Designing Intelligent Food, Energy & Water
Systems (DIFEWS)

Kate J. Helmstedt, Kripa A. Jagannathanz, Ashley E. Larsen®, Laura C. Moreno?, Marie J.
Ohnesorgel, Leo Sakaguchil, Alana B. Siegnerz, Jennifer R. Stokes®, Matthew D. Potts'’

December 2015

'Department of Environmental Science, Policy & Management, University of California, Berkeley,
California 94720, United States

’Energy and Resources Group, University of California, Berkeley, California 94720, United States

*Department of Civil and Environmental Engineering and ReNUWIt Engineering Research Center,
University of California, Berkeley, California 94720, United States

*Corresponding author: mdpotts@berkeley.edu

A whitepaper funded by National Science Foundation Award CBET-1541880
Matthew Potts, (Principal Investigator)

David Sedlak (Co-Principal Investigator)

Isha Ray (Co-Principal Investigator)

Duncan Callaway (Co-Principal Investigator)

Meredith Fowlie (Co-Principal Investigator)



EXECUTIVE SUMMARY

INEXTRICABLY LINKED FOoD, ENERGY, AND WATER IN CALIFORNIA AND BEYOND
INTERTWINED FOOD, ENERGY, AND WATER STRESSORS

FooD, ENERGY, AND WATER CHALLENGES & MECHANISMS FOR SOLUTION

CHALLENGE 1: CLOSING THE LoopP ACROSS FEW SYSTEMS

1) CLOSING THE FOOD Loop

1) CLOSING THE NUTRIENT LOOP

) CLOSING THE ENERGY LoOP

IvV) CLOSING THE WATER LOOP

CHALLENGE 2: RESOLVING SPATIOTEMPORAL DISCONNECTS IN FEW SYSTEMS
1) INNOVATIVE FEW STORAGE

II) INTEGRATING POLICIES AND INSTITUTIONS

CHALLENGE 3: CREATING ACTIONABLE INFORMATION

(1) COLLECTING INTEGRATED FOOD, ENERGY, AND WATER DATA

(11) TRANSLATING INFORMATION

(111) INFORMING DECISION-MAKERS AND INFLUENCING THEIR BEHAVIOR

CONCLUSION

REFERENCES

o o W

11
11
12
14
15
17
18
20
22
22
23
25
28
30



Executive Summary

In semi-arid regions, like the Western United States, the intertwined stressors of climate
variability, persistent waste, continued pollution and shifting demographics are creating
trilemmas in linked food, energy, and water (FEW) systems. The effects of these trilemmas are
environmental, economic, and social. For example, on-going drought in California has reduced
the availability of water for both renewable hydropower and agriculture. The resulting water-use
trade-offs have left fields fallow, increased energy and food prices, and depleted groundwater
supplies. To develop the science, technology, and policy to resolve trilemmas in FEW systems,
University of California at Berkeley hosted the National Science Foundation funded Developing
Intelligent Food, Energy, and Water Systems Workshop (DIFEWS) on September 28-29, 2015.
The workshop brought together investigators in the physical, natural, computer, and social
sciences, along with engineers, economists, policy-makers, and practitioners from diverse
backgrounds.

The workshop identified three key challenges for FEW systems in California and beyond:

Challenge 1: Closing the Loop Across FEW Systems

There are many inputs and outputs of agricultural, water, and energy systems that should be
designed and managed to minimize inputs, maximize outputs, and minimize provision inequality.
Important research opportunities identified include: reducing edible food waste along the supply
chain; capturing and reusing nutrients in organic waste products; recovering heat in the food
sector; utilizing food waste and wastewater as sources of renewable energy; capturing waste
water and tailoring treatment quality to targeted end use.

Challenge 2: Resolving Spatiotemporal Disconnects in FEW Systems

Supply and demand for FEW resources are largely uncoupled in time and space. Important
research challenges identified include: optimizing storage in ever-lengthening food cold chains;
development of small-scale hydropower technologies and necessary control systems to allow for
distributed generation of electricity in the agricultural sector; developing better soil
management techniques, creating distributed smart irrigation systems; developing the
technology to increase groundwater storage by creating “frackquifers”; and encouraging
institutions and enabling policies for the integrated management of FEW system:s.



Challenge 3: Creating Actionable Information

FEW systems involve a variety of actors whose behaviors, decisions, and actions are impacted by
economics, policy, information, social and cultural factors, and physical access to technologies
and resources. Important research opportunities identified included: developing cyberphysical
infrastructure and lifecycle methodologies to collect integrated information and data on food,
energy and water and investigating ways to best translate FEW information to inform and
influence a diversity of stakeholders.

Beyond the research challenges identified, fully understanding and ultimately managing FEW
systems will require a combination of (i) discovery driven disciplinary science at the frontiers of
the physical, natural, and social fields; (ii) integrative research that unites these disparate
disciplines; and (iii) the training and formation of interdisciplinary teames.



Inextricably Linked Food, Energy, and Water in California
and Beyond

Food, energy, and water (FEW) systems are inextricably linked. Particularly in semi-arid regions
such as the western U.S., as well as large swaths of China, India, and Brazil, energy and
agriculture are dependent on large-scale hydrological systems. In these regions, water supply
and demand are disconnected spatially. The global nature of food, including the associated
agricultural, processing, and

distribution systems, further intensifies STRESSORS

FEW challenges. Climate variability ~ Persistent waste and pollution
Shifting demographics

This is especially evident in California, Challenge 1: CLOSING THE LOOP

where the sparsely populated north Minimizing waste. Recovering resources.

supplies more than 75% of the water, ARty heat: BoUNIOg BYRroscLs
yet 80% of the demand lies in the ,E%‘ /\
growing urban and agricultural centers 0 () ﬂ
of the south (McEwan et al. 2014). To
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connect these distal regions, the state
RESOLVING SPATIOTEMPORAL DISCONNECTS

Optimizing storage. Building resiliency.
Integrating management practices and approaches.

constructed an extensive network of
dams, tunnels, canals, aqueducts,
pumping stations, storage facilities,
and hydroelectric power plants during
the so-called “hydraulic era” of 20"
century (Hanak et al. 2011). However,
the pumping and distribution of water
has proven to be highly energy

intensive, especially over the large Challenge 3: CREATING ACTIONABLE INFORMATION

distances required for residential and Collecting data. Translating information.
Informing decision makers and influencing policy.

agricultural use in California. For water

pumping alone, the California State SOLUTION MECHANISMS
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As the largest agricultural producer in the US, California faces FEW challenges that extend far
beyond its own borders and into domestic and international markets (USDA 2015b). Of the
approximately $46 billion in agricultural products produced in California each year, more than
half are exported internationally. Inextricably interconnected with the export of this food are the
water and energy resources required to use and transport it (Fulton & Cooley 2015). While dairy,
fruit, vegetables, and nuts are typically considered to be the state’s most lucrative agricultural
exports, the economic and environmental impacts of their production on energy and water
systems are frequently overlooked; thus, many externalities of interconnected global agricultural
markets remain hidden. Agriculture and energy production require significant quantities of water
and, in addition, often result in decreased water quality. The impacts are enormous: agricultural
uses account for 40% of California’s total water supply and 80% of its developed and dedicated
water supply (i.e., water specifically allocated for agriculture, urban, and certain other uses)
(Public Policy Institute of California 2015).

