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• Total irrigation demand is 7 million m3
against a potential supply of 8 million m3.
• A mismatch between demand and supply
occurs mainly in the driest months.
• The method used here would help to realize available urban water's full potential.
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A B S T R A C T

Rapid changes in climate patterns, population growth, urbanization, and rising economic activities have increased the
pressure on the delta's freshwater availability. Bangladesh's coastal planes suffer from a shortage of good quality irrigation water, which is crucial for peri-urban agriculture and at the same time, a high volume of untreated wastewater
is discharged into the surface water. This calls for a transition towards efﬁciently managing and (re)using available
urban water resources for irrigation, which is addressed in this paper. A quantitative match between the irrigation demand and potential freshwater supply has been assessed considering different urban water generation scenarios. The
FAO AquaCrop model has been used to calculate the irrigation water demand for Boro rice during the dry period. Results indicate that 7.4 million m3 of irrigation water is needed, whereas over 8.2 million m3 of urban water is being
generated during the dry season. Simultaneously, mismatches between irrigation demand and alternative water supply
mainly occurred in February and March, which could be resolved with water storage capacities. However, to make
urban water reuse a reality, the water management policy needs to change to facilitate the construction of required
infrastructures for collection, treatment, and storage. The proposed method helps realize the urban water's hidden potential to sustain agricultural activities in the delta areas.

1. Introduction

⁎ Corresponding author at: Axis-Z, Bornse Weilanden 9, 6708 WG Wageningen, the
Netherlands.
E-mail address: kamonashish.haldar@wur.nl (K. Haldar).

The demand for freshwater around the world has increased signiﬁcantly
during the last century (Greve et al., 2018; Sadegh et al., 2020) and climate
change, population growth, rapid urbanization, rising economic activities
have escalated the pressure on freshwater security globally, especially
in the urbanized deltas of the world (Davies and Simonovic, 2011;
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water resources, thus lowering the stress on freshwater supply. A circular
urban metabolism transition will enhance cities' resilience (Agudelo-Vera
et al., 2012; Wielemaker et al., 2018). The primary challenge in this is to
quantitatively match the peri-urban irrigation demand with the potential
supply from urban activities. For this study, a modiﬁed 3-step UHA approach has been adopted: ﬁrst, an inventory of the irrigation demand for
Boro rice, a major crop of the region, was made; second, the availability
of alternative urban water sources was calculated, and ﬁnally, it was
assessed if and how the demand can be matched.
For this study, urban water is deﬁned as a combination of greywater
generated from households and sealed surface runoff. Greywater originating from groundwater and surface runoff is currently collected through
the same drainage network that carries greywater. Black water is separately
collected in the underground septic tanks. As greywater and sealed surface
runoff are easily collectible and signiﬁcantly less polluted than black water,
a combination of greywater and surface runoff is considered as available alternative sources reusable for irrigation. Though less polluted, some urban
water treatment will be needed before reuse as irrigation water, but such
treatment technologies are not considered in detail in this study. Wastewater from other sectors (especially, industrial) is considered unsuitable for irrigation due to quality variations and separate management processes.
Finally, the comparison between irrigation water demand and possible
water supply options has been evaluated at different temporal scales
(months, cropping season) through three different scenarios: i) greywater
generated in the households, ii) sealed surface runoff and iii) urban water
combining greywater and surface runoff.

