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Abstract: Bangladesh is one of the fastest growing economies in the world, primarily driven by
its textile industries. A high amount of water is consumed and polluted in the production and
processing of raw material to the final product in the textile industry. Therefore, water footprint
assessment is important for textile products. In this study, the water footprint of cotton cultivation,
transportation and textile industry was calculated by analyzing the amount of imported cotton,
production and processing capacity of cotton yarn and cotton fabrics, wastewater volume, number
of workers and pollution load database, for 2012–2016. For the textile industry, the annual water
footprint was found to be 1.8 billion m3. This high amount of water footprint and water pollution may
result in depletion of groundwater level and can lead to major health problems for the local people,
respectively. Total water footprint for ready-made garment product is found to be 27.56 billion m3,
whereas considering proper water treatment and water reuse facilities can reduce the grey water
footprint to around 1.26 billion m3. This study shows the extent of water pollution, groundwater
depletion and economic impact of groundwater extraction, and possible means to reduce water
footprint in cotton cultivation and textile industries.
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1. Introduction

The ready-made garment (RMG) industry has become the backbone of the Bangladesh economy,
being the second largest exporter of clothing after China [1]. The export from the ready-made garment
(RMG) sector has reached 32 billion USD in the last fiscal year [2]. Besides contributing significantly to
the GDP (gross domestic product), this sector creates about 4.2 million employment opportunities [3].
The growth in this sector undoubtedly has a positive effect on national economic development, but there
are also negative implications. The textile industry uses massive amounts of water in the production
of goods. Untreated effluent generated by Bangladesh textile industries is one of the major sources of
water pollution [4]. In Bangladesh, textile dyeing is categorized as a red category industry under the
Environmental Conservation Act (1995) [5]. Textile wastewater contains various chemicals such as
oil, grease, caustic, glauber salt, ammonia, sulfide, lead, heavy metals and other toxic substances [6,7].
Typical characteristics of textile industry wastewater generally include a wide range of pH, biochemical
oxygen demand (BOD), chemical oxygen demand (COD), total dissolved solids (TDS), heavy metals
and strong color [8–11]. The high volume of textile wastewater may cause alteration of the physical,
chemical and biological properties of aquatic environment, and could be harmful to public health and
livestock [6,12]. It is reported that in most of the cases, industrial effluents are discharged to nearby
river or wetlands without proper treatment [13].

As a water intensive sector, the growth and the sustainability of the RMG sector is highly dependent
on how it manages its water risks. Textile industry in general has an enormous water footprint in
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terms of agricultural water consumption for cotton farming, high water use in textile manufacturing
and water pollution [14]. In the textile industry, inlet water mainly comes from groundwater extraction
and no water is recycled back to the process, which causes groundwater depletion in the industrial
regions. The underground water levels around the city center are dropping at an alarming two to three
meters per year due to excessive and indiscriminate withdrawal of groundwater in Dhaka city [15,16].
In addition, high volume untreated textile effluents cause high gray water footprint and increase
water stress, which may instigate a quick change of ecosystem and climate change [17]. Thus, it is
required to quantify the amount of water consumption and pollution for the growing textile industry
in Bangladesh. Calculating the water footprint of textile production is an effective tool to calculate the
water consumption and pollution.

Water footprint (WF) is a measure of the use of freshwater for productive activities both in terms
of the amount of water consumed (green and blue WF) or polluted (grey WF) was first introduced in
2002 [18,19]. Green water footprint is the volume of rainwater that is stored in the root zone of the soil
and evaporated, transpired or incorporated by plants. Blue water footprint is the volume of surface
and groundwater required (evaporated or used directly) for the production of a good or service [20,21].
Grey water footprint indicates the water volume needed to assimilate a pollutant load to meet specific
water quality standards that reaches a water body [22].

Measuring water footprint and taking all the necessary steps to keep the water footprint level
as low as possible is very important for mankind because freshwater is vital to our daily life, but the
supply of freshwater is limited [23]. To assess water consumption and pollution for textile cotton
products, the water footprint for every stage (from raw material to final product) was calculated in
this study. Cotton production was chosen because around 80% of garments made in Bangladesh
are sourced from cotton [24]. Uncertainties associated with technological and environmental change
(drought) were not considered in this study. Energy consumption in textile processing was also not
considered in WF calculation. The effect of current and future pollution load (Biological Oxygen
Demand: BOD, Chemical Oxygen Demand: COD, Total Suspended Solid: Total Dissolved Solid:
TDS) of textile industries on the environment and human life has been studied in our previously
published article [25]. Effect of conventional practice and improved practice (adoption of improved
technologies and cleaner production) has been quantified and it was found that the amount of effluent
water and pollution load decreased around 22.6% if improved practice is followed [25]. The main
objectives of this study are to provide an analysis on the impact of the growth in RMG and textile sector
on water security in Bangladesh, calculate water footprint for cotton cultivation for RMG products,
calculate water footprint for transportation, calculate water footprint for textile industry for cotton
product, calculate productwise water footprint for RMG cotton product and identify opportunities to
reduce water use while achieving the aspirations of growth from the industries. Water footprint for
cotton cultivation, transportation, spinning, yarn dyeing, fabric manufacturing, fabric washing, dyeing,
finishing, and water footprint in RMG sector are calculated. Water footprint for cotton cultivation
is calculated by studying and analyzing 101 regions of 11 countries. For the textile industry, water
footprint is calculated by analyzing annual production rate, processing capacity, number of workers
involved, water consumption and pollution load for different products. Furthermore, effects of
adapting new technologies (e.g., zero liquid discharge options) to reduce water footprint are assessed.
Overall, this study helps policy makers and industry management to take necessary steps towards
sustainable water management.

2. Materials and Method

2.1. Imported Cotton, Cotton Yarn and Cotton Fabric

From cotton field to final RMG products, there are various stages with different impact on water
resources. Bangladesh imports a large amount of cotton for its textile and RMG sector. Cotton yarn and
cotton fabrics are also imported to meet the demand of this sector. Percentage and amount of imported
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cotton, cotton yarn and cotton fabric from different countries collected from the Bangladesh Cotton
Association (BCA), USDA gain report and Bangladesh Bank Annual Import Payment Report (2012–2013
to 2015–2016) are presented in Appendix A. It was considered that Bangladesh imports cotton yarn at
3300 USD/ton and cotton woven fabric at 8570 USD/ton [26,27]. Seed cotton yield for the countries from
which Bangladesh import cotton, cotton yarn and cotton fabric are also given in Appendix A.