With the variety, complexity, and immediacy of its FEW challenges, California presents an
instructive opportunity for studying issues that will increasingly be faced by the nation and the
world. Toward this end, University of California, Berkeley hosted a National Science Foundation
funded workshop on September 28 and 29, 2015, to discuss Intelligent Food, Energy, and Water
Systems. This interdisciplinary workshop explored the synergies across four areas: agroecology;
sustainable environmental engineering; consumer behavior; and the application of cyber-
physical systems research to FEW systems. Participants came from near a dozen departments at
UC Berkeley and more than a dozen other institutions and agencies, including UC Davis, Stanford
University, Pacific Institute, University of Toronto, and California Department of Food &
Agriculture. We present the outcomes of the workshop in this paper and graphically in Figure 1.

Intertwined Food, Energy, and Water Stressors

Climate Variability

Both natural and human-induced climate variability stress the FEW systems. The current drought
in the Western United States, now in its fifth year, has revealed a number of weaknesses in
existing systems, policies, and practices. As of 2014, ninety-nine percent of California’s
agricultural landscape experienced severe, extreme, or exceptional drought (Wallander 2014).
Reduced precipitation, in combination with warmer winters and summers, has significantly
decreased snowpack and reservoir capacity. Of the 3.2 million irrigated acres of croplands that
rely on off-farm water supplies, an estimated 540,000 acres are being left fallow due to the
reduced snowpack in the Sierras and curtailment of Colorado River water delivery (California
Department of Water Resources 2015; Carlton 2015; UC Davis 2015). The net water shortage
due to the 2015 drought is estimated at approximately 2.7 million acre-feet (after accounting for



increased groundwater withdrawals to offset surface supply shortages), with the direct costs of
the drought are predicted to be $1.84 billion (UC Davis 2015), including the loss of approximately
10,100 seasonal jobs (Howitt et al. 2015). If drought conditions continue, their impacts are
projected to increase by 6% annually from 2015 to 2017, with the gradual decline in the water
table contributing further to increased costs of a prolonged drought (Howitt et al. 2015).

Beyond its impact on agriculture, reduced water supply also affects renewable energy
generation. According to a recent study by the Pacific Institute, the ongoing drought reduced the
share of hydroelectricity in California’s electricity mix from its long-term average of ~18% to less
than 12% in 2012 (Gleick 2015). As a result, ratepayers spent $1.4 billion more in 2012 than in an
average year. In addition, greenhouse gas emissions during the drought increased by 1.7%
statewide in 2012, reversing the trend of their reduction during the past several years (Gleick
2015).

California has experienced lower than average precipitation since 2007 (Cook et al. 2015).
Although current El Nifio conditions may offer a temporary respite, the amount and nature of
the rainfall is unlikely to sufficiently negate the effects of California’s long precipitation deficit.
California’s largest source of fresh water (typically, 30% of total supply), the Sierra snowpack
located in the northern and eastern regions, is now at a 500-year low (Belmecheri et al 2015).
The snowpack naturally provides significant seasonal water storage, melting in the spring and
early summer when water demands increase. Historical data indicate that frequent multi-year
droughts have been common in the west over the past millennium (Griffin et al. 2014), and some
suspect that drought may be the “new normal” in the western United States. Human-induced
climate change is likely to amplify the natural shift towards a drier western US characterized by
droughts of increasing severity and frequency (Diffenbaugh et al. 2015).

Persistent Waste and Continued Pollution

Waste and pollution are endemic to our current FEW systems. Approximately 40% of edible food
harvested in the United States is wasted along the supply chain, without even taking into
account food left on the farm (Buzby et al. 2014; Hall et al. 2009). Embedded in this wasted food
is 25% of the nation’s freshwater consumption and 3% of the U.S. energy budget (Buzby et al.
2014; Hall et al. 2009). Further contributing to unnecessary waste are food expiration labels such
as “best by,” “use by,” or “sell by” dates that are based more on aesthetics than on food safety
and thus lead to consumer confusion (Hall & Osses 2013). The modern cold chain of refrigeration
and freezing is a double-edged sword, slowing food spoilage but encouraging over-consumption
which, in turn, can exacerbate waste.



Our water systems are also plagued by waste. Consumers use water inefficiently in homes, in
businesses, and on farms. Water losses in California’s water distribution networks amount to an
estimated 10% of the state’s urban water supply (Water Systems Optimization 2009). The vast
majority of the treated water supply is potable, even for applications in which non-potable water
would suffice (e.g., flushing toilets; irrigating landscapes). Excess treatment consumes energy
and chemicals unnecessarily. In addition, in California water rights are over-allocated while water
use is under-reported and largely unquantified, complicating the understanding and
management of the state’s water system (Grantham & Viers 2014).

Waste is also pervasive in energy systems. Excess energy is lost from all systems in the form of
heat, which could be captured for other uses. Water and energy are often produced in
centralized plants located far from the areas of demand. Both water and energy systems are rife
with losses; longer transmission distances compound those problems. Transmission losses for
distributed solar photovoltaics average approximately 1-2%, while losses for more remote
generation range from 5-10% (Jacobson et al. 2015).

In addition to waste, pollution pervades FEW systems. In California, excessive groundwater
pumping rates have polluted productive soils by increasing their salinity through saltwater
intrusion into a lowered water table (Schoups et al. 2005). In our urban environments, the legacy
of industrial chemical use has left soil contaminated with arsenic and lead, thus limiting
opportunities for urban agriculture to contribute to safe solutions for FEW challenges (Wortman
and Lovell 2013; Albanese and Cicchella 2013). More broadly, our dependence on synthetic
fertilizer, herbicides, pesticides, and waste has polluted soil, water, and air. Fertilizer overuse and
animal waste are the primary regional contributors to nitrate pollution in groundwater aquifers,
especially in the Tulare Lake Basin and the Salinas Valley of Central California (UC Davis 2012).
Because nitrates reach aquifers slowly, these problems are predicted to worsen for decades
even if we control the sources today. Fertilizers also contribute to air pollution through
conversion by natural processes to NO, and N,O, a criteria air pollutant and a powerful
greenhouse gas, respectively.

Shifting Demographics

Changes in current demographics will multiply the effects of FEW stressors, including climate
variability, waste, and pollution. The future world will broadly be more urban and affluent
(United Nations Department of Economic and Social Affairs 2014). California’ population is
rapidly approaching 50 million, and the world may reach 10 billion within the present century
(Gerland et al. 2014). As communities become more urban and cities swell, the distance
between supply and demand for water and food will increase. Urban populations require longer
food chains, consume more packaged food, and extend the length and reach of the cold chain,
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enabling the consumption of niche foods and of fresh fruit and vegetables year-round. Longer
food changes are more vulnerable to climate disruptions and natural disasters (USDA 2015a). A
more urban and affluent population increases waste and pollution (Tacoli 1998). In addition,
population growth in urban areas can surpass growth in water storage capacity (Macdonald et al.
2014). Finally, growth of the urban population creates challenges to food security and food
sovereignty. As stated by the director of the United National Department of Economic and Social
Affairs, “managing urban areas has become one of the most important development challenges
of the 21st century. Our success or failure in building sustainable cities will be a major factor in
the success of the post-2015 UN development agenda” (United Nations Department of
Economic and Social Affairs 2014).

