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Abstract: The current analysis attempts to quantify the interlinkages between the water, energy and
food sectors of California covering the period 2002-2015. The results reveal that 25% (60,696 GWh)
of the annual energy consumption is attributed to agriculture, while 75% (174,709 GWh) is used for
water supply purposes. The agricultural sector consumes 77% (32,629 m3) of the irrigation water,
and the energy sector is vulnerable to water availability fluctuations, because many hydroelectric
facilities are connected to its grid. Considering the water scarcity and the uneven geographical
distribution of water in the state, its central role in California’s water—energy—food (WEF) Nexus
becomes apparent.
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1. Introduction

The water-energy—food (WEF) Nexus has emerged over the last few years as a conceptual
framework for natural resource management [1,2]. The concept of the WEF Nexus arose in the
sentience of the global community as a reaction to climate change and several social changes that
humanity has been witnessing in recent years, such as population growth, globalization, economic
development and urbanization [3]. These phenomena put a lot of pressure on water, energy and food
systems, and as a result, many communities in different parts of the world are called upon to confront
possible “conflicts” between the three sectors [1].

The WEF Nexus was introduced as a conceptual framework for the monitoring and achievement
of the Sustainable Development Goals (SDGs) that the United Nations have set [4]. In order to achieve
water, energy and food safety for everybody at the same time, governments and the different
stakeholders that, occasionally, take part in the decision making should consider broader influences
and cross-sectoral impacts [5,6].

Often in the nexus literature, only two components are taken into account such as in the case of
the water—energy nexus [7-9]. Sometimes, the impact of external factors such as climate change on
the nexus between two resources is investigated [10]. The nexus concepts have also been examined
for urban environments [11,12] and on a household scale [13,14]. In spite of researchers having
approached the nexus perspective, the data and knowledge gaps and the lack of systematic analytical
tools prevent, in many cases, the effective application of nexus thinking [15]. Moreover, according to
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[16], the current literature focuses more on understanding the nexus rather than governing and
implementing it.

In the current analysis, we attempted to quantify the interlinkages of three nexus components
and subsequently assess how water, energy and food resources are managed in the state of California.
The scale of the analysis was the state administration, which is perceived as a generally large scale
for a nexus investigation. Nevertheless, it was considered adequate in order to reveal the bigger
picture of natural resource management in the state.

2. Materials and Methods

2.1. Study Area

California is the third largest state in the USA (423,970 km?) and by far the most populous one.
On the first of July 2019, its population was estimated at 39,000,000 people [17]. In the third quarter
of 2019, its Gross Domestic Product (GDP) was estimated at USD 3,155,224 million[18]. On one hand,
the geographical area of California influences the management of its natural resources, while on the
other hand, its economic status and large population affect the demand for natural resources and the
consumption patterns.

2.1.1. Water Sector

The adequacy or shortage of water resources in California has always been a determining factor
not only for its economic but also for its cultural development. Its agricultural production and its
population have flourished in parallel with the development of its water resources facilities. It is true
that 75% of its rainfall and snowfall takes place in the north part of the state, which barely constitutes
one third of its area, while 80% of the water demand comes from the two thirds in the south of the
state [19]. Numerous large hydraulic works have been constructed in order to manage the state’s
surface water resources and bring them to South California and the Central Valley [20]. California
constructed the world’s largest water system and, therefore, has been reasonably characterized as the
most hydrologically altered landmass on the planet [21,22]. Considering the groundwater reserves of
the state, they are ten times more than the ones of surface water (rivers, lakes, reservoirs).
Groundwater acts as a safety net in years with low precipitation (Figure 1) and offers California the
flexibility of extracting more of it in order to cover the demand, especially the agricultural demand,
and avoid economical and other crises [23].
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Figure 1 Contribution of surface and groundwater to the total water supply. In the horizontal axis the
numbers in brackets represent percentages of normal precipitation (average of the annual
precipitation values) from 1981 to 2010.
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2.1.2. Energy Sector

