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Abstract: Cities are complex and evolving systems with various factors playing key roles, e.g.,

population increase, the migration of population, the availability of resources, and the flexibility of

policies. Consumers’ socioeconomic status is also an important aspect that needs to be studied in the

context of a self-reliant urban city in its resource consumption. In this regard, the association between

water–food and socio-economic attributes was analyzed based on the consumer-centric approach for

the Hyderabad Metro Development Authority (HMDA) region, India. In this study, the embedded

water content in food consumption was estimated and analyzed for nine food groups and twelve

economic classes of the HMDA region. The middle economic classes were found to correspond to

~80% of embedded water content in the HMDA region, followed by the upper and lower economic

classes. Except for cereals, per capita, the water consumption of all food groups increased with the

spending power of the economic class. The green, blue, and grey consumption water footprints (WFs)

suggested that much of the water that is being consumed in the HMDA region is precipitation-driven,

followed by surface and groundwater resources. Limited water resources, water resource variability,

climate change consequences including future climate projections, uncertainty in data, WF estimates,

and region’s future growth imply a detailed study in drafting policies to become a self-reliant region.

Keywords: embedded water content; water footprint; water–food nexus; socio-economic status; food

consumption; virtual water; spending capacity

1. Introduction

Drafting globalized policies for the sustainable consumption of resources in urban
regions is necessary. The increase in the role of urban regions by hosting significant
population as well as providing various opportunities is reflected in its contribution to the
national economy and, thereby, the global economy. As per the European Commission,
urban regions (or urban cities) hosted 75% of the global population in 2015, and the
population has risen relatively quickly in recent times [1]. Additionally, significant changes
in land use and land cover have been observed. Importantly, agricultural land in peri-
urban regions, which plays a crucial role in cities’ food supplies [2,3], has shrunk [4].
Increases in population and decreases in resourceful land in combination with cities’
growing requirements further add more stress to available resources including water,
which is limited in quantity and variable with time.

Water is the key resource used by all elements of an urban region, and food is an
entity that consumes a significant amount of water [5]. Food imports imply the importation
of water from both near and faraway places; however, only a few studies have explored
water movement across different sectors, particularly in the context of food consumption
and its impacts on regional water balance at the city scale [6–8]. This has led to a poor
understanding of water and food association at the urban and regional scales. Note that
the unavailability of data and gaps in data are also limiting factors for the perusal of
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systematic efforts [6,8]. Nevertheless, both rapid economic growth and lifestyle changes
have introduced new food habits that consist of more processed foods that are water-
intensive in production [9–11]. These situations lead cities to be hotspots for the higher
consumption of direct and indirect water resource utilization, increasing further water
stress in a region [12,13]. Direct and indirect water resource computation and its movement
across different regions and sectors is complex and requires systematic study. The nexus
approach offers a practical solution, including for transboundary conflicts [5].

The nexus approach got its first attention in the world economic forum conference
in 2011 [14]. The approach measures the interdependencies between water–energy–food
(WEF) resources by accounting for the water used in various tasks, including production,
transportation, and regional consumption. Thus, the information from the nexus approach
can be used for governance and planning, as well as to evaluate trade-offs between WEF
resources [5,15]. The nexus approach can be applied to the city, river basin, and continental
scales from different perspectives of the water footprint [5,8,16,17]. The water–energy–
food nexus approach suggests localized solutions specific to a region. Note that nexus
studies have been pursued from different perspectives like food [18,19], energy [20,21], and
climate [22–24] for regions of different areas. Additionally, an integrated tool to assess the
WEF nexus was also developed [25]. Urban regions are hotspots for consumption; indeed,
they consume more virtual water that is approximately 20 times more than direct water
consumption [26], and it highlights the need to quantify the water and food nexus at the
city scale. However, the application of the nexus approach to the city scale is relatively more
complex compared to regions of a large spatial scale, e.g., river basins or continents. This is
mainly due to the transboundary nature of resource consumption in urban cities [6,27,28],
and only a few studies have addressed the water–food nexus at the city scale.

The food consumption of urban cities involves long supply chains with produc-
tion, processing, and mobilization stages, and water is the central element in every
stage [29,30]. These long supply chains increase water, energy, and food footprints in
the pre-consumption of food, the post-consumption of food, and greenhouse gas (GHG)
emissions [29,30]. Among the consequences of various socio-economic–environment ele-
ments, increased pressure on water resources is the most notable. Despite being the primary
element in determining the water footprint, human consumption of water and food remains
sparsely examined in the context of the urban food systems in various cities [29,31–38].