This growing population, while generally more urban and affluent, will remain characterized by
concentrated pockets of poverty and unequal access to FEW resources. Stresses on FEW systems
tend to disproportionately affect lower-income households. Those in the lowest 20th income
percentile spend 67% of their income directly on food, water, and energy, compared with 11%
for the highest 20th percentile (U.S. Bureau of Labor Statistics 2015). In the face of such
disparities, increases in water, food, and energy prices could be devastating for many families.
Nearly 40% of low-income households already suffer from food insecurity (Coleman-Jensen et al.
2014). If future droughts reflect past trends, we can expect an associated increase of 3%-4% in
retail fruit and vegetable prices (Kuhns 2014), which will increase food insecurity of households
at or below the poverty line. Research has shown that households with high food insecurity are
less likely to consume high quality diets (Rose 1999) and that children living in these households
are more likely to exhibit compromised psychosocial functioning (Olson 1999).

Food, Energy, and Water Challenges & Mechanisms for Solution

The management of FEW systems in California and beyond will be increasingly pertinent and
complex in the face of ongoing stresses. Managing these three systems in a connected and
cooperative manner will help mitigate the effects of climate variability and demographic changes
while reducing waste and pollution. FEW systems in and beyond California face three key
challenges:

Challenge 1: Closing the Loop Across FEW Systems

There are many inputs and outputs of agriculture, water systems, and energy systems that
should be designed and managed to minimize inputs, maximize outputs, and minimize
inequality. By closing the loop, we can reduce negative environmental impacts while still
meeting the basic needs of the system, whether it be food production, water/wastewater
treatment, or energy production.



Challenge 2: Resolving Spatiotemporal Disconnects in FEW Systems

Supply and demand for FEW resources are often uncoupled in time and space. To mitigate these
spatiotemporal mismatches, innovative approaches to short- and long-term water storage
systems and distributed renewable energy generation are needed, along with more widespread
adoption of resilient farming practices. Integrated management practices among food, energy,
and water systems are also required.

Challenge 3: Creating Actionable Information

FEW systems involve a variety of actors whose behaviors, decisions, and actions are impacted by
economics, policy, information/knowledge, social and cultural factors, and physical access to
technologies and resources. It is important to understand how these actors interact with
policies, technologies, and each other if we are to successfully engage all stakeholders in moving
towards a more intelligent and sustainable FEW network.

We have identified three broad mechanisms to address the challenges delineated above in a
systematic fashion. The integration of these mechanisms will facilitate the sustainable
management of FEW systems. First, useful information and data must be collected, understood,
and shared by appropriate stakeholders. Second, appropriate technologies should be developed
and used. Third, incentives for behavioral change will be needed to support action by FEW
stakeholders and consumers.

The three challenges are discussed in detail in the following sections and the paper concludes

with some broader comments on how to stimulate interdisciplinary research in the FEW
systems.
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Challenge 1: Closing the Loop Across FEW Systems

Currently, FEW systems are generally extractive in nature, require resource-intensive inputs, and
produce byproducts that negatively impact human health and the environment. Closing the loop
in FEW systems -- that is, preventing waste and harmful byproduct generation, and recovering
and reusing waste products -- can significantly alleviate negative impacts on environmental and
human health while meeting human needs and promoting economic growth.

Untapped opportunities exist for closing the loop across multiple resources in the FEW nexus,
including edible food, nutrients, water, energy, labor, and finance. By targeting the lifecycles of
these resources, we can close loops in both urban and rural communities, implementing
solutions while also benefitting other resources. Integrated management of FEW systems will be
key to the successful closure of loops; where possible, waste products from one resource should
feedback efficiently into the production of other resources in the nexus. Generally speaking, the
solutions involve techniques that improve resource efficiency and recovery. Better education
and communication of innovative, integrated FEW policies are necessary in order for such efforts
to truly succeed in “closing the loop.” The potential of using waste materials has not yet been
fully realized due to a number of factors: logistics of proper management; costs; limited
integration into existing practices; lack of public acceptance; and sometimes-conflicting
environmental regulations (Westerman & Bicudo 2005). Each of these provides a potential
avenue for optimization.

i) Closing the Food Loop

Up to 40% of edible food harvested in the United States is wasted along the supply chain from
distribution to consumer, with further significant losses due to food and non-edible components
such as pits and peels being left on farms during production (Buzby et al. 2014; Hall et al. 2009).
Approximately 25% of U.S. freshwater consumption, 4% of U.S. greenhouse gas emissions, and
2% of the U.S. energy budget is embedded in this wasted food. When food is wasted, not only is
potential profit lost, but the investment of additional tax dollars and/or private funding is
required for proper waste disposal. Wasted food costs the U.S. economy an estimated $165
billion per year (Buzby & Hyman 2012). Causes of food waste on farms include over-planting,
labor costs, market prices, aesthetics, spoilage, and trimming. Once food leaves the farm, further
losses occur due to over-purchasing resulting from USDA grading and marketing standards, long
supply chains, climate and weather, packaging requirements, retailer contracts with farmers, and
consumer behavior (Bloom 2010; Gunders 2012; Buzby et al. 2014; Hodges et al. 2010; Natural
Resources Defense Council 2012). Because the causes are complex, significantly reducing wasted
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food will require integrated solutions in the areas of technology, consumer behavior, and public
policy.

Despite the substantive volume and impact of on-farm food waste, there are no reliable metrics
to quantify and track how much food is left behind in the field or on the farm. National-level data
includes only post-harvest measurements (Natural Resources Defense Council 2012; Buzby et al.
2014) and is of variable quality, lacking sufficient detail to identify losses by food type or reason.
While the absence of consistent accounting and measurement is a barrier to reducing food
waste, technological advances can help address this issue. Smart monitoring systems, remote
sensing, and precision agriculture technologies may aid in quantifying on-farm food waste
(Gebbers & Adamchuk 2010; Ali 2011).

Implementing policies that prevent food waste on farms would effectively increase agricultural
outputs with little-to-no increase in on-farm inputs. Reducing food waste both reduces negative
environmental impacts of production and addresses global concerns about increasing pressures
on food supply for an increasing population and global middle class (The Global Commission on
the Economy and Climate 2014; Coleman-Jensen et al. 2013). Food that would have been
converted to compost or tilled back into soils can instead be captured for human consumption
through gleaning (secondary harvesting of already harvested fields), improved harvesting
practices, and food donation (The Global Commission on the Economy and Climate 2014).