California is the state with the second largest total energy consumption, which is justifiable by
its large population and its extended geographic area as well as by its thriving economy.
Nevertheless, its per capita energy consumption is one of the lowestin the USA, due, in part, to the
mild climate and its energy efficiency programs [24]. Indicatively, according to calculations based on
data provided from the California Energy Commission (CEC) in the period 2002-2015, the average
power generation from renewable energy sources was almost 30%. The CEC breaks down the energy
sector of the state into three categories: electricity, natural gas and crude oil. According to our
calculations based on the commission’s databases, each one of them contributes to the total energy
mix of the state by 17%, 22.5% and 60.5%, respectively.

2.1.3. Agriculture and Food Sector

The agricultural sector of California is by far the most profitable in the United States, with
revenues up to 50 billion dollars in 2017 [25]. On account of the large variety of the state’s agricultural
products (more than 400 different crop types), in the current analysis, a manageable number of them
was selected by taking into account the following criteria: (a) the economical profit that these
products provided from 2009-2015; (b) their exports from 2011-2015. The time periods that we chose
were not random, rather, they were mandatory because of the lack of data for the previous years. The
planted area of the selected crops between 2002 and 2015 is represented in Figure 2. It should be noted
that livestock products were not considered. Dairy products and the areas cultivated for animal
grazing, except for alfalfa and some other types of hay, were, also, excluded from the analysis.
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Figure 2. Planted area of the agricultural crops with most exports (2011-2015) and most GDP profit
(2009-2015).

2.2. Interconnections of the Nexus Components

Following the collection of the required data, the quantification of the interconnections of the
nexus components was conducted. For each of the three interconnections of a WEF Nexus (water—
energy, water—food, energy—food), two “flows” can be identified. Nevertheless, in the case of
California, the food—energy flow, mainly the biofuels’ sector, is not very developed, and relative data
were not found. Therefore, this flow was excluded from the analysis. Suitable factors of intensity
were explored for each of the nexus components. In some cases, there was no need for quantification
at all, because there were already available data. In general, the acquisition of data for each year from
2002 to 2015 was attempted; although, for some flows, only average estimates of a single number
were attained for the whole period examined.
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2.2.1. Water for Energy

Water is required for the mining, transporting, processing and refining of fossil fuels, for
disposing the waste that is produced during the aforementioned procedures, for cooling of
thermoelectric facilities as well as for hydroelectric stations [3,26]. Factors of water consumption in
m?3/L for every stage of the crude oil production line (mining, production, recovery, refining and other
operations of a crude oil facility) are provided by [27]. By multiplying these factors by the amounts
of oil used in each one of the stages mentioned before, the total water consumption of the crude oil
sector for the examined time period was calculated. For the calculation of water used from the
electrical sector, [26] provided water withdrawal and water consumption factors in m¥MWh for the
entire life cycle of a facility. These factors were used for coal, natural gas, nuclear, geothermal and
solar electric generation facilities. As for the biomass/waste-to-energy facilities that produce
electricity, the water withdrawal and consumption factors were acquired from [28].

A different methodology was followed for the calculation of the water that the large and small
hydroelectric facilities used and consumed. On one hand, every hydroelectric facility operates
because an amount of water passes through its turbines and returns to the river flow that it was
diverted from, downstream the dam or to another reservoir (non-consumptive water usage). On the
other hand, in the cases of hydroelectric stations accompanied by reservoirs, large amounts of water
are lost through evaporation and seepage from porous foundations underlying the reservoirs
(consumptive water usage) [3,27]. An estimation of the non-consumptive water use of hydroelectric
stations in 1995 was provided by [29]. By using this estimation, the hydroelectric power generation
of 1995 and the average hydroelectric power generation of the period 2002-2015, we applied the rule
of three and calculated a factor of intensity in m3/kWh. We multiplied this factor by the energy
produced each year of the examined period from each hydroelectric station of the state, except for
the pumped-storage, and we calculated the non-consumptive water use of hydroelectric stations.
Factors of evaporation and seepage in m¥kWh specifically for California’s reservoirs were provided
by [27]. These factors were multiplied by the annual energy produced from each hydroelectric station
of the state, except for the pumped-storage and the run-of-river, followed by the aggregation of all
the results of the consumptive water use of hydroelectric stations from 2002 to 2015.