2.2. Water Footprint of Cotton Cultivation

During cotton cultivation, three types of water usage are recognized [28]: (i) green
water—consumptive use of rainwater stored in soils as soil moisture, (ii) blue water—consumptive use
of water withdrawn from the groundwater or surface water and (iii) grey water—pollution of water.

The CROPWAT 8.0 model, a computer model developed by the Food and Agriculture Organization
of the United Nations [29] for the calculation of crop water and irrigation requirements based on soil,
climate and crop data, was used to estimate blue and green water footprint. Figure 1 represents the
calculation procedure of crop water evapotranspiration from which blue and green water footprint
were calculated. Figure 2 represents the blue and green water calculation steps from crop water
evapotranspiration (mm) and crop water use (CWU in m3/ha). Detailed calculation procedure is given
in Appendix B. The crop and soil data, which are required in the CROPWAT model, are given in
Appendix C.
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The formula to calculate grey water footprint is shown in Equation (1) [32]. In this study, the grey
water footprint related to nitrogen use only was quantified. The effect of the use of nutrients, pesticides
and herbicides to the environment was not analyzed. The quantity of nitrogen that reaches free
flowing water bodies was assumed to be 10 percent of the applied fertilization rate (in kg/ha/year) [33].
The fertilizer application rate in different countries is given in Appendix D. The total volume of water
required per ton of nitrogen is calculated considering the volume of nitrogen that leaches or runs
off and the maximum allowable concentration in the free-flowing surface water bodies. As ambient
water quality standard for nitrogen, 10 mg/L (measured as N: nitrogen) was used for this study [22].
The natural concentration in the receiving water body was assumed to be 0.4 mg/L [34,35].

Grey water footprint, WFgrey =
L

Cmax −Cnat
=

α×Appl
Cmax −Cnat

(1)

where

α= the leaching–runoff fraction, defined as the fraction of applied chemicals reaching freshwater bodies,
Appl = application rate of chemicals on or into the soil (in mass/time),
cmax = the maximum acceptable concentration for a pollutant and
cnat = natural concentration for a pollutant in the receiving water body.

2.3. Water Footprint of Textile Industry

A major part of the internal water footprint of RMG products comes from the textile industry.
A lot of water is consumed in yarn dyeing, fabric manufacturing, dyeing and finishing. During textile
operation, two types of water usage are distinguished: (i) blue water—consumptive use of water
withdrawn from the groundwater or surface water and (ii) grey water—pollution of water.

2.3.1. Raw Material for Textile Industry

It was assumed that 100 kg cotton lint produces 95 kg cotton yarn and 100 kg cotton yarn produces
95 kg fabric [36]. Around 95% of imported and domestically produced cotton is used in the textile
industry to meet the national and international demand of textile products; the remaining 5% is used
by handloom, medical and other sectors [37]. It was considered that 100% of imported cotton yarn
and woven fabrics of cotton is used by the textile industry. The local spinning sector can meet up
90% demand of knit wear garment industries and around 40% demand of woven industries [38].
Around 80 percent of garments made in Bangladesh are sourced from cotton [24]. The percentage of
imported and domestically produced raw cotton, imported cotton yarn and imported cotton woven
fabric employed in knit and woven fabric manufacturing is shown in Appendix E, which was calculated
considering a knit product export price of 4 USD/piece (per piece weight: 250 g) and a woven product
export price of 5 USD/piece (per piece weight: 400 g) (collected from local industries).

2.3.2. Water Footprint Calculation for Textile Industry

Mass ratio of dyed and undyed cotton fabric was considered as 4:1. Effluent water from yarn
dyeing is calculated by multiplying the total yarn dyed in a year by water key performance indication
(KPI). Effluent water from fabric dyeing is calculated as the same procedure as yarn dyeing effluent
water. It is considered that water KPI for yarn dyeing, knit fabric dyeing and woven fabric dyeing are
80 L/kg yarn dyed, 120 L/kg fabric dyed and 140 L/kg fabric dyed, respectively, which were collected
from local industries. In fabric washing, around one-third water of fabric dyeing is required. Blue water
footprint can be calculated by the following formula [22]:

Blue water footprint = Blue water evaporation + Blue water incorporation + Lost return flow (2)
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The lost return flow refers to the part of the return flow that is not available for reuse within the
same catchment within the same period of withdrawal. In this study, the assumption was made that
the textile processing mills do not return their effluents into the same catchment in the same period of
time [32]. Therefore, the lost return flow is assumed to be 95% of inlet water (water abstraction) in
a process.

The formula to calculate grey water footprint is shown in Equation (3) [22]. In this study, grey
water footprint is calculated for BOD since grey water footprint for BOD is about three times higher
than that of COD [25]. However, water quality standard considering COD is four times higher than
that of BOD, while the standard for natural concentration of COD in the receiving water body is three
times higher than that of BOD standard (Appendix F). This leaves the denominator with a higher
value (compared to the denominator when considering BOD) and consequently a lower grey water
footprint. The actual and natural concentration of pollution load and ambient water quality standard
for pollution load is given in Appendix F.

To calculate grey water footprint in textile industry, BOD values for knit and woven industries
were considered to be 450 and 550 ppm [39]. In this study, pollution load from the outlet of industry
(ETP inlet) is considered for calculating grey water footprint.

Grey water footprint =
L

Cmax −Cnat
=

Effl× ceffl −Abstr× cact

cmax − cnat
(3)

where

Effl = effluent volume,
Abstr = water volume of the abstraction,
ceffl = concentration of the pollutant in the effluent and
cact = actual concentration of the intake water.

2.4. Water Footprint of Workers

The number of farmers/workers involved in cotton cultivation, cotton yarn manufacturing in
spinning mills, cotton yarn dyeing, cotton fabric manufacturing and cotton fabric dyeing in textile
mills is given in Appendix G. It was assumed that a worker produces 30 L of wastewater daily and
takes 5% of wastewater (1.5 L) everyday, which comes from groundwater extraction. Here, the 1.5 L
water is assumed to be employed in blue water incorporation and evaporation. The number of workers
in RMG was obtained from Bangladesh Garment Manufacturers and Exporters Association BGMEA
website [40]. Total number of workers in a stage was multiplied by the amount of water abstraction for
a worker to get blue water footprint for the stage over a certain period of time. Grey water footprint
for a worker was calculated in the same way as described earlier for grey water footprint for textile
processing. In this case, effluent BOD concentration was assumed to be 300 ppm (collected from
local industries).