Edible food waste can also be reduced if consumers have more of a stake in their own food
production, as exemplified by the movements for food sovereignty and urban agriculture. Food
sovereignty is defined as the “right of local populations to define their own agricultural and food
policy,” with a focus on common social, environmental, and agricultural principles and practices
(Wittman 2009). Waste from a disrupted system of producers and consumers also creates social
and ecological problems. For instance, issues with the distribution of potentially edible food
contribute to hunger as well as to negative environmental impacts related to excess production
(Wittman 2009). FEW decision-makers should work with such sustainability-focused food
movements in implementing, integrating, and scaling solutions to reduce food waste.

ii) Closing the Nutrient Loop

Most organic waste products (e.g., manure, wastewater, food waste, crop residuals) are
managed with the goal of minimizing the impacts of their disposal rather than harvesting their
potentially useful components. For example, more than 95% of food waste in the municipal solid
waste stream is sent to landfills, further localizing the impacts. Only 5% is composted or
anaerobically digested for nutrient and energy recovery (U.S. Environmental Protection Agency
2014). Organic wastes and wastewater contain nutrients that can—if managed properly through
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composting and other techniques—improve soil quality, increase soil water retention, and
reduce chemical inputs such as fertilizers (Westerman & Bicudo 2005; Martinez-Blanco et al.
2013).

Healthy soil is critical to the food production system, but soil quality is being degraded
worldwide. Nutrients are removed from the soil in the form of food (much of which is wasted)
and are not reintroduced via proper crop rotation or cover cropping, for example. Rather than
improving soil fertility in the long-term, excess nutrients from fertilizers often runoff from
agricultural lands, polluting surface water supplies and causing algal blooms. Such fertilizer
pollution has consequences for the environment, such as eutrophication, as well as for human
health, including the increased risk of ‘blue-baby” syndrome (Knobeloch et al. 2000). The
significant environmental and human health consequences of fertilizer runoff can be reduced by
closing the nutrient loop via integrated FEW systems management. Capturing waste and
recovering the nutrients at multiple points along the food supply chain could improve soil
productivity and fertility, enhance water quality, and reduce greenhouse gas emissions (N,O and
CH,).

Where food waste cannot be reduced, the loop can be closed by diverting streams from landfills
to composting or treatment facilities to produce a valuable agricultural product that
reintroduces nutrients to the system. Farmers in Marin County, California, collect manure from
cattle ranching operations and spread it on their lands as compost. This localized nutrient-
recycling approach reduces runoff pollution from large manure piles, promotes healthy soils on
rangeland, and sequesters carbon from the atmosphere into stable soil reservoirs (Marin Carbon
Project 2008). However, broader implementation of these practices and increased uptake of
related policies are currently hindered by confusing municipal waste codes and by the public
perception of these practices as a health concern.

Urban wastewater contains nutrients that can be recovered for agricultural uses. Nutrient
recovery technologies for use at large and small scales are being studied for application in
agriculture and urban systems. They include home-sized biogas unit that turn organic waste into
cooking fuel and fertilizer, as well as in-stream bioreactors (Markham 2015, Robertson &
Merkley 2009, Guanglei & Ting 2014, Williams et al. 2015). Increased integration of the urban
water and agricultural sectors may increase collaboration and technology transfer and,
ultimately, improve outcomes for both systems. For example, municipal wastewater treatment
plants (WWTP) contribute two thirds of the nutrients that run into the San Francisco Bay,
substantially contributing to ecological damage and wasting valuable nutrients (Lono-Batura et
al. 2012). The San Francisco Bay Water Board is considering limiting the nutrients that can legally
be discharged from 30 municipal WWTPs. If these limits are implemented, the utilities will have
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to expand their already complex centralized WWTPs to include expensive and energy-intensive
nutrient removal. The debate over policies for implementing these changes presents an ideal
opportunity to examine the use of emerging, decentralized technologies (e.g. source-separating
toilets) that recover nutrients from more concentrated streams (e.g., urine) for agricultural use
(Larsen et al. 2009). Pioneering research in this area is being conducted at UC Berkeley, where
scientists are adapting nutrient treatment and recovery technologies that were initially
developed for swineries (Kizito et al. 2015; Desloover et al. 2012) and applying these for use in
source-separating toilets that may help close the nutrient loop in cities (Tarpeh 2015).

iii) Closing the Energy Loop

Food, water conveyance, and wastewater systems use significant amounts of energy but are also
potential sources of renewable energy. Wastewater, along with organic waste from agricultural
and municipal wastes, can be used to provide energy in the form of electricity, gas, or heat. Over
90 billion cubic feet of biogas (methane) per year could be feasibly generated from the anaerobic
digestion of manure, food waste, biosolids (sewage sludge), leaves, and grass in combination
with landfill gas collection (Williams et al. 2015).

However, only a small portion of these organic materials are currently employed for beneficial
uses (energy, heat, nutrient, or water recovery). A 2012 survey of wastewater utilities indicates
that approximately one thousand large WWTPs (processing more than one million gallons a day
of wastewater) in the U.S. use biogas captured from anaerobic digesters to produce energy (Qi
2013). Unfortunately, most of these operations do not achieve complete capture. In addition,
they flare some methane, a potent greenhouse gas (Lono-Batura et al. 2012). While burning off
methane to carbon dioxide reduces the contribution of methane to global warming, it also
wastes potential biogas energy that could be obtained from it.

Successful case studies have garnered increased attention for waste as an energy resource. An
energy-generation plant operated by East Bay Municipal Utility District (EBMUD) in California has
drastically improved its energy management by closing the loop on food and agricultural waste.
As a result, EBMUD not only supplies its own energy, but also provides electricity back to the grid
(Chakrabarti et al. 2011a). Trucks of food, agricultural, and other waste are delivered daily to
provide high-strength and/or more concentrated organic waste to EBMUD’s anaerobic digesters,
thus enhancing their biogas production and subsequent electricity generation. This is a cost-
efficient but under-utilized way for WWTPs with excess digester capacity to integrate waste from
another system in the FEW nexus to enhance energy production (Chakrabarti et al. 2011b). If the
digester sludge is disposed on farmland, the process can also return nutrients to the soil.
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Biogas recovery from anaerobic digesters benefits from economies of scale. For WWTPs, which
typically have a dilute influent stream, biogas recovery has been considered economically
unfeasible for plants with capacities smaller than 1 million gallons per day. In California’s Central
Valley, air emission control requirements and high technology costs have prevented the
widespread use of on-farm anaerobic digesters (Johnson 2015). As of May 2015, there were 247
agricultural digesters operating in the U.S. (Kosusko 2015). Only 19 were located in California, a
surprisingly low number given the scale of the industry. However, small successful applications
do exist. In addition, other decentralized technologies such as gasification and the use of
biodigesters are emerging for urban wastewater systems that may have applications for
agricultural waste (Lumley et al. 2014; Markham 2015).

Barriers that prevent implementation of these technologies should be studied. Research is
needed to identify the conditions required to expand anaerobic waste treatment at smaller
scales. Integrating management between and combining waste streams among multiple farmers,
energy, and urban water systems may produce the waste characteristics and scale necessary for
these energy systems to cost-efficiently perform as well as or outperform EBMUD. This will
require careful collaborative policies and mechanisms to ensure an equitable and profitable
sharing arrangement, regulatory compliance, and efficient operations and maintenance.