Heinke et al., 2019; Kumar et al., 2011; Mojid et al., 2010; Richter, 2014;
Tukimat et al., 2017; Wilcox et al., 2016; WWAP, 2012). Changes in the climate have resulted in varying precipitation patterns and the frequency and
intensity of ﬂoods and droughts in the delta areas, and this trend is expected
to continue (Elouissi et al., 2017; Willems et al., 2012; Zhao et al., 2021).
Sea-level rise enhances soil and water salinization, limiting access to freshwater affecting food production (Stucker and Lopez-Gunn, 2014). Agricultural water usage accounts for more than 80% of the global and 88% for
Bangladeshi groundwater withdrawals (FAO, 2016; Richter, 2014;
Sadegh et al., 2020), while food production is increasing to meet rising demand. More than 300 million people live in delta areas (Edmonds et al.,
2017) with limited access to freshwater for agricultural production,
which increasingly threatens their existence. Reusing water in food production can lower groundwater pressure and increase irrigation water availability in the delta region.
Khulna, an urban agglomerate in the lower Bengal delta, is foreseen to
expand to 2–3 million people in the coming decade despite some recent
stagnation in population growth. Seasonal rice varieties and vegetables
are the major crops cultivated in the city's urban and peri-urban agricultural
areas and play a crucial role in supporting the region's food production.
Rice, an aquatic plant, requires large quantities of freshwater (Hossain
et al., 2019) and in recent years, farmers struggle to ﬁnd good quality irrigation water, especially during the dry season (November to March). The
decline in rainfall in the dry season, increased saltwater intrusion, unplanned urbanization, and direct untreated wastewater discharge are to
blame for this struggle. The urban wastewater discharged into rivers without proper treatment while being on its way to the sea pollutes surface and
groundwater. Urban water represents a valuable resource stream because
of its nutrients, freshwater character and most importantly, a stable ﬂow
and can be an alternative irrigation water source (Haldar et al., 2020;
Mojid et al., 2010).
Urban water reuse is a worldwide used measure and treated wastewater
has already been practiced in water-scarce areas of Egypt, Iraq, Saudi
Arabia, UAE, Israel and the USA (WWAP, 2012). Simultaneously, unplanned water reuse has already been practiced for a long time, especially
in developing countries (Ensink et al., 2002; Fawell et al., 2016; Kookana
et al., 2020; Mojid et al., 2010). The presence of contaminants such as pathogenic micro-organisms, micropollutants and heavy metals when applying
untreated wastewater can have undesired adverse consequences on human
health, food quality and the environment and should be minimized. Therefore, planned water reuse mitigating such adverse effects is essential,
i.e., the water use is preceded with appropriate treatment delivering
water meeting the appropriate reuse standards. However, collection, treatment and distribution infrastructure pose a challenge for developing countries which could be resolved by implementing decentralized, low-cost
(partly nature-based) technologies (Asano and Levine, 1996; Drechsel
et al., 2015). Implementing planned urban water reuse enhances water circularity and vital for ensuring sustained food supply in water-scarce regions
(Nazemi and Madani, 2018).
Agro-engineering techniques like alternative irrigation management,
drip irrigation, shifting planting dates, efﬁcient use of rainwater and change
in crop selection have also been suggested to tackle the irrigation water
scarcity (Bouman et al., 2007; Hoekstra, 2019; Qadir et al., 2010; Rivera
et al., 2018). However, these alone cannot sufﬁciently resolve the freshwater provision issue in delta areas. The literature hypothesized that urban
water can supplement irrigation water in many delta areas; however,
reports on concrete and quantitative assessments are scarce (Chu et al.,
2004; Haldar et al., 2020; Ronco et al., 2017; Trinh et al., 2013). Thus,
this study aims to provide such a quantitative assessment for Khulna
city, a vital urban agglomerate in the lower Bengal delta.
“Urban Harvest Approach” (UHA) is a 4-step concept based on urban
metabolism principles and has been coined to assess resource harvesting
opportunities within the city (Agudelo-Vera et al., 2012; Rovers, 2007).
Most cities, especially those in developing countries, have linear nonsustainable urban metabolism. However, the urban water cycle should be
circular in climate-vulnerable delta areas to reach optimal use of available