Many studies have analyzed the nexus between water-centered resources in high-
income economic regions that are data-rich and use regional trade [18,19,39,40]. A few
studies have considered commodity survey data [29,30], which is a coarse representation
of the nexus of urban food systems, and consumers’ socio-economic status has not been
considered. Consumers’ socioeconomic status is an important representational aspect in an
urban system, and its role has further increased as urban regions have grown and differ-
ences in economic classes have widened [41]. Only a few studies have pursued the nexus
by integrating consumers’ socio-economic information for cities in Europe [37,42]. The fact
that the changes vary significantly among urban dwellers of different economic classes em-
phasizes the need to have detailed data; however, data unavailability is common for many
urban regions across the world. In this regard, the consumer-centric approach [43–46] is a
reasonable solution to overcome the data-related issues for nexus studies.

In recent times, particularly during Coronavirus disease-2019 (COVID-19)-driven
lockdowns, self-reliance on food and water resources has become a primary concern for
many urban regions. The biggest importers have faced challenges because of COVID-19-
driven lockdown restrictions on exports, and uncertainties in removing or easing lockdown
restrictions increased difficulties further [47–49]. Covarrubias and Boas [6] analyzed the
accessibility of proximity of food in the context of reducing food miles, energy utilization,
and carbon emissions to understand how the city of Barcelona could be self-reliant for
food consumption. Similarly, climate change consequences have the potential to bring the
notion of self-reliance to cities. Climate change effects include a range of consequences, and
in the context of food systems, changes in rainfall and temperature have important roles.
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Changes in rainfall patterns on both small and large space and time scales have resulted in
hydroclimate extremes such as floods and droughts at the city and river basin scales [50].
Additionally, temperature changes might produce other extremes such as heatwaves [51].
As it has been seen, these effects disrupt food system elements, and cities are relatively
more vulnerable because these elements are highly dependent on peri-urban and regions
elsewhere.

Most of the food products consumed in India are produced within the domestic
boundaries; therefore, the impact of India’s imported food trade is less significant on any
part of the world in terms of the water footprint [29,52,53]. However, India is a source for
water-intensive food trade, exporting 95.4 billion cubic meters/year of virtual water in
the food trade, which is four times what India is consuming [54,55]. A high consumption
of unevenly distributed water resources for exports is a primary reason for water stress
conditions in the major cities of India [54]. In this context, India, including its urban
regions, needs to cautiously monitor and secure its water-centered resources. In particular,
India’s smart cities mission further emphasizes this need, as more cities are planned to be
developed shortly [56].

Ramaswami et al. [28] analyzed and quantified the impact of climate on the water,
energy, and food nexus of Delhi city, India, for urban food systems [28]. This study revealed
the transboundary interactions and interdependency of resources for the provision of water,
energy, and food needs. Boyer addressed sustainability and environmental impacts by
analyzing the unique food systems of nine Indian cities [29,30]. The authors also compared
the food system characteristics of cities from India and United States, and they found
differences in the food supply chain distance in the cities of both counties. They found
relatively long food supply chain distances in Indian cities, this along with the increased
consumption of water and energy, and the GHG emissions impacted the environment. The
study also observed a large amount of pre-consumer food waste, though this was slightly
higher in cities of the USA than in Indian cities. Typically, planning trade strategies and
drafting water policies at the regional and national levels only consider available water
resources, and the accountability of socio-material flow (embedded water in the supply
chain) between transboundary regions is not given much importance [6–8]. This may be
due to the lack of a common platform to deal with the nexus between water-centered
resources. Regional food resiliency is frequently disturbed with floods and droughts, and
it builds a competitive trade-off in allocating water resources between food production and
domestic needs, thus leading to various transboundary conflicts [5,57].

While India’s smart city mission facilitates the development of a systematic urban
database in the near future, the evolution of cities into further complex systems poses
challenges and difficulties in finding optimal solutions. The notion of becoming a self-
reliant city drives sustainable city policies for various reasons including climate change,
and it is important to understand the water footprint from various angles, including socio-
economic status for the aforementioned reasons. In this regard, the main objective of the
study was to understand the association between socio-economic attributes, including
purchasing power, food consumption, and embedded waters in the Hyderabad Metro
Development Authority (HMDA) region. Thus, the study can assist policymakers of
local and national governments in providing information on water-intensive and water-
friendly food products, as well as in developing trade strategies with water-rich regions so
that the consumption of water in urban and peri-urban regions will eventually decrease.
The information may play a role in drafting city-level food policies for the sustainable
consumption of food and water resources to build sustainable and smart cities, which is part
of the second, sixth, and eleventh goals of the United Nations’ Sustainable Development
Goals that were established in 2015 [58]. The trade strategies emphasize the revisiting of
the water allocation trade-offs between food production and other domestic purposes, so
regional water balance accounting export and import of virtual water is achieved.
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2. Study Area