Recovering heat is an emerging area of research for food (Law et al. 2013), energy (Gewald et al.
2014; Wang et al. 2012), and water (Daigger 2009) systems. A nationwide analysis identified the
food sector as a good candidate for more efficient steam systems, improvements that would
impact water and energy consumption as well (Walker et al. 2013). This work could provide a
rich area of research in the integration of FEW systems, as all sectors may provide both sources
and end-uses for heat.

In some cases, using waste to produce energy may trade off with or prevent nutrient recovery
and reuse (e.g., biodigesters produce both energy and waste). The trade-offs between closing
the loop for nutrients and energy should be examined carefully to provide a better
understanding of how to optimize the integrated systems under a range of conditions (e.g.,
process technologies and scale; local demand for nutrients and energy; distance from waste
production to treatment and then to end-users for energy and nutrients, recovery efficiencies,
and waste characteristics).

iv) Closing the Water Loop

Water is perhaps the resource that lends itself most easily to the concept of closing the loop; the
global water system itself is already a closed loop. Spatial disconnects in supply and demand (see
Challenge 2) and differing qualities of water from potable, to wastewater, to saltwater, mean
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that efficiencies can be gained by considering the water loop on a variety of different scales.
Minimizing the waste and runoff of water in urban and agricultural systems where water
demand is high but supply is low can prevent or reduce the need to pump water long distances.
Using a quality of water tailored to the specific use requirement (rather than simply depleting
potable water stores for every task) can eliminate unnecessary treatment and pumping.

Innovative waste and water recycling projects are already underway in California. These projects
can be scaled up and integrated into holistic FEW management. For example, the city of Los
Angeles is investigating treating greywater -- which otherwise would be discharged into the
ocean -- to potable standards, and providing incentives for residents to reuse graywater for lawn
irrigation (LA Times Editorial Board 2015). In an urban center experiencing extreme drought with
significant water supply imported hundreds of miles, retaining valuable water locally reduces
pressures on both water and energy systems.

Capturing stormwater and managing runoff contamination will become increasingly important in
urban and agricultural settings as demands increase and supply becomes more unpredictable.
Stormwater management practices and green infrastructure technologies have been established
to retain storm runoff in the local urban environment including, for example, rainwater
harvesting (redirecting rainfall from rooftops to rain barrels or cisterns), rain gardens (using
vegetated or mulched basins that collect rainwater runoff and allow it to infiltrate slowly or
evaporate), and permeable landscaping (allowing water flow through what would more
commonly be impermeable hardscape with porous asphalt, pervious concrete, interlocking
pavers, etc.). The lessons learned and policies developed in the urban sphere can be used to
inform and expedite management adaptations in agricultural contexts to prevent excessive
runoff, encourage natural recharge, and promote water recycling. Engineered infiltration
systems (Grebel et al. 2013), streambeds (Herzog et al. 2015; Robertson & Merkley 2009), and
wetlands (Jasper et al. 2014) developed to control nutrient contamination in surface and
groundwater bodies in urban settings can be evaluated for use in agricultural applications
(Grebel et al. 2013; Herzog et al. 2015; Jasper et al. 2014). This stormwater can be stored
seasonally in surface reservoirs or artificial wetlands, where it may be supplemented with
recycled water. Currently, the management of stormwater and water supply resources by
different institutions inhibits innovative uses of this water (Robertson & Merkley 2009).
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Challenge 2: Resolving Spatiotemporal Disconnects in FEW
Systems

Mismatches in time and space abound in FEW systems. Spatially, food is embedded with the
water and energy necessary to produce and transport it to its final destination (e.g., consumer or
disposal site), which in the U.S. averages 1500 miles from farmer to consumer (Pirog et al. 2001).
Producing an average pound of beef requires approximately 1700 gallons of embedded water
(Mekonnen et al. 2012) and 31 kWh of embedded energy (Alter 2010) (the average per capita
daily energy consumption in the U.S., excluding embedded energy, is 30kWh) (U.S. Energy
Information Administration 2015). In 2007, U.S. food production accounted for 2.4 billion kWh
(Cuéllar & Weber 2010). Beyond the embedded water and energy in food, the spatial mismatch
in food is characterized by a diverging demand and supply between, for example, urban and
rural areas. As urbanization increases, products which traditionally were sold in local markets the
same day they were harvested are now transported in longer, more complex supply chains
(Parfitt et al. 2010). This trend is intensified by the fact that growing income tends to spark a
dietary transition from a starched-based diet to more fresh fruits and vegetables, dairy, meat
and fish — products with a short shelf life that require resource-intensive, chilled transportation
(Parfitt et al. 2010). By extending the consumption phase of food, the cold chain can bridge the
spatiotemporal disconnect in perishable food products and reduce food waste. However, though
the cold chain addresses one challenge, it exacerbates others by increasing energy and water
consumption. In addition, the cold chain is expected to grow in length and size as the population
increases. Regionally rising temperatures caused by climate change will require more energy use
to maintain the cold chain to mitigate the risk of food poisoning, food spoilage, and food waste
(James & James 2010). For instance, energy use in the agricultural sector has been shown to
increase in drought years by an average of 17.5%, partially as a result of higher energy needs to
maintain the cold chain at proper temperatures (California Public Utilities Commission 2015).

Spatiotemporal disconnects in the energy and water sectors differ in frequency and complexity.
Currently, daily electricity demand peaks, typically in the afternoon, are met with fossil fuel-
based supplies. Many renewable energy sources, including solar and wind, provide an
intermittent supply of energy based on available solar radiation or wind speed, respectively
(Dyson et al. 2014). Grid operators, therefore, need baseload energy sources that can be easily
turned on and off to meet demand requirements. As renewable energy generation increases,
operators will have less control over the grid and new management strategies--such as battery
storage or controls that turn selected energy-intensive equipment on and off--will be needed to
match the demand to available supply.
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For water, disconnects are primarily regional and seasonal, though daily patterns must also be
considered. Historically, California’s Sierra snowpack has naturally resolved seasonal disconnects
and, with significant human intervention, alleviated spatial disconnects as well. As discussed in
the Stressors section, climate change threatens the Sierra snowpack. Technical solutions are
needed to replace the lost storage.