2. Methodology
2.1. Calculation of irrigation water requirement of Boro rice
Boro rice is one of the major dry season crops cultivated in the periurban areas of Khulna city. AquaCrop was used to calculate the irrigation
demand, yield and water productivity of Boro rice during the dry season
using the transplant date of January 1. AquaCrop is a model developed by
the Food and Agriculture Organization (FAO) of the United Nations and
simulates the yield response of crops as a function of water availability
(FAO, 2020; Raes et al., 2018; Steduto et al., 2012). Depending on the variety, generally, Boro rice plants pass through different growth stages from
seeding to harvest in 3–6 months (IRRI, 2015). The transplantation of
Boro rice in the region usually occurs from December–January, and the
crop is harvested during April–May. Water requirements for nursery and
ﬁeld preparation were not considered in this study. Daily climate data for
the Khulna region, including rainfall, temperature, humidity, sunshine
hours and wind speed from 1984 to 2017, were based on the Khulna
weather station of Bangladesh Meteorological Department (BMD) and
crop data, irrigation management, ﬁeld management and soil data were
simulated based on the ﬁeld visits and literature (Maniruzzaman et al.,
2015; Raes et al., 2018; Steduto et al., 2012). Evapotranspiration (ET),
net irrigation requirement, biomass production, dry yield and ET water productivity of Boro rice from 1984 to 2017 were calculated at different temporal scales (month-wise, cropping season-wise) using AquaCrop
following standard irrigation and ﬁeld management practice of the study
area. Reference crop evapotranspiration (ET0) was estimated utilizing the
daily climate data, including minimum and maximum temperature, sunshine hour, wind speed and relative humidity using FAO PenmanMonteith equation (Smith et al., 1998).
Annual mean atmospheric CO2 concentration in the study area was simulated using the pre-loaded ﬁle in AquaCrop. The irrigation management
ﬁle contained the selection of the allowable root zone depletion expressed
as a percentage of the readily available water (RAW). RAW indicates the allowable root zone depletion was set at 0% since crop growth can be hindered if root zone water level drops (Raes et al., 2018). Field visits and
literature review indicated that the peri-urban rice ﬁelds have a varied
soil bund height, but for the simulation, soil bund was set at 0.25 m and excellent weed management was used due to regular work by farmers
2
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has been recommended (Metcalf & Eddy, 2013). For this study, a wastewater generation coefﬁcient (WWC) of 0.8 was used based on similar studies in
other metropolitan cities of Bangladesh and India (CWASA, 2017; DWASA,
2016; Tchobanoglous and Schroeder, 1985; Van Rooijen et al., 2005).

(Critchley, 1991; Maniruzzaman et al., 2015). The peri-urban area of
Khulna has silty clay soil with a 2.5-meter groundwater depth below the
surface (Islam et al., 2017; Shamsudduha, 2011), and this is used for simulation. Additional Crop input parameters related to phenology, planting,
management and stress for AquaCrop simulation have been obtained
based on literature and added in the Supplementary materials (Raes et al.,
2018; Steduto et al., 2012). Simulation results were then further analyzed
in MS Excel using Mann-Kendal Trend analysis and Sen's slope to understand the changes and trends in different parameters over the decades.

2.2.2. Estimation of sealed surface runoff
Land use determines the amount of runoff and inﬁltration of
stormwater. Only sealed surface runoff (residential and built-up area, commercial area, industrial area, and road network) was considered for the assessment due to convenience for collection.
The following equation was used to calculate the sealed surface runoff:

2.2. Estimation of recoverable urban water

Qrain ¼ c  I  A

Khulna city is the administrative hub for its surrounding coastal cities
and the core urban area has drainage networks to collect wastewater and
surface runoff. The whole urban area is divided into 31 wards1 and has
over 1200 km of drainage network (KCC, 2016). Two types of urban
water are considered useful for irrigation: greywater and surface runoff.
Total urban water generation was estimated as the sum of generated domestic greywater and surface runoff as follows:
Urban Water Generation ¼ GW D þ Qrain

where, Qrain (m3/month) is the total runoff, I (m/month) is the rainfall intensity, A (m2) is the available drained surface and c is the runoff coefﬁcient. The runoff coefﬁcient is dependent on the land use types (Goel,
2011; Tsutsumi et al., 2004). For the conservative calculation, the lower
limit of the coefﬁcient was used per land-use category (Supplementary materials).
According to the rainfall data collected from BMD, the total annual rainfall in Khulna for 2018 was 1151 mm, with the highest in June (272 mm)
and lowest in January (1 mm). The urban area of Khulna is around 45
km2 and the city administrator is planning to acquire adjacent 40 km2 of
the peri-urban area (Haldar et al., 2020; KCC, 2016). The land-use pattern
of the main urban and peri-urban areas indicates a variation (Fig. 3). In
the urban area, the land-use is dominated by the built-up area (59%),
wherein the peri-urban area is dominated by agricultural lands (48%).
Urban agriculture is present (13%) in the core urban area, but more agricultural land is being transformed into built-up areas due to urbanization. The
increase of built-up area and road network will further increase sealed surface runoff's contribution in the future. The total peri-urban agricultural
area is about 1935 ha, where mostly Boro rice is cultivated along with
some seasonal fruits and vegetables.