The study region, HMDA, includes Hyderabad, which is one of the most well-known
cosmopolitan cities in India. Hyderabad city is capital of the relatively newly formed state
Telangana, and the selected region, HMDA, has a wide variety of food cultures because
people in the region are from different parts of the country. Approximately 70% of the
HMDA’s water footprint (WF) is due to food consumption [46], and the region’s produce
depends on food products from surrounding regions, particularly it’s peri-urban region;
the key role of the peri-urban region in agriculture products is evident in HMDA’s food
supply [2]. The agriculture and domestic water needs of these peri-urban regions are
compromised to satisfy the water needs of the HMDA region, thus leading the peri-urban
regions to have water conflict [59].

Initially, Hyderabad only up reached the boundaries of erstwhile Hyderabad (see
Hyderabad part in Figure 1) with an area of 217 km2, and rapid economic activity mainly
led by information technology services resulted in exponential population growth and
changes in land use. Consequently, the city expanded to 7257 km2 and parts of surrounding
districts—Ranga Reddy, Medak, Nalgonda, and Mahabubnagar—became the city’s peri-
urban regions [60]. The total population of the HMDA region is 9.4 million, and Hyderabad
is the fourth most populous urban agglomeration in India [61]. Hyderabad is located on
one of the riverbanks of River Musi, which is the tributary of River Krishna; however,
another part of the study region is in another major river catchment, the Godavari river
basin. The region gets most of its rainfall during the monsoon season, and the average
annual rainfall of the Hyderabad region is 810 mm. The city consumes 1030 and 257 million
liters per day for domestic and industrial purposes, respectively, and most of its water
come from reservoirs, which range from within city limits to as far as 300 km away from
the city (from annual reports of Hyderabad Metro Water Supply and Sewerage Board,
2016). Both the growing city’s requirements and industry-driven, pollution-related issues
on the city’s water resources have compelled the region to depend on water resources far
from the city limits [62].
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Figure 1. Jurisdictions of Hyderabad Metropolitan Development Authority (HMDA) region show-

ing the boundaries of Greater Hyderabad Municipal Corporation (GHMC) and five districts, i.e.,

Hyderabad, Ranga Reddy, Nalgonda, Medak and Mahabubnagar.

3. Materials and Methods

3.1. Data

The data that were considered in this study are as follows: consumed food quantities,
population, and water production footprint. Additionally, the commodity consumption
data from the 68th consumer expenditure survey were used. The survey was conducted
in 2012 by the National Sample Survey Organization (NSSO) [63], and the data consisted
of consumed quantities for 88 food products for each of twelve economic classes for the
HMDA region. The economic classes (ECs) were formed based on the monthly per capita
consumption expenditure (MPCE) [63]. The food products were grouped into 9 food
groups, namely cereals, fruits, livestock, coffee and tea, milk products, oils and fats, pulses,
sugars, and vegetables, as per dietary guidelines of National Institute of Nutrition India [64].
Population data for each economic class for the HMDA region were obtained from the
comprehensive transport survey of the HMDA [60]. The water production footprint,
including green, blue, and grey water footprints for all individual food products, was taken
from a well-known database [65,66].

3.2. Method

The study used a consumer-centric approach to quantify the water and food nexus
for the study region in the context of socioeconomic status, and it adopted the framework
developed by [46]. As shown in Figure 2, the study calculated the total amount of consumed
food, and then it calculated the embedded water for each food commodity for and economic
class. The embedded waters were used to analyze the water and food nexus for food groups,
economic classes, and the HMDA region. Figure 3 shows the finer details of data and the
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calculation procedure. The below-mentioned steps detail the calculations and assist in the
interpretation of results.
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National Sample Survey Organization.
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Stepwise calculation procedure:

Step 1: Calculate food consumption quantities in tons per capita per year
(

qi
j

)

for

all food products (j) and each economic class (i) using monthly per capita consumption
quantities (q).

Step 2: Calculate the population for each economic class
(

Popi
)

using the percentage

of the population in each EC and the total population in the HMDA region.

Step 3: Calculate the total consumed quantities
(

Qtotalij

)

for all food products (j) and

each economic class (i) using information from steps (1) and (2).

Qtotalij (Tons/year) = qi
j (Tons/cap/year)× Popi (1)

Step 4: Calculate embedded waters, i.e., consumption WF (CWFi
j), for each economic

class and each food product using the corresponding water production footprint
(

WFj

)

and total consumed quantity (Qtotali
j).