Water prices have increased dramatically due to drought. For example, in a Fresno-based Water
District cost have increased from $140 per acre-foot in 2013 to $1100 in 2014 (Vekshin 2014).
Increased water prices are having an economic impact on California’s water-intensive agriculture
and demonstrate the importance and relevance of implementing new solutions to minimize
spatiotemporal disconnects. Resolving these disconnects is critical. For all FEW resources, having
sufficient supply to meet demand at a local level is crucial to a healthy functioning society.
Mitigating disconnects between FEW in space and time will require innovative storage systems
for FEW and integrative policies and institutions.

i) Innovative FEW Storage

Optimized storage systems in cold chains are required at all stages of the supply chain, including
in transportation systems, to reduce stress on energy and water systems. Efficiency in the cold
chains is of particular importance, since it accounts for more than 1% of global CO, production
(James & James 2010), and cold stores spend 60-70% of their electricity use on refrigeration
(Evans et al. 2014a). Energy efficiency improvements for cold stores promise considerable cost
savings: minor corrections and low-commitment changes like replacing door insulation or
repairing evaporator fans result in considerable energy savings (ranging from 8% to 72%, and
averaging around 28%) and have a rapid payback period (Evans et al. 2014b). Enclosing
refrigerated areas in supermarkets provide a potential energy savings of 20-40% (Rewe
Sustainability Report 2012). Alternative refrigeration systems (e.g. Trigeneration, Air Cycle,
Sorption-Adsorption Systems, Thermoelectric, Stirling Cycle, Thermoacoustic and Magnetic
refrigeration) offer considerable energy savings as well (James & James 2010).

Water and energy storage are inextricably linked. Whenever water is stored, whether above- or
below-ground, it can consume or generate energy as it is removed from storage. While
traditional energy storage systems (i.e., batteries) may be feasible on the scale required for
renewable energies, they contain materials with negative environmental impacts caused, for
example, by the heavy metals used to manufacture them. The associated impacts on public
health and environment from the mining, use, and disposal of such materials should be carefully
assessed and considered in comparing storage options.
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Increasingly, pumped surface storage is being considered as a “battery,” an efficient and cost-
effective way to balance electricity supply and demand and to reduce greenhouse gas emissions
(Poonpun & Jewell 2008). Globally, pumped hydropower accounts for 98% of installed storage
capacity (Roach 2015). New large-scale pumped surface storage projects are planned for
California, though these projects are criticized for their overall higher, albeit cleaner, use of
electricity and environmental impacts (e.g., habitat loss due to initial flooding, effects of rapid
water-level fluctuations). Small-scale hydropower technologies have the potential to provide this
service on a more distributed scale with fewer negative environmental effects. For example, in-
line turbines can be installed in urban or agricultural supply and in urban or rural distribution
pipes to capture excess energy in the system; further, underwater balloons may provide a new
way to store energy as compressed air within natural and man-made reservoirs (Nield 2015).

As precipitation patterns change in California, it will be increasingly necessary to store more
water seasonally to replace lost snowpack or, longer term, as a drought reserve. This water will
be needed in order to support agricultural, urban, and other needs, regardless of whether the
energy can be recovered. On farms, better soil management techniques (e.g., no-till agriculture)
can preserve more green water in the upper soil layers and avoid additional irrigation in the dry
season (Liu et al. 2013). When irrigation is necessary, it can be managed efficiently using remote
sensing and other sensor-based technologies to determine when and how much water should be
used (Ali 2011). Irrigation systems can be more intelligently controlled so that pump equipment
operates when excess electricity is available during high renewable generation periods. Irrigation
decisions, however, should be informed by an integrated, region-specific analysis that recognizes
that irrigation water conservation may negatively impact the environment in cases where the
local hydrology has come to depend on the excess water (Ward & Pullido-Velaguez 2008).
Stormwater approaches, discussed in Challenge 1, may also address this issue.

Alternately, water can be stored underground as a long-term reserve for droughts. Several
methods for managing aquifer recharge are available, including locating and enhancing natural
recharge zones, increasing permeable surfaces in urban areas, pumping water into aquifers, or
flooding fields on agricultural lands when hydrology and crops are favorable (Johnson 2015).
Techniques developed for the oil and gas industry may allow us to increase groundwater storage
capacity in aquifers and reclaim capacity lost to subsidence. If capacity at shallow depths is
expanded, these “frackquifers” could reduce the energy impacts of pumping water in and out of
underground storage. If “frackquifers” could be created to store recycled water for indirect
reuse to meet for 1% of California’s 2010 groundwater demand 300 feet above existing water
levels, 16,000 MWh of pumping could be avoided annually, enough to power 2,200 California
households (USGS 2014, CPUC 2010, US Energy Information Administration 2009). Fracking in
the oil and gas industry is controversial. Some risks associated with it may extend to
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“frackquifers” (e.g., high traffic, local contamination, triggering small earthquakes). Research into
relative risks and benefits is needed before implementation is considered.

ii) Integrating policies and institutions

The extensive interconnectivity of FEW systems means that integrated policies and institutions
are needed in order to deal efficiently with the challenges identified above. Unfortunately,
collaboration among, and even within, respective FEW actors is rare. Urban water systems are
highly disaggregated, with different institutions managing each component of the system
without due consideration of the effects on other components. Ideally, water management
would be horizontally integrated for potable water supply, non-potable water supply,
wastewater, and stormwater, as well as the affected hydrologic resources, to enable more
efficient and sustainable planning.

There have been successes: UC Davis and the EPA Office of Research and Development,
organizations that focus on biogas management technologies for different biogas applications,
recently pledged more collaborative effort (Kosusko 2015). Nonetheless, building
interconnectivity within and among FEW systems is a daunting task. Institutional inertia,
resistance to change, and continued thinking only in terms of one’s own institution inhibit
collaboration with multiple stakeholders (e.g., communities, agencies, civil society and the
private sector) and slow, if not prevent, innovation (Ringler et al 2013; Kiparsky et al. 2013).

U.S. policymaking processes also require integration since FEW regulators operate with separate
funding, accounting mechanisms, governmental oversight, and legislative bodies. It will be
necessary to connect food management, water planning, and energy production to develop
synergies across both areas and across multiple institutions such as the Department of the
Energy, Environmental Protection Agency, the US Geological Society, and the US Department of
Agriculture (e.g., Webber 2008). Collaboration among all FEW policy-makers would increase the
understanding of system interdependencies and shared or competing resource needs, and thus
limit policies focused on one area from negatively affecting others.

Integrating policies and institutions is also crucial as increased interconnectivity promotes
efficiency and decreases resource intensity. When the Danish city of Kalundborg developed an
integrative industrial park, it found that increased collaboration among companies and state
actors yielded numerous environmental benefits (e.g., increased CO, savings, reduced waste
water production, and decreased demand for pumped groundwater) through exchanges of
energy, reuse of waste products, and use of recycled water (Jacobsen 2006).
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Other factors exacerbate the institutional challenges in FEW. Temporal disconnects exist
between project development, policy changes, and environmental effects; policy changes are
often outpaced by the increasing dynamics of development (SEI 2011). Moreover, there is a
mismatch between existing institutional knowledge and the adoption of developed technologies.
To address these issues collectively, we need more agile and flexible institutions that work
horizontally across industries and apply tailored information (SEI 2011).
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Challenge 3: Creating Actionable Information

The FEW nexus involves three complex systems with a variety of actors ranging from producers
and consumers to researchers and policy-makers. These stakeholders’ FEW-related actions are
impacted by data, information, and knowledge across a diverse array of topics, including
regulatory regimes, access to markets and technology, economic benefits, and socio-cultural
factors. Further, different stakeholders have varying perspectives on what information is
valuable and legitimate (Cook et al. 2013). Moving toward integrated FEW systems will require
accurate representation of values and perspectives of different stakeholders from multiple
disciplines. For complex problems like those within the FEW nexus, interdisciplinary perspectives
on social, cultural, and political elements of the problems are necessary in order to identify,
implement, and achieve effective solutions (Cooke & Vermaire 2015; Kirchhoff et al. 2013).