(1)

where, GWD (m3/month) is the domestic greywater generation and Qrain
(m3/month) is the sealed surface runoff.
2.2.1. Domestic wastewater (greywater) generation
Groundwater, being the source of potable water used within the household for domestic activities (drinking, bathing, washing, cooking) is
discharged and collected in the drains as greywater. Water used for drinking and ﬂushing the toilets resulted in black water mostly collected into a
separate septic tank and considered unﬁt as the water source for irrigation.
Septic tanks are being occasionally emptied and further processed by the
local municipal authority (Khulna City Corporation) or informal services,
thus preventing overﬂow and polluting surface water.
Domestic greywater generated (GWD) in the urban areas in 2018 was
calculated as:
GW D ¼ DW  WW C  Pn  t

2.3. Identifying greywater generation hotspots-coldspots

(2)

Hotspot analysis identiﬁes spatial cluster features with either high or
low values of a given variable (Sánchez-Martín et al., 2019). Signiﬁcant zscore (Supplementary materials) results in more intense clustering of high
values known as hot spots and lower signiﬁcant negative z-scores with
smaller z-score results in clustering of low values known as cold spots
(ESRI, 2020). Through this study, we were able to identify greywater generation hotspots-coldspots that can be useful in designing the necessary
centralized or dis-centralized infrastructures. As a ﬁrst step of the analysis,
the geographic boundary of the city and ward was delineated. GIS database
was collected from the local planning agency and building information
(area of the structure, height) was included in the database. Then demographic information (population density) and water-related data (per capita
water consumption, greywater generation coefﬁcient) were integrated into
the GIS database to calculate the greywater generation rate per residential
structure. Then hotspot analysis (Getis-Ord Gi*) was performed in ArcGIS
and hotspots-coldspots of greywater generation were identiﬁed. Pearson
correlation analysis was performed to understand the correlation between
spatial characteristics and (hot)spots for greywater generation at different
conﬁdence intervals (CI). The correlation coefﬁcient below 0.4 is considered a weak correlation while a coefﬁcient value between 0.4 and 0.7 is
considered as moderately strong and a coefﬁcient value over 0.7 is considered as a strong correlation (Gidey, 2018; Haldar et al., 2020).

3

where, DW (m /cap/day) is the per capita water consumption, WWC is the
wastewater generation coefﬁcient (the portion of potable water converted
into greywater), Pn is the projected population at the year 2018 and t is
the temporal scale (30 or 365 days).
The population of Khulna City was projected using the following
formula:
Pn ¼ P0 ð1 þ rÞn

(4)

(3)

where, Pn is the population at the year 2018, P0 is the population at the base
year of 2011 (as the census only takes place every ten years and the last census took place in 2011), n is the time (the chosen year is 2018, hence n = 7
years) and r is the population growth rate (percentage change in population
per year). The population growth rate (r) was determined based on the
growth of the total population of Khulna city between 2001 and 2011
and had a value of −1.5%. Khulna city had a declining population trend
in the last decade and climate change, salinity intrusion, and lack of economic activities were reported as major reasons for this decline (UNFPA,
2016). Despite the recent decline, an increase in population is expected
due to increased industrial and infrastructural investments in the region
over the coming decades (ADB, 2020). Based on the projection, the total
population living in Khulna City in 2018 was 596,748 (Supplementary materials) and per capita potable water consumption was 100 l per day (KWASA,
2016). All potable water consumed in the household does not reach the
sewer and thus, a wastewater generation coefﬁcient between 0.6 and 0.9

3. Results and discussion
3.1. Assessment of changes in irrigation demand of Boro rice
The irrigation water requirement of Boro rice is affected by climate
change-induced parameters, such as evapotranspiration, effective

1
Ward is the lowest level of administrative unit within a municipality. Several
neighbourhood forms one ward.
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Table 1
Simulation results of evapotranspiration, CO2 concentration, net irrigation requirement, biomass production, dry yield, ET productivity and water productivity of Boro rice.
Parameter

Mean

St. Dev.

Min.

Max.

