. We identify the delivery mechanism and associated metrics to evaluate the 

effectiveness of UA in meeting these desired outcomes (Table 1). We then quantify these metrics 

https://www.phoenix.gov/sustainability/
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on an aggregate city (study area) scale and analyze and report them at the block group level to 

pinpoint areas of the city that could benefit from prioritized deployment of UA. This method 

considers the variations in available area for UA as well as resource and income disparities in 

different parts of the city.  

 

Table 2.1 

How UA can contribute to Phoenixôs sustainability goals 

 
Connects the City of Phoenixôs sustainability goals, associated desired outcomes through 

deployment of UA by identifying the specific delivery mechanism and metrics. (*) City of 

Phoenix (2017a). 

 

 

2.2.3 Available area estimation for UA 

We focus on underutilized exterior spaces suitable for UA. Following Clinton et al (2018), we 

consider three types of urban space available for UA: undeveloped (unpaved) vacant lots, flat 
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rooftops, and building façades (vertical growing spaces). Rooftop UA infrastructure involves a 

substrate made up of specialized membranes and drainage barriers for growing vegetation on top 

of buildings. The façade format grows vegetation alongside exterior walls of buildings, using 

infrastructure like trellises or cages to support plants. Both of these formats have been employed 

in UA applications (Thomaier et al 2015). We exclude other forms of vertical UA within 

buildings such as controlled environment agriculture (CEA; Goodman and Minner 2019) or 

building-integrated agriculture (BIA; Gould and Caplow 2012).  

Available area from vacant lots is based on a detailed inventory of all vacant property --built, 

paved lots, or undeveloped lots-- in Phoenix metro area compiled for 2010 and 2017 following 

Smith et al (2017). The available area from rooftops and vertical surfaces are derived using the 

2014 (most recently available) LiDAR building footprint data for Phoenix. We do not consider 

alternative land use patterns (beyond what current data reflects) for assessing food supply. (See 

Supplemental Information sections 2.7.1 and 2.7.5 for details.)   

We derive total potential area (At) available for UA by aggregating areas for the three types of 

spaces (i) at the block group level and then summing across block groups (1). 

ὃ В  В ὃ         (1) 

where j denotes block groups (N=910) in our study area and i denotes the types of spaces 

considered for UA with 1=vacant lots, 2=rooftops, and 3=building façades. 

 

2.2.4 Local fresh produce supply from UA  

We identify 34 suitable crops consisting mostly of vegetables and fruits grown in Maricopa 

County (2012 Census of Agriculture). Field crops (e.g., alfalfa, cotton) or tree crops (e.g., citrus) 
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are excluded because of potential space and time (crop growth) limitations under UA. We rank 

the selected crops using three criteria on an equal-weighted basis: estimated water use (mm/m2), 

historical yields (ton/ha), and supermarket retail prices from 2016 ($/ton).  

Crops with higher yields, lower water use, and higher prices are preferred, and therefore ranked 

higher. The combined preference for high yields, low water use (highest cost input) with high 

retail prices in ranking crops is our proxy for profitability.   

We next sort the 34 crops and form terciles of suitability: good, average, and poor. Planting area 

is allocated proportional to suitability: e.g., crops in the ñgoodò group are allocated more area 

than those in the ñpoorò group. All UA sites get the same crop-area allocation, except for 

façades, which are limited to a subset of these crops (22 out of 34) since some crops are less 

suitable for vertical cultivation. (See Supplemental Information, section 2.7.1 for details.) 

Total annual food supply from UA is the sum of crop production at block group level (2): 

Annual food supply = В ! 7zÅÉÇÈÔ9zÉÅÌÄ     (2) 

where Aij is the area in m2 by type of UA space i (e.g. vacant lots) as described previously, and 

each cropôs weight (weightc) is proportional to the total rank of all crops suitable for UA (3, 3.1). 

7ÅÉÇÈÔ 2ÁÎËȾВ 2ÁÎË  (for vacant and rooftops)   (3) 

7ÅÉÇÈÔ 2ÁÎËȾВ 2ÁÎË  (for building facades)   (3.1) 

 

2.2.5 Open green space provision  

We consider any open green space provision by UA to be associated with the use of undeveloped 

(unpaved) vacant lots (excluding rooftop/façade applications), and incremental to existing open 

green spaces. In our analysis, existing green open spaces are limited to public parks.  Block 
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groups that have no public parks are considered underserved. When UA deployed on vacant lots 

adds open green space to a previously underserved block group, we consider that block group no 

longer underserved.  