This section focuses on three aspects of actionable information: (i) collecting integrated FEW
data using cyber-physical systems and life-cycle assessment frameworks; (ii) translating
knowledge and information that is useful to and usable by different user groups and (iii)
informing decision-makers and influencing policy by communicating with producers and
consumers of FEW about efficient choices and effective actions.

(i) Collecting integrated food, energy, and water data

Currently, there is insufficient data on the production and consumption of FEW resources both
nationally and regionally (Lundy et al. 2014). Cyber physical systems (CPS) integrate
computation, networking, and physical processes, using embedded computers and networks to
monitor and control physical processes with feedback loops where physical processes affect
computations and vice versa (Asare et al. 2012). CPS can collect data on energy, water, food,
and/or environmental impacts to develop a baseline for current FEW resource use (Lundy et al.
2014).

Within FEW systems, CPS has increased both knowledge (through remote and wireless sensors)
and control (through electronic manipulation of instrumentation). Precision agriculture uses CPS
to make detailed environmental observations and subsequently perform high-precision resource
management to increase water, fertilizer, and herbicide efficiency (Gebbers & Adamchuk 2010).
For example, sensor-based nitrogen management systems for grain production have been
shown to increase nitrogen use efficiency by up to 368% and to reduce residual nitrogen in the
soil by 30-50% with no reduction in yield (Diacono et al. 2013). In the energy sector, large utility
providers have installed smart electricity meters across their service territories. These large
smart grids provide detailed consumer information and allow for consumption-driven resource
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management. For example, Pacific Gas & Electric in Northern California uses a smart meter
network to calculate rate incentives to curtail customers’ power usage on peak days (Lai et al.
2011). Within the water sector, remote floating sensors are being developed to be released into
rivers, providing unprecedented detailed information about water flows which can inform
regional water-management plans (Rabbani et al. 2009). Energy and water quality management
software for water utilities can work with supervisory control and data acquisition systems to
balance energy costs and water quality requirements and, with additional research, may be able
to respond to energy supply and demand signals and evaluate energy-related GHG emissions in
real time (Cherchi et al. 2015).

The cross-sectoral impacts of FEW systems across the environmental, economic, and social
realms are integral to the management of the nexus (Azapagic 2015). In addition to collecting
data on each individual resource, a complete understanding of the FEW nexus requires
identification of relationships among the different systems. Life-cycle assessment (LCA) can
evaluate these relationships by estimating the energy intensity of food and water production,
and the water intensity of both food and energy production (Jeswani et al. 2015).

LCA is a rigorous, quantitative method for tracking inputs, byproducts, and waste of a product,
process, or system over its lifecycle from material procurement to disposal (ISO 2010; Curran
1996). LCA elucidates environmental tradeoffs, helps avoid unintended consequences, and
reveals interconnections in the FEW nexus by evaluating the supply chain of each resource,
integrating the siloed data of each sector (Jeswani et al. 2015; Al-Ansari et al. 2014). Since LCA
track energy and water through supply chains, LCAs can be used to make FEW systems more
resilient and sustainable by identifying inefficiencies, synergies, or other improvements that
need to be made to the system. LCA is particularly useful when making management decisions
about the costs and benefits of a particular strategy and quantifying the tradeoffs required
between one strategy and another. FEW-related choices that could be informed by LCA include
comparing above- and below-ground water storage under different hydrological conditions,
including their potential energy use and/or generation; evaluating the impacts of cold-chain
dependence for particular products; weighing tradeoffs between water, nutrient, and energy
recovery; identifying appropriate scales and treatment technologies for decentralized and on-
farm waste management and water reuse; and comparing agroecology vs. conventional farming
practices.

(ii) Translating information

Collecting data using CPS and LCA alone will not be sufficient to drive sustainable solutions within
FEW systems. Studies have shown that scientific findings in themselves do not necessarily result
in pro-environmental behavior. Cooke and Vermaire (2015) cite a growing number of high-
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profile examples in which environmental science and technology alone have failed to deliver
effective solutions. Though the last decade has seen many scientific and technological advances,
the rate of use of scientific knowledge in environmental decision-making has been low (Kirchhoff
et al. 2013). Information and data alone do not ensure action will be taken. For example, within
food systems, much analysis has focused on inputs to agricultural systems (e.g., fertilizer, land-
use), and used observations of these as a proxy for their impact. This creates “islands of
knowledge in a sea of ignorance” -- we have detailed knowledge about narrow aspects of broad
and complex systems while remaining ignorant of their impacts and interactions (Meinke et al.
2008).

Increasingly, scientists are calling for translation of science into usable and actionable
information (Meinke et al. 2008; Dilling & Lemos 2011). Since different actors perceive the
usefulness of information differently (Dilling & Lemos 2011), communications should be tailored
to the specific user-group, for example, by incorporating multiple formats such as online
resources, print media, visuals, and grassroots educational campaigns. Three examples of
translation or increasing the usability of information are described below:

Co-production of knowledge with researchers, policy-makers and practitioners.
Willingness to accept and use information can improve when stakeholders obtain, receive and
participate in its production (Lemos et al. 2012). Co-production of information by scientists,
policy-makers, and practitioners results in more robust assessments than isolated information
provision (Weichselgartner and Kasperson 2010). Pohl et al. (2010) show how co-production of
environmental knowledge can lead to increased uptake of sustainable action using case studies.
For example, in their drought management case study in Kenya, co-production enabled
researchers to understand the relevance of farmers’ local knowledge and the farmers to
understand the importance of new scientific findings. This eventually led to increased mutual
understanding of various drought management options. Implementing co-production of
information in FEW systems (e.g., the use of CPS to gain detailed information about agricultural
practices on specific farms) will likely provide more useful information and may be beneficial to
all stakeholders.

Increasing interactions with stakeholders. Increased interaction among users can reduce
barriers to information use (Lemos et al. 2012). For example, producer-user workshops between
water scientists and water managers in the Western U.S. helped water managers understand
how stream flows are reconstructed from tree rings and why this information is relevant for
long-term drought planning (Kirchhoff et al. 2013).
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Creating value-added information. Information is more useful when value is added to
existing information to better meet users’ needs. This is often done by transforming
informational knowledge to operational or decision-oriented knowledge (Lemos et al. 2012). An
example of this is what type of weather information is provided to farmers. Weather or climate
information is more useful for farmers’ decision-making when combined with crop insurance
data or potential planting- or harvesting-related adaptations. Data visualization can also facilitate
usability and has been used to aid local decision-making across a range of sectors, including
sustainable forest management, climate impacts, and landscape changes (Kirchhoff et al. 2013).