Mann-Kendall trend

Sen's slope

Evapotranspiration (mm)
CO2 concentration (ppm)
Irrigation requirement (mm)
Biomass (ton/ha)
Dry yield (ton/ha)
ET productivity (kg/m3)
Water productivity (kg/m3)

459
372
387
15
7
1.6
1.7

42
18
49
0.8
0.4
0.2
0.3

358
345
286
14
6.7
1.3
1.2

564
406
518
18
9
2.6
2.6

−4.12***
8.27***
−2.82**
4.68***
4.09***
6.0***
3.77***

−2.946
1.88
−2.544
0.043
0.019
0.016
0.014

** and *** indicates signiﬁcant change at 0.01 and 0.001 level of signiﬁcance, respectively.

and water productivity increased in the last 30 years (27 and 26%,
respectively) because of the decline in evapotranspiration and net
irrigation requirement.

precipitation, and changes in plant phenology (Shahid, 2011). The MannKendall trend analysis indicates signiﬁcant decreasing trends of evapotranspiration and irrigation water requirement and signiﬁcant increasing trends
of biomass of Boro rice under recent climate change (Table 1). Total
evapotranspiration has declined (from 547 mm in 1984 to 358 mm in
2017) during the Boro growing season between 1980 and 2020. A gradual
and linear increase (345 ppm in 1984 to 406 ppm in 2017) in atmospheric
CO2 concentration was observed, relatable with the country's sharp
increase in industrial activities. An elevated CO2 concentration can cause
a decrease in reference evapotranspiration (Baker et al., 1990; Baker and
Allen, 1993).
However, the reference evapotranspiration decline can also be caused
by increased relative humidity, decreased wind speed, and sunshine
hours (Acharjee et al., 2017a; Hossain et al., 2019; Mojid et al., 2010).
Despite having a decreased available rainfall in the growing period, the result indicates a declining trend of net irrigation requirement of Boro rice in
Khulna (Fig. 1). This result is uniform with a similar outcome for Boro rice
in the Northwest part of Bangladesh (Acharjee et al., 2017b). However, the
simulation indicates no decrease in crop yield which is further validated
through Sen's slope. According to Sen's slope estimate, the irrigation
requirement would decline by 2.544 mm/year, while the biomass production would increase by 0.043 ton/ha/year (Table 1). Under such a
scenario, the water productivity of Boro rice would also increase in
the future. The increase of biomass and dry yield is positively correlated
with increased atmospheric CO2 concentrations, especially for rice
(Krishnan et al., 2007; Li et al., 2017; Lv et al., 2020). ET productivity

3.2. Assessment of monthly net irrigation requirement of Boro rice
Analysis of monthly net irrigation requirement indicates that the irrigation requirement is lowest in January during the initial stage of crop development and highest in March (Fig. 2). The initial stage of crop development
is characterized by relatively low crop (21.8 mm) transpiration (Brouwer
and Heibloem, 1989). Based on the simulation results, the average net irrigation requirement for Boro rice in January was 59 ± 9 mm, in February
100 ± 15 mm, in March 142 ± 25 mm and 85 ± 21 mm in April. Fully
grown crops require additional water and therefore, transpiration is highest
in March, corresponding with the highest net irrigation requirement. Crop
senescence occurs in April (based on transplant in January), resulting in a
lower crop coefﬁcient and, thus, lower transpiration (Raes et al., 2018).
Simulation data shows that the average net irrigation water requirement
for Boro rice in the dry season is 3867 ± 710 m3/ha with a minimum of
2860 m3/ha in 1990 and a maximum of 5180 m3/ha in 1989. Based on
the average irrigation requirement, the total irrigation water demand in
peri-urban agriculture for Boro rice is about 7.4 × 106 m3 for the dry season. The demand is highest in March (2.7 × 106 m3) and lowest in January
(1.4 × 106 m3), accounting for 37% and 15%, respectively, of the total seasonal demand. In February and April, the irrigation demand is around 1.94
× 106 m3 and 1.7 × 106 m3, respectively.