CWFi
j (MCM/y) = Qtotalij (Tons/y)× WFj

(

m3/Tons
)

(2)

This step is repeated for all three green, blue, and grey production WFs, and the sum
of the three individual embedded waters yields the total embedded waters.

Step 5: Calculate the embedded waters for each economic class (i) and for each of the
nine food groups (J) by summing embedded waters of corresponding food products.

CWFi
j(MCM/year) =

Jj

∑
j=1

CWFi(MCM/year) (3)

where J j is the number of food products in the food group J.
The embedded water of the HMDA region was calculated as shown below.

CWFHMDA(MCM/year) =
12

∑
i=1

9

∑
J

CWFi
J(MCM/year) (4)

In addition, the per capital consumption quantity, total consumed food quantities’
percentage equivalent concerning food groups, total embedded water’s percentage equiva-
lent concerning food groups, and production WF (which corresponds to consumed water
during production of a food product) for each food group were calculated. The production
WF was calculated as the sum of production WF of all food products of a food group. The
percentage equivalent calculations reflected the contribution from every food group.

Food groups were categorized as water-intensive, water-neutral, or water-friendly
based on the difference between the percentage equivalent of embedded waters and the
percentage equivalent of food consumption. If the value of the difference, i.e., percentage
point difference, was positive and greater than 2, then the corresponding food group was
treated as water-intensive. If the value of the difference was negative and smaller than
−2, then the food group was treated as water-friendly. If the values were between −2 and
+2, then the food groups were treated as water-neutral. The threshold of ‘2’ was used to
account for the errors in the uncertainties, and it was subjective.

4. Results and Discussion

4.1. Water and Food Nexus in HMDA Region

Table 1 lists the total consumed food quantities and embedded water, i.e., water
consumption footprint and production WF, for each of the nine food groups and for the
HMDA region, which includes all 12 economic classes. The table also has percentage
equivalents for total consumed food quantity (column 3) and embedded waters (column 5),
as well as the percentage point difference of these two quantities (column 8). The total
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embedded water in food consumption was found to be 6833 MCM/year, and it was more
than 20 times the HMDA region’s direct water use, i.e., 375 MCM/year [46]. Among
all the food groups, cereals, milk products, and livestock together contributed 73% (i.e.,
4995 MCM/year) of the total embedded water, and the remaining six food groups, i.e.,
pulses, vegetables, fruits, oils and fats, sugars, and coffee and tea corresponded to 27%
(column 5, Table 1). However, in terms of the total consumed food quantity, cereals,
vegetables, and milk products contributed 79% of food consumed in the HMDA region.
While cereals and milk products were found to be the highest contributing food groups in
terms of both embedded water and consumed food quantity, livestock and vegetables also
significantly contributed to embedded water and consumed food quantity, respectively.
We defined a water-intensive food group as a group with a positive difference between
the percentage equivalent of embedded water content and the percentage equivalent of
food consumption categorizes cereals; as such, pulses and livestock were found to be
water-intensive food groups. Cereals were the most water-intensive of the food groups,
with a difference of 11% between the percent of embedded water and food consumption.
Therefore, this can be treated as the most water-intensive food group, whereas livestock
and pulses differed by 6 and 4%, respectively, in their proportion of embedded water
content and their respective food consumption quantities. Therefore, these products can be
treated as less water-intensive food groups. Due to their small values and uncertainty in
the data, the fats and oils, coffee and tea, sugars, and milk product groups can be treated as
water-neutral food groups. Unlike the above-mentioned products, vegetables and fruits
were found to have lesser proportions of percent equivalents of embedded water content
than their respective percent equivalent of food consumption, i.e., 18 and 4%, respectively.
This implies that there is a relatively smaller percentage of consumed water than that of
consumed food quantities at the city level, hence vegetables and fruits can be treated as
water-friendly food groups.