2.5. Water Footprint for Transportation

It was assumed that an average ship size of 7000 TEU (twenty-foot equivalent unit) is used for the
transportation of raw cotton, cotton yarn and cotton woven fabric from abroad. Fuel consumption for
a 7000 TEU ship is 205 tons per day to travel at a speed of approximately 24 knots [41]. Time required
to travel from different countries to Bangladesh is given in Appendix H. Total fuel consumption was
calculated by multiplying required time with fuel consumption (205 ton per day) considering 40 feet
(capacity: 14,000 kg of yarns) and 20 foot (capacity: 6550 kg of yarns) container sizes for import
purpose [42].

To import cotton from Uzbekistan, at first the cotton is transported to Poti, Georgia, by road and
then from Georgia to Chittagong port by sea [43]. On the other hand, Indian cotton is imported by
road and for the other countries it was considered that cotton is imported by sea. It was assumed that a
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heavy-duty diesel truck that hauls 19 tons of freight a distance of 7 miles would consume approximately
1 gallon of diesel fuel. Water consumption per ton crude oil recovery to refining conventional gasoline
was considered 0.41 m3 [44] and blue water evaporation and incorporation were considered negligible.

3. Results

3.1. Water Footprint of Cotton Cultivation

Bangladesh imports a huge quantity of cotton every year to meet the increasing demand of RMG
products and other value-added products in domestic and foreign markets. Thus, water footprint of
cotton cultivation comes mainly from the countries from where Bangladesh imports raw material for
RMG products.

In 2016, Bangladesh imported 6.3 million bales (1,371,665 metric tons) of raw cotton with a major
share from India (around 50%). Around 2% of the national requirement is fulfilled through local
production (around 0.13 million bales). Besides raw cotton, around 263,071 tons of cotton yarn and
294,335 tons of cotton fabric were imported in 2016.

Figure 3 presents green, blue, grey water footprint and total water footprint of cotton cultivation
for knit and woven products for the five years from 2012 through 2016. Water footprint of cotton
cultivation for knit products is mostly higher than that of woven products. This is because around
60% of raw materials for knit products are met by local spinning mills; the remaining 40% comes from
imported cotton yarn. On the other hand, for woven products, around 40% of raw materials comes
from imported raw cotton, with the remaining 60% coming from imported cotton yarn and fabric.
Local spinning mills use mostly the imported raw cotton to produce cotton yarn. In recent years,
around 80% of this imported raw cotton comes from India, Uzbekistan and Africa, where green and
blue water requirements for cotton production is much higher than China, from where a major amount
of cotton yarn and cotton fabric is imported. As seen in Figure 3a,b, green water footprint for knit
and woven products is increasing gradually and blue water footprint for knit and woven products is
decreasing gradually. In 2012, green and blue water footprint of cotton cultivation for RMG products
was found to be 5.98 and 10.21 billion m3, respectively, whereas, in 2016, the values were 10.87 and
7.65 billion m3, respectively. Currently, a larger percentage of raw cotton is imported from India, where
around 65% of cotton is grown under a rainfed condition. The percentage of raw cotton imported from
Uzbekistan is decreasing, where almost 100% of cotton is grown under an irrigated condition. Thus,
over the years, green water footprint is increasing and blue water footprint is decreasing for both knit
and woven products.

Grey water footprint of cotton cultivation is increasing gradually because of greater cotton demand;
for per kg RMG production, grey water footprints of cotton cultivation were found to be 3695 L in 2012
and 3705 L in 2016. Here, only nitrogen fertilizer was considered to calculate grey water footprint as
nitrogen is most susceptible to leaching because it cannot be retained by the soil. Phosphorus has low
mobility in the soil and leaching is generally not a problem. Potassium mobility in soils is intermediate
between nitrogen and phosphorus, but it is not easily leached because of having positive charge (K+),
which causes it to be attracted to negatively charged soil colloids [36]. Total water footprints of knit
and woven products are shown in Figure 3d. In 2016, total water footprint of cotton cultivation for knit
and woven products was 13.4 billion m3 and 11.6 billion m3, respectively.

Figure 4 presents the percentage of green, blue and grey water footprint of cotton cultivation for
the last five years. In 2012, percentage of green, blue and grey water footprint of cotton cultivation
was 28, 48 and 24% respectively; whereas, for 2016, the values were 43, 31 and 26%, respectively.
The percentage of blue water footprint is decreasing and the percentage of green water footprint is
increasing because of greater percentage of imported cotton from countries where cotton is cultivated
mostly under rainfed conditions. The percentage of grey water footprint changes with year is not
large enough compared to the import percentage because of imported cotton from the countries where
nitrogen fertilizer application rate is lower.
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Figure 4. Percentage of green, blue and grey water footprint of cotton cultivation.

The internal water footprint comes from the water use and pollution inside the country, while
external water footprint comes from water use and pollution abroad. In cotton cultivation, water
footprint comes mainly from abroad because the amount of cotton cultivated in Bangladesh is only 2%
of the demand of the RMG sector. External water footprint for cotton cultivation is 98.93% whereas
internal water footprint for cotton cultivation is only 0.7%.

Total internal water footprint (due to domestically produced cotton) of cotton cultivation increased
around 8% in the last five years due to increase of cotton production from 170 to 184 million metric tons
(Figure 5a). In 2016, total internal water footprint of cotton cultivation was 184 million m3 (114 million m3

for knit products and 70 million m3 for woven products) and total external water footprint for cotton
cultivation was 25,600 million m3 (14,100 million m3 for knit products and 11,500 million m3 for woven
products). The total external water footprint of cotton cultivation increased around 16% in the last five
years due to more imported cotton to meet RMG sector export demand (Figure 5b).
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3.2. Water Footprint for Transportation

Blue water footprint to transport raw cotton, cotton yarn and cotton fabric from different
countries to Bangladesh was calculated by considering fuel consumption during the transportation.
Blue water footprint for transportation for knit and woven products was found to be 79,988 m3 and
65,461 million m3, respectively, in 2016 (Figure 6). For knit production, water footprint is higher than
woven products because the amount of raw material transported by road for knit product is higher
than that for woven product. Blue water footprint for transportation depends on fuel consumption,
and fuel consumption depends on the distance between countries and the mode of transportation
(by road/by sea). Fuel consumption by road transportation is larger than transportation by ship.
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3.3. Water Footprint of Textile Industry

In the textile industry, there are various processes to convert the raw material into the final
product. At first, the raw cotton is spun in spinning mills to produce cotton yarn. After necessary
processing, cotton yarn is employed to produce cotton fabric. Necessary treatments (bleaching,
washing, dyeing, printing, finishing etc.) are done to make the fabric and produce fabric suitable for
garment use. From raw cotton to final products in the garments, a huge amount of water is required
for various processes. In this study, water consumption in every step both for process and by worker
was calculated.