Fig. 1. Trends of simulated results of evapotranspiration, rainfall, net irrigation requirement and biomass of Boro rice between 1984 and 2017.
4
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lowest (3.4 × 105 m3). The average sealed surface runoff rate is (1.1 ±
0.1) m3/m2, whereas the total urban area surface runoff rate is (1 ± 0.1)
m3/m2.
3.3.4. Total urban water generation
The urban area annually generates around 5.5 × 107 m3 of urban water,
combining annual greywater and sealed surface runoff (Supplementary material). In 2018, the annual per capita urban water generation rate was (75
± 30) m3 and per square meter of urban area generated (1.4 ± 0.4) m3 of
urban water. Ward number 31 generates the highest amount (4 × 106 m3)
of urban water, whereas ward number 11 generates the lowest (6.7 × 105
m3). Ward number 19 has the highest generation rate (2 m3/m2) as the
areas have the highest population density (3344 person/km2) and the
highest sealed surface (97%) in the study area. On the contrary, ward number 4 has a lower population density (700 person/km2) and only 46% of the
area is a sealed surface resulting in a lower urban water generation rate (0.7
m3/m2).

Fig. 2. Changes in the net irrigation water requirement between 1984 and 2017 of
Boro rice.

3.3. Urban water generation
3.4. Matching irrigation demand with urban water
3.3.1. Greywater generation
Groundwater is consumed at a household and discharged as greywater
in an average volume of around 4.8 × 104 m3/day and around 1.7 × 107
m3/year. Greywater generation varies among wards depending on the population as the wastewater generation coefﬁcient and water consumption
rate were both constant. Ward number 24 has the highest population
and thus generates the highest volume of greywater, contributing
around 5.7% of the total greywater generation and ward number 8
and 13 generates the lowest (1.4% each). On average, the annual
greywater generation rate for the total urban area is around (0.5 ±
0.3)m3 /m 2, whereas the rate is around (0.8 ± 0.3) m3 /m2 for the
residential area.

3.4.1. Scenario one: matching demand with greywater
Analysis indicates that in January, minimum and average irrigation demand can be satisﬁed with the greywater generated in the urban area
(Fig. 5). Greywater generated in the remaining months of the dry season
(February, March and April) is only enough to meet the minimum irrigation
demand, i.e. the crop water requirement for the other demand levels (average and maximum) cannot be met by the greywater produced in those
months. If water storage is implemented, greywater generated from January to April can satisfy 100%, 76%, and 50% of the minimum, average
and maximum irrigation demand, respectively. Greywater is generated all
year round and a reliable source to satisfy the irrigation demand at all levels
if stored and supplied to the farms when needed after appropriate management.

3.3.2. Greywater generation hotspots
Hotspot analysis indicates that densely populated residential areas have
a higher number of greywater generation hotspots than the other parts of
the city. Ward numbers 10, 11, 12, 19, 20, 23, 24, 27 and 30 are predominantly recognized as residential areas in the city's land-use map and have a
higher number of hotspots that are (Fig. 3). Multi-storey residential buildings are typical in these wards, inﬂuencing the increased population density. Statistical analysis shows that average building occupancy,
residential surface ﬂoor area, the height of the building and population density is signiﬁcantly positively correlated with the greywater generation intensity (Table 2). In contrast, per capita residential area and per capita
residential ﬂoor area negatively correlates with greywater generation.
Highly dense residential areas produce a higher volume of greywater;
thus, the infrastructure for collection and transport should be planned accordingly.

3.4.2. Scenario two: matching demand with sealed surface runoff
Being dry season, minimal rainfall results in lower surface runoff and in
January, February and March, only 3–5% of the average irrigation demand
could be matched from rainwater harvesting (Fig. 5). However, in April, the
excessive rainfall contributes to the monthly minimum and average irrigation demand surplus. Excessive rainfall in April cannot contribute to the irrigation demand in the previous months and the general conclusion is that
surface runoff occurring in the dry season is not a reliable source to meet
the irrigation demand. However, annual surface runoff can completely satisfy the irrigation demand if collection and storage can be ensured to supply
for the next year. The highest surface runoff occurs between May to July
(Fig. 4) as monsoon season hits the region; hence collection, treatment
and storage should already be arranged to preserve the water for irrigation
in the dry season.

