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Abstract: Leather processing industries consume high volumes of water and chemicals and release
effluents into the environment that pollute the surface water and may cause harm to human health.
Leather processing involves different wet processing stages such as soaking, liming, chrome tanning,
rechroming, neutralization, fatliqouring and dyeing. The pollution generated from the leather pro-
cessing stages varies in volume, nature and concentrations. Qualitative and quantitative assessments
of effluents generated from different stages of leather processing can be useful to understand the
stagewise and overall water pollution of leather wet processing and to design and plan pollution
abatement initiatives. Water footprints (WF) can help in understanding the total water consump-
tion and water pollution caused by the leather sector. The objectives of this research are to assess
the characteristics of effluents generated from different stages of leather processing, calculate the
water footprint (WF) and analyze the pollution load of the Bangladesh leather sector. To perform
experimental analyses, effluent samples were collected from the following leather processing stages:
soaking, liming, deliming and bating, pickling and tanning, wet back, rechroming, neutralization,
retanning, dyeing and fatliqouring from four leather processing factories. The key pollution indi-
cating parameters, such as pH, chemical oxygen demand (COD), biological oxygen demand (BOD),
total dissolved solid (TDS) and total suspended solid (TSS) of the effluent samples were analyzed.
The experimental study showed that almost 52% effluents generate from beam house and tan yard
operations, and about 48% effluents generate from post tanning operations. Due to the presence of
high amounts of salt, insecticides and bactericides, the effluent generated from the soaking stage
contains high BOD and TDS. On the other hand, effluent generated from liming contains the highest
amounts of BOD, COD, TDS, and TSS. The reduction or segregation of soaking and liming effluents
will be effective in improving the environmental performance of the wet processing of leather. To
assess the total water footprint of the leather sector, the water footprint of feed crops and raw hides
were calculated, along with the water footprint of the leather processing stages. The water footprints
of bovine and ovine crust leather were found to be 34,000 m3/ton and 17,300 m3/ton, respectively.
The blue water footprint is higher in soaking, liming and finishing. The green water footprint of
leather is mainly contributed by feed crops of farming animals. The grey water footprint was found
higher in the soaking, liming, fatliqouring and dyeing stages. About 97% of the water footprints of
tanneries are contributed by the wet processing stages. The grey water footprint is the most signifi-
cant part of the total water footprint of the leather sector, which indicates the impact of high water
pollution by the leather processing stages. This study can help to understand the overall scenario
of water consumption and water pollution caused by the leather sector in Bangladesh. This study
can also be useful in designing sustainable leather products by reducing the total water footprint per
unit of leather goods. The systematic approach of this study could be useful for other countries in
leather processing.
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1. Introduction

Leather and footwear industry is a water and chemical intensive industry which
produces high volume effluents with high pollution load. It is estimated that only 20% of
chemicals used in the tanning process are absorbed by the leather, and the rest are released
as effluent [1–3]. The effluent generated is characterized by high chemical oxygen demand
(COD), biological oxygen demand (BOD), total dissolved solid (TDS), total suspended solid
(TSS) with high pH, strong odor and dark brown color [4–7]. One of the key reasons for this
acute pollution is chrome tanning and the process involved with it. For decades the most
credited tanning theory explained the stabilization of the collagen with the formation of
cross-links within its triple helix structure [8]. A modification of the supramolecular water
sheath also plays a key role in this transformation [9]. Therefore, tannery effluent carries
heavy pollution load with different types of tanning materials, salts and large quantities of
putrefying suspended matters [10].

The water footprint (WF) can be useful to assess water consumption and pollution
load associated to leather industries as it is a scale of water measurement that looks at
direct and indirect water use of a consumer or producer [11–14]. The water footprint (WF)
of a product is the volume of freshwater used to produce the product, measured over
the full supply chain. It is a multi-dimensional indicator, showing water consumption
volumes by source and polluted volumes by type of pollution; all components of a total
water footprint (WF) are specified geographically and temporally. The blue water footprint
refers to consumption of blue water resources (surface and groundwater) along the supply
chain of a product [15]. The green water footprint refers to consumption of green water
resources (rainwater stored in the soil as soil moisture) [11]. The grey water footprint
refers to pollution and is defined as the volume of freshwater that is required to assimilate
the load of pollutants based on existing ambient water quality standards [11]. The water
footprint (WF) of leather thus offers a wider perspective on how tanners relate to the use of
freshwater systems.