Figure 7 shows blue, grey and total water footprint of textile industry for the last five years.
In 2016, the blue water footprint for knit and woven products were 102 and 77.5 million m3, respectively
(Figure 7a), whereas the grey water footprint for knit and woven products were 898 and 750 million m3,
respectively (Figure 7b). The total water footprint for the textile industry increased around 20% for knit
products and around 23% for woven products from 2012 to 2016 (Figure 7c). To fulfill this high amount
of water demand in the textile industry, around 180 million m3 of groundwater was extracted in 2016.
A large amount of groundwater is extracted, which causes groundwater depletion in the industrial
regions. High pollution load is harmful for environment and human health. Industrial toxic and
chemical wastes that are disposed into water bodies are responsible for several types of health problem
of illness and premature deaths across the globe. The presence of dyes in surface and subsurface
water causes many waterborne diseases, viz., nausea, hemorrhage, ulceration of skin and mucous
membrane, dermatitis, perforation of nasal septum and severe irritation of respiratory tract [45,46].
Moreover, any increase of salinity water caused by excessive groundwater extraction may cause
high blood pressure, heart disease and heart failure [47]. A large number of villages at Gazipur and
D.N.D (Dhaka–Narayanganj–Demra) Embankment are now being threatened by the environmental
degradation caused by textile effluent [45].
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For the textile industry, blue water footprint was 9% and grey water footprint is around 91% for
2012–2016. The main reason for this huge percentage of grey water footprint is high amount of water
pollution during textile processing.

As most of the raw materials for cotton products are imported as raw cotton, 99.58% of water
footprint is internal in the textile operation. Imported cotton yarn and cotton woven fabric are also
dyed in the country; as a result, only water footprint for workers to produce cotton yarn and cotton
fabric contributed to the external water footprint (0.42%).

Figure 8 shows the total internal and external water footprint for the textile industry. In 2016, total
internal water footprint of textile processing was 1820 million m3 (999 million m3 for knit fabric and
821 million m3 for woven fabric), whereas the total external water footprint of textile processing was
7.51 million m3 (0.97 million m3 for knit fabric and 6.54 million m3 for woven fabric). Total internal
water footprint of textile processing was around 242 times higher than the total external water footprint
of textile processing (in 2016).
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Figure 8. Total water footprint of textile industry (a) internal water footprint and (b) external
water footprint.

Water footprint in different stages in the textile industry can be seen in Figure 9. A large amount
of water is employed in fabric washing, dyeing and finishing, which is 53%, while water footprint in
yarn dyeing is 28% of total water footprint in the textile industry. Percentages of water footprint in
spinning (0.9%) and fabric manufacturing (0.5%) are very small because in these stages most water
footprint comes from worker water consumption and pollution. For yarn dyeing and fabric dyeing
water footprint comes from both the dyeing process and the workers involved in the process. In RMG
sector, there is also no water footprint of the process, the only water footprint is contributed by the
workers, which is 18% of total water footprint in textile industry. This percentage of worker water
footprint is higher than spinning and fabric manufacturing as in RMG sector number of workers is
higher than spinning and fabric manufacturing. Water footprint in wet processing is 81% because of
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high consumption of water in various steps of product manufacturing; the remaining 19% of water
footprint was contributed by the workers working in the industry.
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3.4. Water Footprint in Different Stages from Cotton Cultivation to Final Product

Figure 10shows the percentage of water footprint in different stages of RMG production (from
cotton cultivation to final product). The highest water footprint is in cotton cultivation, 93%; the second
highest is for fabric washing, dyeing and finishing, 3.5%. Around 7% of total water footprint is
associated with the textile industry. The percentage of water footprint in cotton cultivation is 93% of
total water footprint because of a higher percentage of water consumption and pollution during cotton
cultivation.
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3.5. Total Water Footprint of RMG Production

The total water footprint of RMG production is the water footprint of product from cotton
cultivation to final product in the garments. Figure 11a shows total water footprint of RMG production
for the last five years. Total green, blue and grey water footprint of RMG production was 10.87 billion m3,
7.88 billion m3 and 8.81 billion m3, respectively in 2016. Total consumptive water was 18.75 billion m3

for 1.74 million tons of fabric.
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Figure 11. Total water footprint of (a) RMG production and (b) RMG production considering functional
Effluent Treatment Plant (ETP) and Sewerage Treatment Plant (STP).

If it is considered that textile industries are running an ETP (effluent treatment plant) and STP
(sewage treatment plant) as per national requirements (ECR 1997), the grey water footprint will be
reduced, which is shown in Figure 11b; green and blue water footprint will remain same as the
values calculated without considering ETP and STP. In 2016, grey water footprint was found to be
6.84 million m3, which is 22% lower than the grey water footprint calculated without considering ETP
and STP.

3.6. Water Footprint Calculation for Different Products

Water footprints for different textile products, such as shirt, T-shirt, bedsheet and a pair of jeans
were calculated considering water consumption and pollution in every stage from cotton cultivation to
final product in the RMG sector.