It is interesting to note that cereals, vegetables, and milk products were found to be the
most highly consumed food products in the HMDA region at 1.04, 0.75, and 0.69 tons/year,
respectively. However, the corresponding total embedded waters by each of these food
groups at the city level differed by significant amounts. Therefore, these food groups were
labelled as water intensive, water-friendly, and water-neutral, respectively. The water
production footprint of cereals (i.e., the embedded water content in production) was of
medium value compared to the other products (see Table 1). However, its relatively high
consumed quantities, i.e., 33% of the total food consumed across the HMDA, made the food
group more water-intensive. Meanwhile, vegetables and milk products consumed approxi-
mately the same amount, i.e., 0.75 and 0.69 tons/year, respectively, but their production
WF was greatly different at 2011 and 543 liters/kg, respectively. Hence they were treated
as water-friendly and water-neutral food groups, respectively, for the HMDA region. Live-
stock and pulses consumed small quantities, i.e., ~0.1 tons/year (3% of total quantity), but
their high production WF made them moderate water-intensive food groups. The sugars
group and the oils and fats group consumed similar quantities, i.e., ~0.1 tons/year, but
their relatively low production WF made them water-neutral. The group of coffee and
tea had the highest production WF, but its relatively very small consumption quantity of
~0.01 tons/year corresponded to relatively similar low embedded waters at the city level.
Consequently, this food group was treated as water-neutral food. As discussed, the food
groups differed in their quantity, production WF, and, consequently, their embedded water
quantities at the city level. However, after learning that these consumed quantities varied
in each economic class, it was important to analyze them more for a better understanding
of the water–food nexus at the sub-city level.
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Table 1. Details of total food consumption and its percentage equivalent, total embedded water and its percentage equivalent, per capita food consumption, water production footprint,

and category of food groups for the HMDA region (MCM: million cubic meters).

Food Group
Total Food

Consumption
(million tons/year)

Percentage
Equivalent of Total
Food Consumption

Total Embedded Water
(MCM/year)

Percent Equivalent
of Total Embedded

Water

Per Capita
Consumption

(Kg/year)

Production WF
(Liters/Kg)

Difference between Percent
Equivalent of Total Embedded

Water and Percent Equivalent of
Total Food Consumption

Category

Cereals 1.04 33 2973 44 111.21 2839 11 Water-intensive

Pulses 0.1 3 453 7 11.2 4300 4 Water-intensive

Sugars 0.1 3 229 3 10.56 2255 0 Water-neutral

Milk products 0.69 22 1387 20 73.29 2011 −2 Water-neutral

Fats and oils 0.1 3 341 5 10.67 3399 2 Water-neutral

Vegetables 0.75 24 411 6 80.52 543 −18 Water-friendly

Fruits 0.27 9 319 5 29.52 1159 −4 Water-friendly

Livestock 0.09 3 633 9 10.56 6376 6 Water-intensive

Coffee and tea 0.01 0 82 1 1.25 6997 1 Water-neutral
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4.2. Influence of Socio-Economic Status on Water and Food Nexus

The total embedded waters in food consumption for the HMDA region were analyzed
for twelve different ECs, i.e., EC1–12; high numbers corresponded to high consumption
power. As one would expect, the per capita food consumption increased with increase in
spending power (Figure S1); in particular, the per capita consumption values increased
linearly until EC7, and then an exponential increase was observed for middle and upper
economic classes beyond EC7 (Table 2). Meanwhile, the population increased from the
lower to middle economic classes (EC1–6), it appeared to be random in the middle eco-
nomic classes (EC7–9), and that was followed by decreases in the upper economic classes
(EC10–12); a relatively low population was observed for upper economic classes (Table 2).
Thus, the twelve economic classes were found to be unique and implicitly indicated the
corresponding population’s spending power and lifestyle including food that could be
afforded and consumed.

The embedded water in each economic class across all the food groups increased for
the first six economic classes and was followed by no systematic pattern in the middle
economic classes (EC6–10) with decreased amounts in the upper economic classes (EC11
and EC12) (Table 2)—a similar pattern was observed for population distribution for all ECs.
The middle economic classes had a high total embedded waters, i.e., EC10 with the highest
embedded water contents (1031 MCM/year) followed by EC8 and EC9. As one would
expect, the lowest embedded water contents were observed in the lower economic classes
and could be attributed to small population numbers and a small total consumed quantity.
However, it is important to note relatively low embedded waters were also observed in the
upper economic classes (EC11 and EC12). EC11 and EC12 had the highest spending power,
but their relatively decreased population numbers produced relatively low embedded
water levels (Table 2). In contrast, high embedded waters were observed in the middle
economic classes regardless of their relatively low per capita consumption compared to
upper economic classes. This was because of the large population in middle economic
classes. Unlike the total embedded water, the per capita embedded waters increased with
increased spending power, thus suggesting a larger consumption water footprint for a
person with more spending power (Table 2).

Table 2. Details of spending capacity, population, per capita embedded water, and total embedded water for all twelve

economic classes.