3.3.3. Sealed surface runoff
Khulna has an equatorial wet and dry climate (Kottek et al., 2006;
Mourshed, 2011), which has a hot summer with heavy rainfall and drier
winter with lesser rainfall. Annual rainfall data from the last two decades
indicate that the average annual rainfall in the Khulna region was around
(1894 ± 380) mm, with the highest in 2002 (2594 mm) and lowest in
2018 (1151 mm). Based on the annual rainfall of 2018, the total annual surface runoff for the urban area was calculated as 4.1 × 107 m3, where the
sealed surface (built-up area, road network, commercial area, industrial
area) runoff was about 3.8 × 107 m3, annually. The built-up area has the
highest runoff (3.1 × 107 m3) and the commercial area has the lowest
(9.3 × 105 m3).
Runoff increases during May–July and drops during the winter months
of December–February (Fig. 4). Sometimes, heavy rainfall even causes
waterlogging around the city area. In June, the surface runoff is highest
(8.9 × 106 m3) and in January, it is the lowest (3.3 × 104 m3). Having
the highest amount of sealed surface area, ward number 31 has the highest
sealed surface runoff (3.1 × 106 m3), whereas ward number 11 has the

3.4.3. Scenario three: matching demand with combined sources
Combining greywater and sealed surface runoff has a great potential to
meet the irrigation demand, especially with the minimal demand (Fig. 5).
Urban water can supply 128% of the average irrigation demand for the average demand in January, which increases substantially (222%) in April.
The irrigation demand in February and March cannot be matched entirely
due to lower precipitation in this period. However, total urban water generated during the cropping season can be matched entirely with the minimum
and average demand if collected, treated and stored to use; for the maximum demand, a deﬁcit of 33% still remains. A further possibility of storing
urban water for the whole year can potentially supply the required irrigation demand during the whole season.
Based on the above analysis, none of the scenarios alone can provide
100% match for irrigation water demand every month of the crop season.
Full coverage can be achieved only when additional supply from water
stored in former months is included. Scenario three has the best potential
to meet the irrigation demand during the whole cropping season,
5

K. Haldar et al.

Science of the Total Environment 835 (2022) 155475

Fig. 3. Map of land use in the study area (top-left), urban water generation potential (top-right), Residential building heights (bottom-left), Greywater generation hotspots
(bottom-right).

requiring some but minimal storage capacity. The same drainage network is currently used to collect greywater and surface runoff, which
perfectly aligns with the scenario. Scenario two only can supply the required irrigation water in April and the rest of the cropping season; the
supply is meager.

3.5. Challenges and opportunities towards matching demand and supply
Urban water generated in Khulna city is a potential alternative water resource for peri-urban agriculture, and this paper showed that temporal variation can be overcome with the inclusion of some storage facilities.
6
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be solved by implementing connective infrastructure, which is often a challenge. Previous research indicated a spatio-temporal variation in surface
water quality that could restrict urban water from being reused for irrigation during the dry season (Haldar et al., 2020). However, that can be overcome if the urban water can be collected, treated and stored for a few
months to keep good water quality available for the cropping season. One
solution could be retroﬁtting the Mayur river to be used as a natural system
for treating and storing urban water as currently, the water ﬂow in the
Mayur river is controlled using a sluice gate and receives most of the
city's untreated wastewater. However, technologies and infrastructure for
collection, treatment and redistribution need to be ﬂexible, adaptive and
robust under changing climatic conditions to ensure sustainability (Spiller
et al., 2015). The majority of the developing countries lack adequate
urban water-related infrastructure; worldwide, around 80% of the wastewater is poorly treated (Kookana et al., 2020); Khulna is not different
from this. The city does not yet have any wastewater treatment plant (except for on-site septic tanks for black water), while treatment is essential
to safely provide urban water at adequate quality to serve as irrigation
water for food production. Research indicated that the current irrigation
water sources mixed up with greywater are not suitable for agricultural activities and pose a risk to the environment, soil, crop, and, above all, the
study area's farmers (Haldar et al., 2021, 2020; Mojid et al., 2016). Using
current surface water will also lead to health-related problems for farmers,
market vendors, consumers. Therefore, upgrading the existing water quality is essential before supplying it to agricultural farms.
Surface runoff requires less quality up-grading; however, stormwater
quality and quantity can directly be related to impervious areas in an
urban catchment (Mackintosh et al., 2015; Schmitt et al., 2015; Tran
et al., 2019). Measures like separate sewers for runoff collection and
greywater collection have been widely criticized for intensive planning
and additional economic investments, which might not be an attractive option for Bangladesh. The next challenge is the social acceptability of reuse
practices and many reuse projects failed due to societal prejudices termed
“Yuck Factor” meaning a negative attitude towards reuse practices
(Garcia-Cuerva et al., 2016; Po et al., 2003; Smith et al., 2018). A change
in society is needed towards not perceiving urban water as dirty and
gross anymore to overcome this barrier in reusing urban water for irrigation
and other purposes. In addition to proper and secure treatment, one solution to be considered is to restructure existing river arm segments as storage
basins for treated greywater storage facilities i.e. get a natural water image
for the public and farmers, similar to showcases of Singapore. Also, stakeholder inclusion in treatment and natural storage can change such negative
perceptions, which will be essential in successfully implementing urban
water collection and reuse in upscaled projects. Another critical challenge