3.6.1. Water Footprint of a T-Shirt

Water footprint of a T-shirt is estimated to be 4510 L, considering that the weight of one T-shirt is
250 g [48]. Among the total water footprint, green, blue and grey water footprints were found to be
1598 L, 1639 L and 1273 L, respectively (Figure 12). This calculation was made without considering
ETP and STP. If ETP and STP are considered, grey water footprint for one T-shirt is reduced to 1026 L.
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3.6.2. Water Footprint for a Shirt

Water footprint of a shirt was estimated at 2194 L, considering weight of one shirt is 150 g [48].
Among the total water footprint, green, blue and grey water footprints were found to be 743 L, 696 L
and 642 L, respectively (Figure 13). This calculation was made without considering ETP and STP.
If ETP and STP are considered, the grey water footprint for one shirt is reduced to 482 L.
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3.6.3. Water Footprint for a Single Bedsheet

Water footprint of a single bedsheet was estimated to be 7312 L, considering the weight of a single
bedsheet is 500 g [49]. Among the total water footprint, green, blue and grey water footprints were
found to be 2475 L, 2292 L and 2139 L, respectively (Figure 14). This calculation was made without
considering ETP and STP. If ETP and STP are considered, the grey water footprint for a single bedsheet
is reduced to 1609 L.
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3.6.4. Water Footprint for a Pair of Jeans

Water footprint of a pair of jeans was estimated to be 9506 L, considering the weight of a pair
of jeans is 650 g [48]. Among the total water footprint, green, blue and grey water footprints were
found to be 3218 L, 2979 L and 2781 L, respectively (Figure 15). This calculation was made without
considering ETP and STP. If ETP and STP are considered, grey water footprint for a pair of jeans is
reduced to 2443 L.
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4. Discussion

4.1. Cotton Cultivation

A large amount of water is being used for cotton production in every year, which is quantified
by water footprint calculation (Figure 3d). To reduce this water consumption, farmers are trying to
adopt new technologies. Organic cotton farming is gaining popularity because of the elimination of
toxic pesticide use, reduction of water consumption in cotton farming, and reduction of blue water
footprint up to 63 percent [50,51]. The main producers of organic cotton are India, China, Turkey and
Kyrgyzstan. One of the drawbacks of organic cotton farming is high labor requirements for manual
weeding. However, it might be an opportunity for developing countries like Bangladesh to create
employment opportunities for its large population [52].

Bangladesh mainly imports raw cotton to meet its textile demand. However, cotton production
in Bangladesh is increasing daily to fulfill the growing raw material demand of the RMG sector and
reduce the import load. Therefore, it is time for Bangladesh to look for organic farming and smart
irrigation systems to reduce water consumption in cotton cultivation. The main challenges of organic
cotton production in Bangladesh are lack of training facilities for farmers, land scarcity and an unstable
world market [53]. Government and stakeholders need to come forward to initiate the sustainable
cotton farming and take necessary steps to overcome these challenges.

4.2. Textile Industry

The textile sector is the backbone of Bangladesh’s economy. However, the industry is faced
with many challenges due to high resource (energy, water and chemical) footprint and consequent
environmental impact [54]. Around 180 million m3 of water is consumed by textile industries annually,
and water consumption will increase with the increasing demand of RMG production. Total water
footprint for cotton product was found to be 15,748 L for per kg product, which is close to the previously
done study for global water footprint for cotton products [55].

In 2021, textile production will increase around 1.6 times, which will consume and pollute more
water [25]. Increasing wastewater volume results in increasing water footprint (both blue and grey
water footprint) and lowers the level of the water table. It has been reported that in Dhaka city,
groundwater levels dropped more than 60 m over the last 50 years and these levels continue to decline
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at a high rate [56]. Groundwater helps in supporting overlying rock and soil; once the water table drops,
gradual settling of the land may occur, a phenomenon known as land subsidence [57]. From 2012 to
2016, blue water footprint (water consumption) and grey water footprint (water pollution) in the textile
industry increased around 21% and 23%. Grey water footprint associated with chemical production
and consumption was not considered in this study. Considering those parameters will further increase
the grey water footprint.

According to a recent study, textile industries near the Shitalakkhya River discharge their untreated
dye with heavy metals into the river [58]. By consumption and using this polluted water in bathing,
washing and household work, the marginal people who are living on the bank of the Shitalakkhya
River, especially children, are prone to different types of water borne diseases, viz., nausea, skin sores,
irritation in respiratory tract [12], typhoid, dysentery, cholera, viral hepatitis etc. and loss of life [58].
Inland water bodies affect climate at the regional scale through exchange of heat and water with the
atmosphere [59]. In addition, they play a substantial role in the global carbon (C) cycle and thus
potentially affect climate as well [60].

In addition, excessive groundwater extraction and inconsistent rainfall caused by climate change
may increase the salinity of groundwater and soil [61], and further affect aquatic ecosystems and reduce
the productivity of crops and aquatic life. Therefore, it is important to treat, recycle and reuse industrial
wastewater to minimize groundwater extraction and relevant water footprint. Implementation of zero
liquid discharge (ZLD) in the textile industry will contribute significantly to reduce water footprint in
the textile industry.

A ZLD system involves a range of advanced wastewater treatment technologies to recycle,
recovery and reuse of the "treated" wastewater, and thereby ensure there is no discharge of wastewater
to the environment. A typical ZLD system comprises the following components [62]: (i) pretreatment,
(ii) reverse osmosis and (iii) evaporator and crystallizer. One of the major problems of ZLD is disposal
of solid waste that will be generated. The problem can be solved by using the solid waste in other
industries or by developing ZLD technologies that will generate lower solid waste or, no solid waste [63].
The high cost of operation of a ZLD is also a major challenge. The recovery of water and salt offsets
these costs significantly [54].

Bangladesh DoE (Department of Environment) recently issued a zero liquid discharge (ZLD)
regulation to deal with the problem of effluent, mandating all textile mills to install zero liquid discharge
effluent treatment plant (ZLD–ETP) systems. The initiative is focused on incorporating learning from
best practices, technologies and policy initiatives to support effective implementation of the ZLD
mandate in Bangladesh [64].

Figure 16 shows water footprint before and after the implementation of ZLD. It was considered
that 5% of effluent water from the textile industry is lost in the treatment process and the rejection from
the RO is further treated in evaporator to separate the salt from the liquid. From the figure, it can be
seen that after implementation of ZLD, blue water footprint will decrease around 72% and grey water
footprint will decrease around 88% for per kg textile product (considering no liquid discharge and
only 5% of effluent water being lost in the process). This huge decrease in water usage and pollution
can protect the environment and aquatic life from further pollution and extinction, respectively.
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Figure 16. Water footprint for per kg fabric before and after ZLD.