We compute vacant lot area that will be counted towards open green space provision in two 

ways. First, we consider the impact of deploying all available vacant lots for UA, regardless of 

lot size. Second, we place a lower limit on vacant lot size (5,000 m2) and prioritize UA 

deployment on fewer but larger lots that could more easily incorporate park-like features. We 

refer to these larger vacant lots (either on an individual or aggregated basis) as ñvacant sitesò.   

Using this sub-sample of vacant sites, we further estimate how open green space provided by UA 

can improve walkability using buffer analysis (See Supplemental Information, section 2.7.1 for 

details).  

2.2.6 Energy savings and avoided emissions from buildings  

Rooftop applications of UA can reduce the energy usage of and emissions from buildings via 

improved insulation. The UA substrate added on rooftops increases thermal resistance (R-value) 

of roofs and reduces building energy use. We follow Clinton et al (2018), modifying it with 

locally available data for Phoenix.  

The difference between total kWh electricity use before UA and after UA provides an estimate 

of avoided building energy use. Using CO2 emission rates from power generation in Arizona, we 

also derive corresponding estimates for avoided CO2 due to UA. Further methodological details 

are provided in (See Supplemental Information, section 2.7.1 and 2.7.4 for details.) 
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2.3 Results and discussion 

2.3.1 Potential area available for UA 

In our study area, using 2017 data, we estimate a total of 7,230 hectares is available for UA, 

representing 7.1% of the land area, and 5% of total surface area (including surface area of 

buildings). More than half (53%) of this total area is provided by rooftops, 29% by vacant lots, 

and the remaining 18% from building facades. Thus, 71% of the total available area for UA is 

supplied by existing building stock (Table 2.2).  

 

Table 2.2 

Potential area available for UA by category 

Category 

available area 

for UA 

Total 

potential 

area (ha) 

Share (%) 
Count of 

units* 

Average 

area (m2) 

per unit*  

Count of 

block 

groups**   

Average 

units by 

block 

group** 

Average 

area (m2) 

by block 

group** 

(1) Vacant lots 2,096.3 28.9% 10,708 1,957.7 565 19 37,103 

(2) Rooftops 3,821.9 52.8% 20,114 1,900.1 843 24 45,337 

(3) Building 

façades 
1,311.8 18.1% 432,493 30.4 907 477 14,463 

 7,230.0 100.0%      

 

Summary statistics for available UA area in our study area by category: vacant lots, rooftops, and 

building façades (vertical). (*) Unit corresponds to individual vacant lots for vacant lots; flat 

rooftop buildings with roof area >464.5 m2 (5,000 ft2) for rooftops. (**) Out of a total of 910 

block groups in study area. The averages exclude block groups with no reported area for a given 

category.  

 

Grouped by type of space available for UA, our study area contains 10,708 individual 

undeveloped vacant lots, over 20,000 suitable rooftops with roof areas >464.5 m2 (5,000 ft2), 

which represents 35% of all flat rooftops by area, and more than 432,000 individual buildings. 
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Not all block groups have all types of space available for UA: of the 910 block groups in our 

study area, we document vacant lots in 565, suitable rooftops in 843, and buildings in 907, and 

only one block group has no available UA area of any type. 

The area of block groups ranges from 85.5 to over 6,500 hectares in Phoenix and affects the total 

available area for UA. Controlling for size, the block groups with largest available area from 

vacant lots are concentrated in southwestern Phoenix (Fig. 2.2A). Block groups with the greatest 

rooftop area are found along the main commercial-industrial corridors of the city (Fig. 2.2B). 

The block-group distribution of UA area from façades (Fig. 2.2C) is correlated with the number 

of individual buildings, and therefore favors more densely settled residential districts with 

smaller lot sizes. 

Compared to Clinton et al (2018), which completed a similar area assessment for UA at the 

global scale, the contribution to total UA area from vacant lots is substantially lower (29% in 

Phoenix vs. 80% globally), meaning that area from rooftops and façades is higher (71% in 

Phoenix vs. 20% globally). This is partly driven by the fine-scale inputs used in area estimation, 

highlighting the need for city-scale assessment. 
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Figure 2.2. Total potential area available for UA. Each panel depicts potential area by type 

available for UA by quartiles of block groups normalized by block group area adjusted by 

regional parks that are excluded from development. (A) Potential area from vacant lots; (B) 

Potential area from rooftops; (C) Potential area from building facades (vertical); and (D) Total 

potential area that is the sum of areas in A, B, and C.  
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The total area for undeveloped vacant lots in Phoenix decreased from 2010 to 2017 by 23% 

following the economic recovery. Since we apply the same crop mix to all vacant lots available 

for UA, this means the corresponding food supply would have been 23% higher in 2010. 