Economic Class
Spending Capacity

(Rupees/Capita/Month)
Population

Per capita Embedded Water Content
(Cubic Meters/Capita/Year)

Total Embedded Water
(MCM/year)

1 <725 131806 493 65

2 860 244783 515 126

3 1090 593128 574 341

4 1295 941472 619 582

5 1510 997961 652 650

6 1760 1063864 683 727

7 2070 988546 713 705

8 2460 1289817 745 961

9 3070 1054449 795 838

10 4280 1242744 830 1032

11 6015 480151 917 440

12 >6015 386004 955 369

A plot of the total embedded water of food groups and economic classes suggested
four-clusters of food groups and three clusters of economic classes (Figure 4). The food
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groups were as follows: cereals, milk products, livestock, pulses, vegetables, oils and fats,
and fruits, as well as a cluster of sugars, coffee, and tea. Similarly, the three economic
classes were as follows: EC4–10; these together corresponded to ~80% of the embedded
water content in the HMDA region, including upper economic classes EC11 and EC12
(~12%) and lower economic classes EC1–3 (~8%). Note that population distribution across
economic classes exhibited a similar pattern except that upper and lower economic classes
corresponded to similar percentage equivalents of 9% and 8%, respectively. As mentioned
in the previous section, cereals, a water-intensive food group, held a large volume of embed-
ded water for the HMDA region, which was seen in all economic classes (Figure 4a). The
volume of embedded water of the milk products, which held the second most embedded
water content of the HMDA region, greatly differed compared to cereals, except for in the
upper economic classes. The decreased volumes of embedded waters and approximately
similar volumes for the upper economic classes (EC11 and EC12) for both cereals and
milk products indicated changes in food habits compared to the other economic classes
(Figure 4a).
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Figure 4. Total embedded water for each food group and each economic class, the plots also have population information

on the right side of y-axis (a); similar to (a), but for the percentage equivalent of embedded water (b); similar to (a), but for

total consumed food quantities (c); and similar to (a), but for per capita embedded water (d).

The food group of fruits held the second-lowest embedded water content in EC1–4.
With the increase in spending power, the fruit group held more and more embedded
water, and it was the food group with the fourth-highest embedded water content for
EC11 and EC12. Fruits corresponded to a relatively low production WF, but their large
total consumed quantities (ranked fourth) resulted in steep increases in its percentage
equivalents; the high per capita consumed water footprint explained its increased total
embedded water content for EC11 and EC12 (Figure 4b).

Livestock dominated as the third highest food group in terms of the HMDA region’s
water consumption footprint but corresponded to low food consumed quantities (ranked
approximately sixth) in all economic classes, thus making it a water-intensive food group
(Figure 4a,c); a similar observation was made in earlier sections. However, note that the
percent equivalent was slightly on the rise in the low and high economic classes (Figure 4b).
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Pulses, another water-intensive food group, held approximately similar proportions of
embedded water across all economic classes (Figure 4b) but consumed less than livestock
(Figure 4c). Consequently, the pulses group had a relatively low embedded water content
compared to livestock (Figure 4a). In contrast, vegetables, as observed in Figure 4a,
comprised the second most-consumed food group for all economic classes but held a
low embedded water content because it had the lowest production WF. Hence, it was
designated as a water-friendly group. Its percent equivalent, i.e., the proportion of the
total food in an economic class, was approximately same across all economic classes (~6%)
and was smaller than percent equivalent of livestock (~10%). While sugars held more
embedded water than fruits in the lower economic classes, it is important to note that the
quantities of both embedded waters and total consumed quantities were relatively small
(Figure 4a,c). The percent equivalents of the sugars group and the coffee and tea group, i.e.,
4 and 1.5%, respectively, were approximately constant across all economic classes. Being
water-neutral groups, their roles in the embedded waters of the HMDA regions are small.
A low embedded water amount consequently led to smaller proportions of the percent
equivalent of total embedded waters of the HMDA region of lower economic classes,
thus indicating its smaller role in consumption WF, e.g., the cereals percent equivalent
was very high for the lower economic classes but its total embedded water was small. In
general, total embedded waters and total consumed quantities followed the pattern of
the population distribution of each economic class, and the combination of embedded
waters and total consumed quantities highlighted the dietary habits of the economic classes
(Figure 4a,c).

Total embedded water per capita suggests, in general, the volume of water consump-
tion associated with a food product by an economic class. Being independent of population,
these values reflect the potential water consumption of each economic class, and the values
associated with each food group were found to vary across economic classes (Figure 4d).
Except for cereals, the per capita water consumption of all food groups increased with
the spending power of the economic class; approximately similar values for cereals for
all economic classes suggested no role of an increased population in an economic class.
Meanwhile, in the case of the milk products, the values exhibited a steep rate of changes
and high values in middle and upper economic classes. This indicated milk products’
potential roles in the region’s consumption WF. Th other food products because of its small
values, regardless of its moderate- (livestock), mild- (pulses, vegetables, oil and fats, and
fruits), and flat-rate (sugars and coffee/tea) changes across economic classes, indicated its
lesser role concerning population changes. Note that multiplication of per capita embed-
ded water with population did not yield the total embedded water as the total embedded
waters calculated from individual food products. In this regard, the consumption WF by
each of the food products was analyzed (Table S1).