5. Conclusions

Water footprint calculation is a useful tool for the identification of relevant water consumption
and pollution. In this study, annual water footprint of apparel products was calculated from the supply
chain to final product in the garments. About one-third of water footprint in RMG sector is related
to the pollution. This is due to the high amount of water pollution during cotton cultivation and
textile operation.

Around 91% of total water footprint of RMG production is associated with cotton cultivation,
which is mostly external water footprint. Total water footprint of cotton cultivation was found to be
25 billion m3. This large water footprint indicates the importance of organic cotton farming, which can
reduce water and fertilizer consumption during cotton cultivation. Cotton produced in India, East and
West Africa and Bangladesh is less dependent on irrigated water (more dependent on green water)
due to cultivation in rainfed condition, whereas most cotton in Uzbekistan, USA, Pakistan, Australia,
Egypt, Turkmenistan and China is grown under irrigated condition (more dependent on blue water).
The amount of irrigated water in these countries can be reduced by adopting organic farming. In cotton
cultivation, water pollution (grey water footprint) can be reduced by reducing use of fertilizer.

In the textile industry, the grey water footprint was found to be around 91% of total water footprint
in textile industry, which is quite alarming for the country as around 99.5% water footprint in the
textile industry is internal water footprint. This will severely affect the aquatic system, public health
and surrounding environment. It is important to treat textile effluents and reuse the treated water.
It can reduce water extraction, water footprint and water stress, and protect the aquatic ecosystem. If it
is considered that textile industries are running their ETPs, grey water footprint will be less for the
industries running ETP. But in most of the cases, ETPs are not properly operated in the industries.

The results and analysis show the RMG sector’s current scenario in terms of amount of rainwater
used, groundwater extraction and water pollution. This study will be highly useful for the government,
funding agencies, industry management and technologists to make strategic policies and adopt
appropriate technologies to reduce water footprint for the sustainable growth in the Bangladesh
apparel sector.
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Appendix A

Table A1. Percentage of imported cotton from different countries [65–67].

Country
Imported Cotton (%)

2012 2013 2014 2015 2016

Uzbekistan 26 25 20 13 13
India 37 40 40 50 50

East and West Africa 7 13 13 18 18
Turkmenistan 11 3 3 2 2

USA 5 7 7 3 3
Australia 6 3 5 4 4

Egypt 2 2 3 3 3
Brazil 2 3 4 4 4

Pakistan 4 4 5 3 3

Table A2. Percentage of imported cotton yarn from different countries [68].

Country
Imported Cotton Yarn (%)

2012 2013 2014 2015 2016

India 75.49 69.04 66.16 69.22 66.59
China 15.09 22.23 25.89 22.68 23.89

Pakistan 8.63 7.59 7.09 7.33 7.11
USA 0.06 0.15 0.17 0.14 0.65

Uzbekistan 0.39 0.69 0.33 0.11 1.21
Egypt 0.32 0.29 0.37 0.52 0.54

Table A3. Percentage of imported cotton woven fabric from different countries [68].

Country
Imported Cotton Woven Fabric (%)

2012 2013 2014 2015 2016

India 14.42 13.63 11.76 14.07 9.48
China 73.20 72.13 70.05 71.11 64.38

Pakistan 12.15 14.20 17.97 14.24 25.33
USA 0.18 0.04 0.18 0.57 0.29

Brazil 0.03 0.004 0.03 0.001 0.51

Table A4. Amount of imported cotton, cotton yarn and cotton woven fabric for the five years from
2012 through 2016 [68,69].

Year Cotton (Metric ton) Cotton Yarn (Metric ton) Cotton Woven Fabric (Metric ton)

2012 1,088,623 231,901 203,793
2013 1,153,940 236,133 228,761
2014 1,175,712 247,783 255,686
2015 1,349,892 264,432 265,830
2016 1,371,665 280,044 294,335

www.estexbd.com


Water 2020, 12, 2760 18 of 33

Table A5. Seed cotton yield for different cotton importing countries [70].

Country
Seed Cotton Yield (ton/ha)

2012 2013 2014 2015 2016

Uzbekistan 2.6447 2.5682 2.6133 2.5985 2.6133
India 1.5174 1.6165 1.6102 1.6110 1.6201

East and West Africa 1.0003 1.0212 1.0210 1.0200 1.024
Turkmenistan 1.1429 1.0363 1.0364 1.0350 1.0300

USA 2.7251 2.4997 2.5886 2.5895 2.5800
Australia 4.9567 5.5315 5.4783 5.4794 5.5000

Egypt 2.9426 3.6122 3.3859 3.399 3.4000
Brazil 3.5958 3.6201 3.7513 3.8001 3.8501

Pakistan 2.2113 2.2724 2.3021 2.3301 2.3500
China 3.2000 3.2471 3.2941 3.3000 3.3101

Appendix B

Appendix B.1. Blue and Green Water Footprint Calculation Procedure for Cotton Cultivation

In the CROPWAT 8.0 model, the reference evapotranspiration (ETo) was estimated on the basis
of the Penman–Monteith formula [71], which needs minimum and maximum temperature, rainfall,
relative humidity, wind speed and sunshine hours for a region. Crop evapotranspiration (ETa) which
is the amount of water lost through the process of evaporation (from soil surface) and transpiration
(from plant tissues) from a crop, grown in a large field, under a given climatic condition is estimated
by first calculating reference ETo. Then ETo is adjusted by a crop-specific crop coefficient function,
Kc, which accounts for specific crop and growth-stage conditions [72]. The FAO Penman–Monteith
equation (Equation (A1)) determines the evapotranspiration from the hypothetical grass reference surface
and provides a standard to which evapotranspiration in different periods of the year can be related.
CLIMWAT, a climatic database, was used to collect climate data for different regions under considerations.
Climate data for few regions that were not available in CLIMWAT were collected from the website.