Table 2
Correlation among spatial characteristics and (hot)spots for greywater generation
numbers.
Spatial characteristics

Area (sqm)
Residential area (sqm)
Percentage of residential area
Population (2018)
Total residential buildings (number)
Average residential building occupancy
(person/structure)
Total residentials ﬂoors (number)
Total residential surface area (m2)
Total residential ﬂoor surface area (m2)
Average building height (ﬂoors)
Per capita average residential surface area (m2)
Per capita average ﬂoor space area (m2)
Population density (per km2)

Correlation at different CI
99%

95%

−0.267
−0.193
0.245
0.393⁎

−0.347
−0.208
0.449⁎
0.394⁎

−0.043
0.374⁎

90%

−0.355
−0.280
0.384⁎
0.297
−0.032
−0.076
0.567⁎⁎
0.649⁎⁎

0.119
0.163
0.096
0.183
0.245
0.173
0.394⁎
0.478⁎⁎
0.380⁎
0.521⁎⁎
0.689⁎⁎
0.673⁎⁎
−0.430⁎ −0.543⁎⁎ −0.585⁎⁎
−0.371⁎ −0.506⁎⁎ −0.567⁎⁎
0.518⁎⁎
0.634⁎⁎
0.617⁎⁎

⁎⁎ Correlation is signiﬁcant at the 0.01 level (2-tailed).
⁎ Correlation is signiﬁcant at the 0.05 level (2-tailed).

Fig. 4. Month-wise sealed surface runoff in Khulna city in 2018.

However, the reuse of urban water is not without barriers to implementation. The ﬁrst physical challenge is the spatial distribution of available
water resources, limiting access to local demand (Basharat et al., 2014;
Karandish et al., 2021). Urban water is generated all over the city and the
demand is also spread around the peri-urban area. This spatial distance between urban water generation areas and irrigation water demand areas can

Fig. 5. Surplus and deﬁcit of demand and supply under different scenarios for the Boro rice crop season (minimum, average, and maximum indicate the level of irrigation
demand).
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related to reuse is to lack of necessary rules and regulations to support such
action. There is no direct policy or institutional guideline in Bangladesh
(and many other global south and global north countries) to facilitate
urban water reuse. A policy can help to delineate administrative boundaries, roles of different stakeholders, infrastructural development, and societal development essential for implementing reuse projects.
4. Conclusions
Climate change, saltwater intrusion, and rapid urbanization threaten
freshwater availability in many urbanized deltas, including Bangladesh's
coastal region. Peri-urban agriculture contributes to the food production
for the urban as well as for surrounding areas. Over the years, agriculture
has been confronted with a lack of good quality and required quantity irrigation water, especially during the dry seasons and this paper shows that
urban water has the potential to contribute substantially to the peri-urban
irrigation demand. However, this supply varies in different months and
can only match the demand if proper treatment, collection, and storage
are ensured. Hotspot analysis indicated that the residential areas have a varied greywater generation and careful planning is crucial for designing infrastructural measures. Further research on the feasibility of urban water
storage and redistribution networks is also necessary. This study proved
that urban water could match the peri-urban irrigation demand quantitatively, which is crucial for sustaining life in water-scarce delta areas.
Challenges like quality improvement requirements, changing societal perception, adequate collection-treatment-distribution infrastructures, and
governance structure allowing urban water reuse require further investigation, which will focus on our future research.
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