Leather and footwear sector is one of the key export-oriented sectors of Bangladesh.
However, lack of water and pollution management and impact assessment of this sector is
one of the bottlenecks for constant growth in global export market. Tanneries in Bangladesh
need proper management of water for better utility and efficient leather production. Water
footprint (WF) and pollution load data can help manufacturers, tanners and dealers to un-
derstand the environmental value, especially water value in leather production. Bangladesh
exported total USD 866.45 million from leather exports in fiscal year (FY) 2013. In the FY
2015, earnings from leather footwear, leather products and leather were USD 483.81 million,
USD 249.16 million, and USD 397.54 million respectively [16,17]. As tanneries are highly
water and chemical consuming industries, they release large amount of effluent throughout
the year into water bodies with partial treatment or no treatment. Previously, the tanneries
in Hazaribagh discharged 22,000 L per day of toxic wastewater into the Buriganga River,
located at the backyard of Hazaribagh, Dhaka [18]. For this reason, about 155 tanneries
have been relocated to Savar, Dhaka near to Dhaleshwarie River, for the government or-
der, out of which 62 units have started production on the new Savar Tannery Estate in
Bangladesh [19]. Due to the relocation of tanneries and environmental compliance issues,
export of leather items reduced in FY 2020 to below USD 1 billion. More tanneries are
relocating and starting the production in new location. Now after relocation, Dhaleshwarie
River can face the same fate as Buriganga if proper measures are not taken to protect it [19].

This paper focuses on calculating water footprint and assessing pollution impacts of
Bangladesh leather sector by characterizing tannery effluents and analyzing annual effluent
release. This paper also provides a detail assessment of annual blue water consumption
and grey water requirement for the leather production and leather products. The data
assessment in the study is very essential for water and pollution management in the leather
sector of the country. This study will be also useful for other countries working on similar
production sectors.
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2. Materials and Methods
2.1. Experiments
2.1.1. Chemicals

Dipotassium phosphate (K2HPO4), Disodium phosphate (Na2HPO4.7H2O), Ammo-
nium chloride (NH4Cl), Magnesium sulfate (MgSO4.7H2O), Calcium chloride (CaCl2),
Ferric chloride (FeCl3.6H2O), Potassium dichromate (K2Cr2O7), Mercuric sulfate (HgSO4)
and Sulfuric acid H2SO4 conc. were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All solutions were prepared with grade 1 water (Milli Q water purification system Type 1,
Darmstadt, Germany).

2.1.2. Sample Collection and Analysis

The effluent samples were collected from four leather processing factories located
in Savar Tannery Estate, Bangladesh. Sample were collected from the following leather
processing stages: soaking, liming, deliming and bating, pickling and tanning, wet back,
rechroming, neutralization, retanning, dyeing and fatliqouring (Figure 1). The grab samples
were transported on ice in ice box (30 L) and immediately stored in approximately 4 ◦C.
Then the samples were carefully analyzed in the Environment lab of the Chemical Engi-
neering Department, BUET, Bangladesh. The experiments were conducted to analyze pH,
BOD5, COD, TDS and TSS of the leather processing effluent. pH and TDS were determined
with pH meter (HI 2210, HANNA, Singapore) and TDS meter (HI 2020, HANNA, Singa-
pore). COD was analyzed colorimetric method using COD reactor (HACH) and DR 6000
UV/Vis spectrophotometer (HACH). BOD5 was measured using standard method 5210B
(APHA, 2005). TSS was determined by evaporation at 105 ◦C (24 h) in electric desiccator.
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2.2. Annual Pollution Load Calculation

For the calculation of pollution load, annual production of crust leather in Bangladesh
on average 323 million ft2 has been taken as basis [16]. Annual production data of crust
leather been taken from Leather Goods and Footwears Manufacturers and Exporters
Association of Bangladesh [17] and Bangladesh Bureau of Statistics [20].

The weight of crust leathers (mcrust leather) has been calculated using Equation (1) [21].

mcrust leather = ACrust leather × Yi (1)

where mass of the crust leathers is mcrust leather (kg), the area of crust leather is ACrust leather
(ft2) and the yield is Yi (kg/ft2). For calculating the weight of crust leathers (mcrust leather),
the area of crust leather (ACrust leather) has been multiplied by the yield (Yi) of weight per
feet square of leather (Equation (1)) [21]

In terms of weight, it is estimated that in the weight category one ton (1000 kg) of wet
salted hides, average weight 28 kg/hide, would give 195 kg of grain and 60 kg of split: a
total yield (Yi) of 255 kg of finished leather [22]. In terms of area, it is estimated that one ton
of raw hide (39 hides, average area 4 m2/hide) with a total surface area of approximately
156 m2 yields 138 m2 of grain leather and 60 m2 split. The yields related to green weight
are as follows: grain leather 12.5 dm2/kg and split leather 5.40 dm2/kg: a total yield of
17.90 dm2/kg green weight [21].

Volume of water consumption has been calculated using the basis and yield of the
leather intermediary products and then multiplied with the consumption rate, CR (%)
(Table 1) given in Equation (2) [23].

Vwater = mcrust leather × CR (2)

where volume of water is Vwater (m3), and the consumption rate is CR (%). The water
consumption rate (%) data of each stage has been collected from tanners and leather
technologist through the survey as they follow their recipe to use the water and chemicals
for production of leather. A standard recipe has been chosen for the simplification purpose.

Table 1. Water consumption rate (%) for leather production in tanneries in Bangladesh.