ETo =
0.408∆(Rn −G) + γ

900
T + 273

u2(es − ea)

∆ + γ(1 + 0.34u2)
(A1)

where

ETo = reference evapotranspiration (mm/day),
Rn = net radiation at the crop surface (MJ/m2/day),
G = soil heat flux density (MJ/m2/day),
T = mean daily air temperature at 2 m heights (◦C),
u2 = wind speed at 2 m height (m/s),
es = saturation vapor pressure (kPa),
ea = actual vapor pressure (kPa),
∆ = slope of saturation vapor pressure curve (kPa/◦C) and
a = psychrometric constant (kPa/◦C)

The calculations take into account a dynamic soil water balance and the “irrigation schedule
option” of the model was used. When running the model, for rainfed condition in cotton cultivation,
“nonirrigation (rainfed)” was chosen; in case of irrigated cotton cultivation, the option “irrigate at
critical depletion; refill soil to field capacity” was chosen. Figure 1 in the main manuscript represents
flow diagram for major steps of CROPWAT 8 to calculate crop water evapotranspiration. The calculated
crop evapotranspiration in mm is converted to crop water use (CWU) in m3/ha by applying the
factor 10 [22].
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Bangladesh imports cotton, cotton yarn and cotton woven fabric from different countries. In this
study, CWUblue and CWUgreen were calculated for the studied regions in different countries for both
irrigated and rainfed conditions. CWUblue for cotton cultivation in a country was calculated individually
for irrigated and rainfed conditions by doing weighted average of the regionwise CWUblue values.
Percentage of cotton grown in different regions of different countries is described in Tables A6 and A7.
Then from the percentage of cotton cultivation condition (irrigated/rainfed) (Table A8) in a country,
CWUblue for cotton cultivation was calculated. For some countries, the percentage of cotton production
in different regions was not available. In that case, an arithmetic average was done to calculate CWUblue

for cotton cultivation. CWUgreen was calculated using the same procedure as CWUblue.
The blue and green water footprints were calculated as crop water use (CWU) per crop yield, as

shown in the formulas [22]:

Blue water footprint, volume/mass =
Crop water use (CWUblue)

Seed cotton yield
(A2)

Green water footprint, volume/mass =
Crop water use

(
CWUgreen

)
Seed cotton yield

(A3)

Table A6. Percentage of cotton grown in different regions of India, East and West Africa, Uzbekistan,
Brazil, Turkmenistan, Egypt and China [73–75].

Country Regions Percentage

India

Gujarat 30
Maharashtra 23

Punjab 2
Andhra Pradesh and Telegana 25

Karnataka 6
Haryana 4

Tamil Nadu 1
Rajasthan 5

Madhya Pradesh 6

West and East Africa

Burkina Faso 19
Benin 15
Mali 22

Senegal 3
Cote d’Ivoire 14

Nigeria 9
Togo 7

Uganda 3
Tanzania 7

Uzbekistan

Samarkand, Kashkadar, Dzhiak 36
Bukhara 14
Fergana 11

Khorezm, Karnapak 18
Andizhan 11
Tashkent 10

Brazil

Mato Grosso 44
Bahia 23
Goias 13

Sao Paulo 6
Mato Grosso do Sul 6

Minas Gerais 4
Parana 3

Turkmenistan
Ahal 50
Mary 50

Egypt
Cairo 33

Alexandria 33
Asswan 33

China Urumqi 100
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Table A7. Percentage of cotton grown in different regions of Bangladesh, USA, Pakistan and
Australia [76–78].

Country Regions Percentage

Bangladesh

Faridpur 20
Jessore 20

Mymensingh 20
Khulna 20

Dinajpur 20

USA
Texas 65

Georgia 23
California 11

Pakistan
Punjab 75
Sindh 25

Australia
New South Wales 70

Queensland 30

Table A8. Cotton cultivation condition (irrigated/rainfed) for different countries [79–89].

Country Irrigated Rainfed

Uzbekistan 100 0
India 35 65

East and West Africa 1 99
USA 75 25

Pakistan 100 0
Brazil 50 50

Australia 90 10
Egypt 100 0

Turkmenistan 100 0
China 98 2

Bangladesh 2 98

Appendix C

Appendix C.1. Crop Data

The cotton plant undergoes a series of stages during its development from latent seed to the
production of mature bolls [90]. In CROPWAT, the whole cotton growing season is divided into
four stages: (i) initial, (ii) development, (iii) mid season and (iv) late season. Water requirement
by the plant in different stages is different. Crop coefficient function, Kc is required to relate the
reference evapotranspiration with the actual evapotranspiration, which accounts for specific crop and
growth-stage conditions [72]. There are also some other parameters (rooting depth, critical depletion
fraction, yield response fraction and crop height) required to calculate water requirement of a cotton
plant. The response of yield to water supply is quantified through the yield response fraction (Ky),
which relates relative yield decrease to relative evapotranspiration deficit. The critical depletion
fraction represents the critical soil moisture level when first drought stress occurs, affecting crop
evapotranspiration and crop production [30]. Crop data used to calculate crop water evapotranspired
are described in Table A9.
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Table A9. Crop data used in CROPWAT to calculate crop water use (CWU) [29,91].

Crop Parameter Initial Development Mid Season Late Season Total

Crop coefficient, Kc 0.35 - 1.15 0.75 -
Stage (days) 30 50 55 45 -

Rooting depth (m) 0.3 - 0.9 - -
Critical depletion fraction 0.6 - 0.6 0.6 -

Yield response fraction, Ky 0.5 0.5 0.6 0.3 1.5
Crop height (m) - - 1 - -

Appendix C.2. Soil Data

Bangladesh imports cotton, cotton yarn and cotton fabric mainly from Uzbekistan, India, East
and West Africa, Turkmenistan, USA, Australia, Egypt, Brazil, Pakistan and China. For calculation
purposes, soil type and cotton planting season of different regions of these countries are evaluated,
which are described in Tables A10–A13.

Table A10. Soil type and cotton planting season of different states of India [92–121].

Country State City Soil Type Planting Season

India

Gujarat

Ahmadabad Sandy loam

June–July
Bharuch Sandy loam
Rajkot Black cotton

Bhavnagar Black cotton
Surendranagar Medium black

Maharashtra

Jalagon Black cotton

June–July
Akola Black cotton

Aurangabad Deep and medium black
Ahmednagar Deep and medium black

Amravati Deep and medium black

Punjab Ludhiana Sandy April
Faridkot Sandy

Andhra Pradesh

Kurnool Red earth and black cotton

July–AugustAnantapur Stony red
Guntur Black cotton

Prakasam Red

Karnataka

Raichur Mixed red and black

June–AugustBellary Deep black
Gulbarga Black cotton
Bijapur Black cotton

Hariyana Hisar Black cotton April–May
Jind Sandy loam

Tamil Nadu
Coimabatore Black cotton, loamy, clayey

August–SeptemberMadurai Black cotton, Loam and clay loam
Salem Red sandy

Rajasthan Sri Ganganagar Medium black April–May
Ajmer Medium black, red sandy loam

Madhya Pradesh Sanawad Black cotton June–July
Khargone Black cotton
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Table A11. Soil type and cotton planting season of different cotton producing states of East and West
Africa [122–147].