Notably, the reduction in vacant lot area over this period is not uniformly observed across the 

city. While the majority of block groups (N=345) experienced a reduction in undeveloped vacant 

lot area, others increased (N=161) (see Supplemental Information, section 2.7.5 for details).  

2.3.2 Local fresh produce supply from UA 

The total estimated food supply from UA by primary weight (raw weight inclusive of the weight 

of peel, skin, pit, seed, and stem, depending on the item) is 182,983 tons per year, 89% of which 

comes from vegetables and the remainder from fruits. Food supply varies widely on a block 

group basis, ranging from under 1 ton to more than 6,654 tons. The amount of produce correlates 

with block group area, where larger block groups have, in general, more available area for UA 

and therefore supply more output (Fig. 2.3A). Normalizing food supply by the available area for 

UA produces a more compact distribution, ranging from 21.8 to 26.1 tons per ha of available 

area (Fig. 2.3B), with a block group average of 24.4 ton/ha. Higher and lower output block 

groups are clustered both in terms of absolute tons and on a tons/ha of available area basis (with 

Moranôs I z-score = 13.1 p<0.00 and z-score = 12.0 and p<0.00, respectively). Higher output 

block groups are clustered in south Phoenix, and lower output ones tend to be in northern parts of 

the city.   

The average output estimated in our analysis (24.4 ton/ha) is consistent with recent field data 

from urban gardens with broadly comparable food baskets (ranging from 10 ton/ha in Paris from 

Pourais et al 2015 to as much as 36.6 ton/ha in San Jose, California from Algert et al 2014). A 
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survey of aggregate yields from community or home food gardens in New Jersey reported 24.4 

ton/ha to be the mode (Rabin et al 2012). 

On a per capita basis, the food supply obtainable from UA is 125 kg/person. The median supply 

at block group level is 68 kg/person, with block group means ranging from 0.25 kg/person/year 

to over 1,000 kg/person/year. In densely populated residential neighborhoods there is generally 

less area available for UA, which generates smaller per capita estimates. Conversely, some of the 

larger block groups are less densely populated, and thus have more area available. Not every 

block group can produce meaningful amounts of fruits and vegetables from UA per person, and a 

few block groups produce very large amounts (Fig. 2.3C).  

Nationally, the per capita intake of non-citrus fresh fruits and fresh vegetables is 138.7 

kg/person/year (2016 figures on primary weight basis from USDA (2018a)). The estimated 

output from UA can meet 90% of this demand for fresh produce.  

More than 85% of Arizonans do not consume the recommended amount of fruits and vegetables 

(Lee-Kwan et al 2017). Therefore, UA can be an important pathway for provision of fresh 

produce in areas where there is limited local supply (e.g. food deserts), and could supplement 

consumption in other areas. UA can also satisfy the increased consumer interest in local foods, 

based on economic evidence (willingness-to-pay that falls with the transport distance for food; 

Grebitus et al 2013). 
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Figure 2.3. Total annual primary food supply from UA and existing food deserts. (A) By block 

group quartiles in tons. (B) Same as (A) but quantities are normalized by hectare of total 

potential area available for UA. (C) Per capita food supply from UA in kg/person terms. Outlier 

block groups where output exceeds 1,000 kg per person are highlighted. Known food deserts in 

Phoenix identified as half-mile LILA (low-income, low-access) census tracts are outlined in 

black in (B) and (C). 
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This is noteworthy because over half (51%) of the study area population lives in the 439 block 

groups which overlap with known food deserts (see Supplemental Information, section 2.7.4). 

We estimate food supply from UA in all 439 of these block groups, constituting 55% (101,008 

tons) of the total UA food supply (Fig.3B). Notably, the per hectare food supply is also higher in 

these block groups by 0.4 ton (significant based on median test with Pearsonôs X2 statistic = 18, 

P<0.00). Average food supply from UA is higher on a per capita basis, but this is driven by a few 

large and sparsely populated block groups. Statistically, the group medians are not different (66 

kg/person/year in food deserts vs. 69 kg/person/year in non-food desert block groups). As Fig. 

3C shows, some of the outlier block groups are food deserts. 

The food desert block groups represent a segment of Phoenicians with lower median household 

incomes and more reliance on SNAP benefits compared to non-food deserts. Residents also tend 

to have lower rates of health insurance coverage, and experience higher rates unemployment. 