The three food products entitled rice–other sources, wheat/atta–other sources, and
milk–liquid corresponded to approximately 55% of the total embedded water in an eco-
nomic class (Figure S2). Meanwhile, two other products, i.e., rice–public distribution
system and wheat/atta–public distribution system accounted for approximately 10–20%
for the lower economic classes, and the percentage equivalent decreased for the middle
and upper economic classes. The economic classes with higher spending power are ex-
cluded from benefitting the supply of food products from the public distribution system.
Therefore, they corresponded to smaller percentage equivalents of total embedded water.
Nevertheless, the combination of rice, wheat/atta, and milk–liquid in each economic class
held approximately 63–78% of total embedded water with low- and high-percentage equiv-
alents in upper and lower economic classes, respectively. Despite most of the proportion
was from the water-intensive food group, being staple foods the opportunity to decrease
the consumption WF is minimal. Only a few products in some economic classes had a
percentage equivalent between 2 and 6; otherwise, many individual food products had
smaller proportions and did not assist in decreasing the total embedded water of the region
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4.3. Potential Policy Interventions with Nexus Approach for Water Conservation

The total amount of consumption of water footprint for the HMDA region was found
to be 6836 MCM per year, and of which green, blue, and grey water corresponded to 67,
23, and 10%, respectively (Figure 5a, last column). The values suggested that much of the
water that is being consumed in the HMDA region is precipitation-driven, followed by
surface and groundwater resources. The grey WF percentage equivalent, ~10%, implied
non-negligible pollutant loads as a result of food consumption. A similar inference could be
derived from the values of percentage equivalent of the individual food groups, i.e., green
WF percentage equivalent followed by the blue WF and grey WF percentage equivalents
(Figure 5a). The green WF percentage equivalent ranged from approximately 50 to 95,
and the food group of oils and fats group had the highest proportion, thus indicates its
dependency on precipitation-driven water sources (Figure 5a). The sugars and cereals food
groups corresponded to the first two highest percentage equivalent blue water sources,
i.e., 45 and 37%, respectively (Figure 5a). Among all food groups, pulses corresponded to
the highest greywater percentage equivalent, ~23%. However, note that the mentioned
food groups, except for cereals, held small amounts of the embedded waters of the HMDA
region regardless of their high percentage equivalents (see Table 1).
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Figure 5. Percentage of green, blue and grey embedded water for each food group and the HMDA region (a), as well as the

amount of green (b), blue (c), and grey (d) embedded water contents for each food group and each economic class.

The patterns of the consumption green, blue, and grey WFs concerning the economic
classes were not much different from total consumption WF, which was the weighted
sum of all three individual water footprints (Figure 5b–d vs. Figure 4a). Cereals and
milk products corresponded to high consumption WF values, and their corresponding
green, blue, and grey embedded waters were also relatively high. A high consumption
WF, as discussed, is mainly driven by large quantities of total consumed food and high
values of water production footprint. Relatively, sugars and pulses corresponded to small
consumed food quantities, though they nevertheless corresponded to third and second
highest embedded waters for blue and grey waters, respectively (Figure 5c,d). The volume
of blue and grey embedded water in the city’s consumption for many products was small,
but cereals and milk product’s blue embedded water and cereal’s grey embedded water
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values were higher than a few products’ green embedded water. The values for the food
products entitled milk–liquid, rice–other sources, wheat/atta–other sources, chicken, and
oils and fats accounted for a significant amount of individual waters; note that some of
their percentage equivalents were small, and corresponding food groups were ranked as
the highest contributors of the city’s consumption WF (Table S1). In this regard, the blue
and grey embedded water may have a potential role in the HMDA region’s consumption
water footprint.

In general, the values suggested the importance of rainfall (source for green water)
followed by the surface and groundwater resources (source for blue water) of the HMDA
region’s consumption WF. Grey water is the amount of water that negates the influence
of pollutants, so it also dependent on water resources. The fact that consumption WF
is dependent on natural resources that are limited in quantity and, importantly, have
variability highlights the importance of setting up guidelines and policies to make urban
regions self-reliant. Curtailing exports during the recent pandemic hit the headlines in
countries giving priority to food, water, and energy security for their self-sufficiency [48,49],
but similar situation could happen under adverse climatic conditions. Consequently, food-
importing regions have faced severe problems for food and water needs. Thus, policy
drafting should account for the above-mentioned and future increases in consumption WF.