Region of African Continent Country City Soil Type Planting Season

West Africa

Burkina Faso

Bobo Loamy sand, clay loam

May–JuneBoromo Loamy sand, clay loam
Fada N’Gourma Loamy sand, clay loam
Ouagadougou Loamy sand, clay loam

Benin

Parakou Silty clay loam

May–JuneNattingou Silty clay loam
Bohicon Silty clay loam
Kandi Silty clay loam

Mali
Bamako Sandy loam

June–JulySegou Sandy loam
Sikasso Sandy loam

Senegal
Kedougou Medium

June–JulyZiguinchor Medium
Kolda Medium

Cote d’Ivoire
Korhogo Sandy May–July

Ferkessedougou Sandy

Nigeria

Katsina Reddish brown

May–JuneKaduna Reddish brown
Kano Reddish brown

Bauchi Reddish brown

Togo Loam Sandy loam, silty loam May

Uganda

Gulu Sandy, sandy loam

May–June
Kitgum Sandy, sandy loam

Lira Sandy
Masindi Sandy, sandy loam
Mbale Sandy loam

East Africa Tanzania
Simiyu Bariadi Sandy clay, clayey

DecemberShinyanga Shallow red clay, shallow black cotton
Mwanza Sandy

Table A12. Soil type and cotton planting season of different cotton producing states of Uzbekistan,
Brazil, Turkmenistan, Egypt, China and Bangladesh [146,148–172].

Country City Soil Type Planting Season

Uzbekistan

Bukhara Silty clay loam

March–April

Fergana Silty clay loam
Khorezm Hard and loamy
Andizhan Sandy loam
Tashkent Silty clay loam

Samarkand Silty clay loam
Kashkadar Silty clay loam

Dzhiak Silty clay loam

November–January
Brazil

Mato Grosso Sandy loam
Bahia Sandy loam
Goias Clay

Sao Paulo Sandy loam
Parana Clay

Mato Grosso do Sul Clay
Minas Gerais Clay

Turkmenistan
Ahal Sandy desert

MarchMary Sandy desert

Egypt
Cairo Alluvial

September–NovemberAlexandria Alluvial
Asswan Alluvial

China Urumqi Silt loam March–May

Bangladesh

Faridpur Clay loam

May–June
Jessore Clay loam
Khulna Sandy loam

Mymensingh Sandy loam
Dinajpur Sandy loam
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Table A13. Soil type and cotton planting season of different cotton producing states of USA, Pakistan,
Australia [77,78,173–187].

Country State City Soil type Planting Season

USA

Texas

Amarillo Loamy sand, loamy

May–JuneLubbock Clayey
El Paso Clay loam
Abilene Sandy loam, loamy

Georgia Macon Lewis Loamy sand March–May
Savannah Loamy sand

California Fresno Sandy loam March

Pakistan

Punjab
Bahawalpur Laom

May–JuneRahimyar Khan Clay loam
Multan

Sindh
Sanghar Sandy clay loam

March–AprilKhairpur Sandy clay loam
Ghotki Sandy clay loam

Australia
New South Wales

Namoi Clay September–October
Macquarie Valley Clay

Queensland St. George Clay September–October

Water footprint varies for different types of soils as total available moisture content, maximum
infiltration rate, maximum rooting depth and initial available moisture content vary for different types
of soils. Soil information for different types of soils is presented in Table A14.

Table A14. Soils information for water footprint calculation [188].

Soil Type Total Available
Moisture, mm/m

Maximum Infiltration
Rate, mm/day

Maximum Rooting
Depth, cm

Initial Available
Moisture, mm/m

Light soil 60 40 90 60
Medium soil 290 40 90 290
Heavy soil 200 40 90 200
Red sandy 100 30 90 100
Red loamy 180 30 90 180

Red sandy loam 140 30 90 140

Appendix D

Appendix D.1. Fertilizer Application Rate

The grey water footprint of cotton cultivation depends on the amount and kind of fertilizer used
during cotton cultivation. Table A15 represents average fertilizer application rate for different cotton
producing countries.
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Table A15. Average fertilizer application for difference countries [36,189].

Country
Average Fertilizer Application Rate, kg/Ha

N

Uzbekistan 210
India 66

East and West Africa 35
USA 120

Pakistan 180
Brazil 40

Australia 121
Egypt 54

Turkmenistan 210
China 120

Bangladesh 130

Appendix E

Table A16. Percentage of raw cotton, cotton yarn and cotton woven fabrics in knit and woven fabric
manufacturing [24,38,40].

Raw Material Knit Fabric (%) Woven Fabric (%)

Imported raw cotton 57 38
Domestically produced raw cotton 57 38

Imported cotton yarn 40 60
Imported cotton woven fabric 0 100

Appendix F

Table A17. Pollution load concentration in groundwater, surface water and ambient water quality
standard [190,191].

Type of Pollution
Load

Actual Concentration
in Groundwater, cact (ppm)

Natural Concentration
of Surface Water, cnat (ppm)

Ambient Water
Quality Standard, cmax (ppm)

BOD 3 5 50
COD 10 15 200

Appendix G

Table A18. Number of farmers/workers involved in cotton cultivation and different stages of textile
industry, which was collected from local industries.

Stages in Textile Industry Number of Workers

No. of farmers 8/acre
Yarn manufacturing 40/ton

Yarn dyeing 30/ton
Fabric manufacturing 100/3 ton

Fabric washing 100/13.5 ton
Fabric dyeing, printing and finishing 10/ton

Water KPI, L/day 30/person
Water abstract (intake), L/day 31.5/person
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Appendix H

Table A19. Time required to travel from different countries to Bangladesh by ship [192].

Country Time (Traveled by Sea): Days

Uzbekistan 22.58
India -

East and West Africa 27.88
USA 23.5

Pakistan 4.54
Brazil 22.83

Australia 8.46
Egypt 7.96

Turkmenistan 23.5
China 6.88
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