2.2.2. Energy for Water

Energy is consumed in all stages of the water use cycle, during which the water is, at first,
diverted, collected or extracted from a water resource, then, it is transported to water treatment
facilities and finally, it is distributed to end users. Afterwards, wastewater from urban and industrial
uses is collected, treated and discharged back to the environment, while wastewater from agricultural
uses is common not to be treated before being discharged back to the environment, either as runoff
to natural waterways or into groundwater basins [30]. Desalination is another water-related activity
that consumes energy. In California in 2001, 19% of the total electricity and 32% of the total natural
gas consumed were used for water-related activities. In addition, an amount of diesel related to
irrigation water pumping was consumed in the same year [30]. The aforementioned percentages as
well as this specific amount of diesel were assumed to be constant for the whole time period
examined, due to the lack of annual data. The percentages were multiplied by the consumed electric
energy and natural gas, respectively, of each year from 2002 to 2015. In order to be able to aggregate
all these amounts to a single total, natural gas and diesel were converted to their electrical equivalent.
For the conversion of natural gas, we considered that 1 m? equals approximately 10.73 kWh [31]. For
the conversion of diesel, the factor 3.72 kWh/L [32] was used, which refers only to irrigation water
pumping. Factors of intensity in kWh/m? of each type of desalination station (sea/brackish) [33] were
multiplied by the amount of sea and brackish water, respectively, that was desalinated in 2010 [23].
The total energy consumption for water desalination was, thus, estimated for the corresponding year.
This amount of energy was considered constant for the whole period of 2002-2015 as well, due to the
lack of annual information.
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2.2.3. Water for Food and Food for Water

As far as the water—food flow is concerned, the California Department of Water Resources
(CDWR) provided data for the annual irrigation water applied in the period 2002-2015 as well as for
the depleted amount of water because of irrigation for the same period [23,34]. Depletion is the
quantity of water consumed within a service area and no longer available as a source of supply. It
includes evaporation, evapotranspiration and outflow to a salt sink [35]. As far as the food—-water
flow is concerned, the acquisition of data for the kinds and amounts of agricultural products that
California imported annually between 2002 and 2015 was attempted, in order to multiply them by
their respective virtual water coefficients. Since there were no such data available, the alternative of
a water footprint was chosen. The water footprint of a product or service is defined as the volume of
water that is consumed for the production of this product or service in the same place it is produced
and not necessarily in the place it is consumed [36]. More specifically, California’s external water
footprint is associated with goods that are produced outside of California but are imported into and
consumed within the state. In fact, agricultural goods account for most of the state’s external water
footprint. California’s external agricultural water footprint was acquired from [37]. It should be noted
that an imbalance arose between the food-water flow, where livestock was included in the
agricultural sector and the water—food flow, where it was excluded from the same sector.

2.2.4. Energy for Food

Present-day agriculture is very “high-input” [38], modernized and intensified. In order to
explore how and to what extent the energy sector of California affects food production, we calculated
the energy consumed for irrigation water (conveyance/supply), the application of chemicals
(fertilizers, pesticides) and the operation of agricultural machinery.

As mentioned before, in 2001, 19% of the total electric energy consumed in California was
attributed to water-related activities. In the same year, 22% out of the aforementioned percentage,
corresponding to about 4.18% of the total electricity consumption, was consumed for irrigation
purposes [30]. This percentage—in addition to a certain amount of diesel used for the pumping of
irrigation water [30]—was considered constant for the consecutive years 2002-2015. For the
calculation of the energy used annually during the entire life cycle of fertilizers, the tons of nutrients
(nitrogen-N, phosphate-P20s5and potash-K20) that were used on an annual basis were multiplied by
different factors of intensity in kWh/ton [39]. For the calculation of the energy used annually for
pesticides, the amounts of pesticides applied on an annual basis at all the different stages of the food
production line were multiplied by an average factor of intensity in kWh/ton [39]. The required
energy for the operation of agricultural vehicles (primarily tractors) and other equipment was
estimated by multiplying both the planted and harvested area of the selected crops of California by
the electrical equivalent of an average amount of diesel per agricultural area [40].