The entire process involves great efforts including the consideration of the uncertain-
ties associated with the estimates and the overcoming of the limitations of the current
study, as discussed below. Uncertainties in consumption WF estimates resulted from
multiple sources including errors in the data that were obtained based on surveys. The
data that were used in the current study were derived over one year and thus did not
necessarily reflect the dynamics in recent years and future projections of urban develop-
ment, e.g., the conversion of peri-urban agriculture and fertile croplands elsewhere to
urban lands [4,67,68]. Additionally, note that the production WF varies regionally, but
the regional water footprint for peri-urban of the HMDA region was not available and,
hence, not considered. Similarly, the water footprint is not available for transportation or
approximated for consumption WF calculations. These issues highlight the importance
of the collection of additional data including the data of more food products from other
than basic food groups. The future estimates should consider changes in dietary habits
across different economic classes. Changes in dietary habits are inevitable for the migration
of more and more people to the HMDA region for better livelihoods, the promotion of
large-scale initiatives for alternate cereal products (e.g., maize, finger millet, and sorghum)
that use less blue water resources [69,70], and changes in population distribution across
economic classes because of the projected economic growth in the region [71].

Apart from all the above factors including proposed economic growth, climate will
have a significant role in drafting policy. There is literature suggesting changes in rainfall
patterns, e.g., an increased number of rainfall events with a high intensity and decreased
duration is on the rise [72,73] and its effects will not necessarily be limited to urban, peri-
urban, and rural regions. The adverse effect of climate change on both green or blue water
resources may lead to additional stress for water resources and, in combination with the
unsustainable consumption of water for irrigation [74], further increase the effects of limited
water resources. In particular, urban heat islands effects need to be studied [75,76]. The
study region received a significant amount of rainfall that led to floods this year [77], but
decreased ground and reservoir water levels, as well as the possibility of not meeting the
region’s demands, were highly discussed topics a few years ago [78]. Multiple reservoirs of
moderate-to-large sizes (stores of ~80 MCM of water per month) [79] and water distribution
systems may dampen the climate change effects for a short period, but available water
resources in the context of climate change’s impacts on irrigation in the peri-urban region
need to be analyzed and integrated into water footprint-based policies.
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5. Conclusions

This study calculated the total amount of consumed food quantities and embedded
water for different food product groups and economic classes. Embedded waters were
used to analyze the water and food nexus for food groups among the economic classes
in the HMDA region. Thus, the consumption water footprint of various food products
associated with the socio-economic status of the region was interpreted. The food products
were grouped into nine food groups, namely cereals, fruits, livestock, coffee and tea,
milk products, oils and fats, pulses, sugars, and vegetables, and then the food groups
categorized into water-intensive, water-neutral, and water-friendly groups based on their
percent equivalent of consumed food and embedded waters. Cereals, vegetables, and milk
products were the highly consumed food products, and, based on the associated embedded
waters, these were categorized as water-intensive, water-friendly, and water-neutral food
groups, respectively. While livestock was consumed relatively less in all economic classes,
it has been treated as water-intensive food group because it holds significant amounts of
embedded waters. The total embedded waters increased for the first six economic classes,
followed by no systematic pattern in the middle economic classes, and finally ending with
decreased amounts for the upper economic classes. The middle economic classes together
corresponded to ~80% of total embedded water content in the HMDA region, followed by
the upper economic classes EC11 and EC12 (~12%), and then the lower economic classes
EC1–3 (~8%). Decreased volumes of embedded waters in combination with approximately
similar volumes for both cereals and milk products indicated changes in food habits for
the upper economic class as compared to the other economic classes, e.g., fruits ranked as
the fourth in terms of embedded waters for EC11 and EC12. Largely, embedded waters
and total consumed quantities followed the pattern of the population distribution of each
economic class. Unlike total embedded water, the per capita embedded waters, except for
cereals, increased with an increase in spending power that suggested a larger consumption
water footprint for a person with more spending power. However, for cereals, all economic
classes exhibited a similar potential consumption water footprint. While most of the
proportion of total embedded water comes from a few groups, of which cereals are water-
intensive, the fact is that these staple foods did not allow for the opportunity to decrease
the consumption WF. That total consumption WF of the region was dominated by green
WF, followed by blue and grey WF, suggests the role of precipitation, surface, and ground
water resources. In this regard and as the region is expected to grow, a detailed study to
make the region self-reliant is suggested.
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