(iii) Informing decision-makers and influencing their behavior

FEW decision-makers are diverse, encompassing producers such as farmers, water utilities,
energy generating companies, and retailers, along with consumers of FEW. All stakeholders
influence the structure of FEW systems: from producers’ and distributors’ technology use and
management practices to consumers’ expectations and willingness to purchase products and
services (SEl 2011). Stakeholders’ decisions depend on information about complex,
interconnected factors such as markets, technology, regulations, economics, politics, society,
culture, health, safety, and the environment. Therefore, beyond creating actionable information,
how information is communicated to decision-makers can influence the sustainability of FEW
decisions and behavior.

Effectively informing decision-makers of FEW challenges and opportunities requires a “behavior-
centric” approach (Vlek & Steg 2007). Enduring solutions to environmental problems are not
possible without considering the different perceptions, knowledge, and needs of stakeholders.
Solution mechanisms that integrate behavior and technology result in better outcomes than
siloed approaches. Environmental impacts of efficient FEW technology will depend on actual
user behavior which can be shaped, enhanced, or constrained by specific features of the
technical environment -- for example, new, energy-efficient light bulbs contain traces of
mercury, necessitating a trade-off by the consumer prior to adoption (Midden et al. 2007).

In addition to informing decision-makers, information must aim to influence policy, requiring
effective communication of information to policy-makers in the public sector, the private sector,
and civil society institutions working at the FEW interface (SEI 2011). Not only is communication
important, but the framing of pertinent information is key. If relevant information or policy
choices are communicated and framed in ways that cannot garner political and public support,
they may fail to enter the arena of policy debate or decision-making (Vogel et al. 2007).

Some effective ways of informing decision-makers and influencing their behavior are:
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Technologies for increasing awareness. Information and communication technologies
(ICT) are often perceived to be critical in the shift towards a knowledge-based society (Lim &
Barnes 2002). ICT has many applications in environmental informatics (Hilty et al. 2011).
Communicating FEW information can be supported by database systems, geographic
information systems, modeling and simulations, knowledge-based systems, and neural networks.
For example, Next Drop, a start-up venture in Bangalore, India, uses real-time data and SMS-
based messaging to inform water users with intermittent supply when they will next be receiving
water (Welle et al. 2015). This ICT initiative connects the water-managing utility to customers to
enable the widespread dissemination of water availability data. Further, mass media can
communicate and disseminate information to a larger audience as well as to encourage
stakeholder interest in sustainability issues. Jacobs et al. (2005) suggest that cultivating
relationships with local press and broadcasters can help improve the likelihood of successful
knowledge transfer. ICT experts, such as ones in the UC Berkeley School of Information, can help
design and promote novel information communication methods to aid in disseminating FEW
information effectively to larger audiences.

Labelling. Communicating the socio-ecological performance of various products with better
labelling can promote sustainability in current patterns of consumption and production (Bratt et
al. 2013). For instance, energy labels for various household appliances enable consumers to
make more efficient decisions. A recent study on China’s Energy Efficiency Label suggests that
this label has positively influenced consumer decisions about purchasing air conditioners and
refrigerators in Shanghai (Shen & Saijo 2009). Lawrence Berkeley National Lab’s Environmental
Energy Technologies Division has an “Energy Efficiency Standards Group” that analyzes technical,
economic, and environmental aspects of more efficient appliances and equipment. Expertise like
theirs can be used to improve labelling in other FEW systems as well.

Education. Environmental and sustainability challenges have important connections to and
implications for education and schooling (Rickinson 2001). Environmental education is spreading
in national educational policies and curricula with the aim of educating a generation of students
who are knowledgeable about environmental problems and potential solutions (Pooley &
O’Connor 2000). Outdoor ecology education has been shown to change long-term
environmental perspectives and motivate students to make responsible environmental decisions
through a combination of first-hand experience and participatory interaction (Bogner 1998).
Environmental and sustainability education for all ages is therefore critical to sustain long-term
behavioral change among producers and consumers of FEW system:s.

Boundary Organizations. These organizations link the worlds of science and practice (Vogel
et al. 2007), facilitating communication between scientists and decision-makers or policy
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developers, particularly with respect to complex environmental problems (Cook et al. 2013). In
FEW systems, cooperative extension programs in the U.S. are one example of a boundary
organization working at the interface of science, policy, and practice. Typically housed in land
grant universities, Cooperative Extensions engage large networks of practitioner-educators who
interact with local stakeholders and decision makers within FEW systems on a regular basis
(Feldman & Ingram 2009). Cooperative extension programs could provide the necessary
trainings and capacity building to speed the adoption of innovative FEW practices.
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Conclusion

The FEW system trilemmas in drought-prone, semi-arid regions are particularly acute and likely
to worsen. As highlighted above, this is due to the multiplicative and interacting system stressors
including climate variability, persistent waste, continued pollution, and shifting demographics in
these regions. We have identified and proposed solution mechanisms for three research
challenges: (i) closing the loop across FEW systems; (ii) resolving spatiotemporal disconnects in
FEW; and (ii) creating actionable information. The integrative solution mechanisms we propose
focus on information and data, developing appropriate technologies, and incentivizing behavior
change to provide concrete direction for innovative research that will lessen, prevent, and
resolve trilemmas that are likely to arise when integrating the management of FEW systems.

We contend that fully understanding and ultimately managing FEW systems will require a
combination of (i) discovery-driven disciplinary science in various subareas of FEW systems; (ii)
research that integrates advances in FEW science to resolve trilemmas ; and (iii) the training and
formation of interdisciplinary teams. The development and implementation of novel solutions to
FEW trilemmas will flow from disciplinary science through to integrated, interdisciplinary
management and policy. Discoveries in disciplinary science are the precursors to the
development of technologies and policies. Through our explication of FEW challenges, we have
provided examples of the need for basic research relevant to FEW systems. These include for
example, a deeper and more fundamental understanding of the partitioning and use of water in
plants and soil as well as advances in contaminant detection and remediation for wastewater
reuse.

While disciplinary discoveries create new knowledge and open new pathways to resolve FEW
trilemmas, there are inherently physical, natural and social science components in the
intersection of FEW systems. Thus, resolving FEW trilemmas requires the transfer and
integration of knowledge from disparate disciplines. Closing the loop by reusing waste across
FEW is a good example; nutrients can be recovered from food and water waste, providing cross-
system resources and minimizing waste.

Solutions at the FEW nexus will require combining knowledge from different disciplines; the
need for interdisciplinary teams is clear. Not only are scientists from different disciplines key to
this process, but so are decision and policy makers. Bringing scientists together with
practitioners can be efficient for science and effective for management (Dilling & Lemos 2011).
The scientists can highlight what is possible, probable, and impossible from a science and
technology standpoint, while the practitioners can highlight the hard and soft constraints as well
as suggest new avenues for exploration. For example, while distributed waste remediation
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facilities can resolve many transport issues, the cost of these facilities can be prohibitive to small
farms. The challenge is putting these teams together is the group learning to speak the same
language. Science, universities, and the public are becoming increasingly accepting and
interested in interdisciplinarity, the acceptance of interdisciplinarity scholarship still has a ways

to go in the broader academic community especially, for early or mid-career researchers (Rhoten
& Parker 2004).
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