3. Results

Considering all the different aspects of the nexus and integrating all the components at a
common temporal resolution and spatial level, California’s WEF Nexus was quantified. The standard
triangular format was used in order to represent the interlinkages of the nexus components in annual
average values for the years ranging from 2002 to 2015, as presented in Figure 3. It should be clarified
that in the water—energy and the water—food flows, the numbers represent total water withdrawals
for the production of energy and food, respectively, while the numbers in brackets represent the
amount of water consumption. Hence, it is revealed that the average water consumed by the energy
sector of California in the examined period was less than 2% of the water withdrawn. Additionally,
the water depletion through the irrigation of agricultural crops was almost 77%.

Furthermore, in Figure 3, two main “nexus paths” are identified —the water—energy—food and
the energy-water—food. The first path highlights the central role that water plays in the nexus and
depicts that if the available water for the energy sector was less than 128,362 hm?, except for the
disturbances that would have been caused to the energy sector, the food sector would either
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experience shortages in irrigation water and chemical/agricultural machinery or compete with other
sectors such as the urban sector for the distribution of the available energy. The second path sets the
energy resource as the determinant factor of the nexus analysis. Likewise, if 174,709 GWh of energy
was not available each year for the water sector, then, the water would be impossible to extract,
convey and distribute to end users, among which is irrigated agriculture, which is used to acquire an
annual amount of 42,446 hm3.

Figure 3. California’s water—energy—food (WEF) Nexus schema.

In Figure 4, the percentage change of the water—energy, energy—water, water—food and energy—
food flows considering 2002 as the baseline year is depicted. According to Figure 4, the water—energy
flow presented several extremes, which are explained by the close interrelation of this flow with
annual precipitation and snowfall levels (water availability), possible extreme natural phenomena
etc. The declining trend in this specific flow was caused by the reduced power generation of the large
hydroelectric stations after 2011. The production of hydroelectric facilities reduced because of the
severe drought that started in California in 2012 [41] and was accompanied with very high
temperatures and, therefore, high evaporative losses from the state’s reservoirs. Conversely, the
irrigation water supply (water—food flow) remained relatively stable. The groundwater reserves
made a significant contribution to this, which, as usual in water years with low precipitation, ensured
the provision of a large part of the required, valuable resource, so that California could cover its water
demands. The energy—water flow remained in stable levels, because of the ability of the energy mix
to recover the inefficiency of hydroelectric stations with the supplementary production of the natural
gas-fired facilities. The application of chemicals and energy inputs to agriculture (energy—food flow)
also did not present serious fluctuations.
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Figure 4. The percentage changes (2002 baseline year) of nexus interconnections.
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4. Conclusions

The WEF Nexus is a multifactorial conceptual framework, and there are so many elements
involved in a nexus analysis that often, it is hard to set the boundaries of the analysis system or other
subsystems. More specifically, California is a large state characterized by an equally large number of
descriptors (with regard to population, economy, energy etc.), which made the analytical process
more challenging with more data availability issues to overcome. An in-depth understanding of the
conceptual framework and a clear distinction between definitions are particularly important when
carrying out a WEF Nexus analysis. With the plethora of databases that exists from different
information sources, it is crucial that the parameters of the analysis are distinctly defined, so that any
usage of overlapped data is avoided. This was a challenge that had to be surpassed as well. A WEF
Nexus approach to the management of natural resources in California presents complexity due to the
fact that all three sectors are developed and there are many stakeholders that share interests in
specific governance decisions. Nevertheless, any governance decision that is made influences the
whole nexus system of the state.
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