Median home values are also lower. (All differences significant per median tests with Pearsonôs 

X2 statistics of P<0.00).  Prioritizing UA deployment in these block groups can therefore be an 

important strategy to improve sustainability not just from a local food supply but also from a 

community resilience standpoint. However, this requires a clearer understanding of 

socioeconomic processes that might be at work. For example, the fact that we observe larger 

vacant lots and lower home values in food deserts suggests an underlying dynamic where 

vacancies might be related to lower home values (i.e., low returns for developers), while lower 

home values might be related to other factors (such as higher crime rates), which in turn might be 

influenced by high vacancy rates. 
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UA and sale of UA produce in farmersô markets may increase fruit and vegetable intake 

(McCormack et al 2010). However, the direct health and other beneficial outcomes (such as 

lower cost of purchased food) from eliminating food deserts are less clear because these are areas 

where access and affordability of healthy food options both play a role. Low income residents in 

food deserts either travel longer to supermarkets, or pay more for food at nearby convenience 

stores (Ver Ploeg et al 2009). For UA to be impactful, the cost of fresh fruits and vegetables 

supplied by UA in food desert areas needs to be cheaper than traveling to the nearest 

supermarket. Allowing UA-based food supply and UA-vendors to be SNAP-eligible could 

increase the opportunities for low-income residents in food deserts to benefit from UA.     

Two sensitivities to this baseline analysis are also considered. One ranks our list of suitable crops 

based on productivity alone, and the second with respect to national consumption patterns. While 

food supply increases (by 16% and 6% respectively, for the high productivity and national 

consumption pattern scenarios), so does water use (see Supplemental Information section 2.7.2 

for details). Thus, our baseline approach is more sustainable, albeit more conservative from a 

supply standpoint. 

We also convert our weight-based analysis of food supply into calories. Under UA, less of the 

highly consumed, calorie-dense crops like potatoes are produced, compared to national 

consumption patterns. As a result, UA food supply provides 46% fewer calories from fruits and 

vegetables than the U.S. average (42 kcal/person/day vs. 92 kcal/person/day). However, on a 

cup-equivalent basis, which is the metric for determining recommended daily intake levels, UA 

food supply (1.40 cups/day) surpasses the national average (1.38 cups/day) (U.S. Department of 
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Health and Human Services and U.S. Department of Agriculture, 2015; also see Supplemental 

Information section 2.7.3 for details).    

2.3.3 Open green space provision  

There are 154 existing public parks in Phoenix, covering about 12% of our study area (12,467 

ha). Most are local community parks (N=144) and a few are large regional parks (e.g., the South 

Mountain Preserve; N=10). The regional parks constitute the bulk of the public park area in the 

city (90%), but are not within daily reach of most residents. The block groups adjacent to these 

regional parks represent only 6% of the city population.   

Most block groups in our study area (78%, N=713) do not have any public parks that residents 

can access to on a day-to-day basis and are thus underserved. If all suitable vacant lots in our 

inventory are developed as urban gardens, the number of block groups without any prior green 

open space can be reduced by 433, decreasing the proportion of underserved block groups to 

31% (Fig. 2.4A), which will also expand total green open space to 14% of the study area. 

Vacant sites (N=764), consisting of either individual or aggregated adjacent vacant parcels with 

an area greater than 5,000 m2, constitute 85% of vacant lot area available in Phoenix. If the 

deployment of UA is strategically prioritized for these larger vacant sites, the reduction in 

number of underserved block groups is lower, though still substantial (N=216, Fig.2.4B). UA 

applications in these larger vacant sites can emphasize features like pathways that would 

encourage interaction with residents. Note that if UA deployment is restricted to these vacant 

sites alone, this would lower food supply from UA by 50%, concentrate benefits to fewer block 

groups, and reduce UAôs coverage of food deserts (from 439 to 122 block groups). 
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Figure 2.4. Green open space provision through vacant lot deployment for UA. (A) Block group 

availability of green open space after full deployment of all available vacant lots. (B) Block 

group availability of green open space based on prioritized deployment of UA on vacant sites 

>5,000 m2. Vacant sites highlighted in red. Both panels show block groups with existing parks; 

block groups that gain green open space from UA; and underserved block groups using the same 

color scheme. 

 

Additionally, the walkability (to nearby parks or green open spaces) benefits from UA will 

accrue mainly from the 764 vacant sites identified for strategic deployment (even if UA is 

deployed fully throughout the study area). Based on existing parks, we determine 30% of our 

study area is either green open space or within 5-minute walking distance of such spaces using a 

Impact at block group level
Without

UA

With UA

(A) Full deployment (B) Prioritized deployment

Block groups with green open space 197 630 413

Underserved block groups 713 280 497

Previously underserved block groups with added 

green open space from UA
0 433 216

Total green open space area (ha) 12,467 14,564 14,254

Green open space share in total study area 12.2% 14.3% 14.0%

A B