Main Stages Sub Stages Consumption Rate (%)

Soaking

Pre soaking 300% of raw weight a

Main soaking 300% of raw weight

Washing 100% of raw weight

Liming
Bath 300% of raw weight

Washing 600% of raw weight

Fleshing and unhairing 3 kg of per 15 sq ft e

Chemical Wash Washing 200% of pelt weight b

Deliming and Bating Bath 100% of pelt weight

Pickling and Tanning
Washing 300% of pelt weight

Bath 100% of pelt weight

Wet back Bath 200% of wet blue shaved weight c

Rechroming
Washing 200% of wet blue shaved weight

Bath 100% of wet blue shaved weight

Neutralization
Washing 200% of wet blue shaved weight

Bath 150% of wet blue shaved weight

Retanning
Washing 150% of wet blue shaved weight

Bath 150% of wet blue shaved weight

Fatliquoring Bath 150% of wet blue shaved weight
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Table 1. Cont.

Main Stages Sub Stages Consumption Rate (%)

Dyeing

Bath 200% of wet blue shaved weight

Top dyeing 200% of wet blue shaved weight

Washing 200% of wet blue shaved weight

Finishing 0.02 kg of per 1 sq ft e crust leather d

Note(s): (A Standard consumption data has been followed for the purpose of simplification, helped by Bangladesh
Tanners Association). a raw weight is the weight of raw hide and skin. b pelt weight is the weight of the soaked
and limed hide and skin. c wet blue shaved weight is the weight of the processed hide and skin through beam
house and tan yard operations. d crust leather is wet blue leather processed by post tanning processes. e sq ft
means square feet.

Effluent volume (Veffluent) and pollution load (L) are calculated using Equations (3) and (4),
respectively [23].

Veffluent = Vwater (1 − I Incoporation) (3)

L = Veffluent × cpollutant (4)

where effluent volume is Veffluent (m3), the volume of water is Vwater (m3), the incorporate
water is I (%). Pollutant load is L (kg) and the pollutant concentration is cpollutant (kg/m3).

Effluent volume Veffluent (m3) has been calculated with the volume of water Vwater (m3)
subtracting the incorporate water volume. Pollutant load (L, kg) has been calculated by the
effluent volume Veffluent multiplying the pollutant concentration cpollutant (e.g., BOD, COD,
TDS and TSS) [23].

2.3. Water Footprint Calculation Method

The water footprint (WF) of a product is the sum of the water footprints of the process
steps taken to produce the product (considering the whole production and supply chain).
There are two methods for calculation of WF, one of them is based on ISO-14040/44, 14067
standards and focuses on cradle to-gate approach and another is based on water footprint
network (WFN) approach in framework of Hoekstra et al. (2009) [11]. In this study, the
water footprint network (WFN) approach [11] is used. The functional unit and system
boundary of the finished leathers is defined below (Figure 1). Product water footprint
(volume/mass) is equal to the sum of the water footprint relevant processes (WFprocess)
divided by the production quantity (P) of the product.

For calculating the water footprint (WF) of leather every water footprint (WF) involve
in leather production needs to be calculated using chain summation approach given in
Equation (5) [11]:

WF =
∑ WFprocess

P
(5)

where the water footprint relevant processes refer to WFprocess (m3/ton) and the production
quantity of the product is P (ton). The water footprint (WF) of the product from a farm
animal (e.g., leather) is related to the feed consumed consists of two parts: the water
footprint (WF) of the various feed crops and the water that is used to mix the feed given in
Equation (6) [11]:

WF f eed =
∑n

p=1

(
P × WF∗

feedcrop

)
+ WFmixing

Pfeedcrops
(6)

where Production of feed crops is Pfeedcrops (ton), water footprints of crop by-products is
WF∗

feedcrop (m3/ton), mixing water is WFmixing (m3/ton). The water footprints (WFs) of the
different crops, roughages and crop by-products (WF∗

feedcrop, m3/ton) that are eaten by the
various farm animals (e.g., cattle, goat) have been calculated following the methodology
developed by Hoekstra and Chapagain [24] and Hoekstra and others [25]. The water
footprints (WFs) of feed crops were estimated using a crop water use model that estimates
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crop water footprints [26,27]. Grey water footprints were estimated by looking at leaching
and runoff of nitrogen, phosphorous fertilizers, following Mekonnen and Hoekstra [27].
Bangladesh does not import animal foods from other countries. Animal feed has been
considered domestic production (Ti = 0). Therefore, the data was taken according to the
relative volumes of domestic production.

2.3.1. Water Footprint Calculation of Feed Crops

The water footprint (WF) is the volume of water used to produce a particular good,
measured at the point of production [28–33]. The green, blue and grey WFs of crop
production were estimated using the calculation framework of Hoekstra et al. (2011) [25].
The computations of crop evapotranspiration (ET) and yield, required for the estimation
of the green and blue WFs in crop production, have been done following the method and
assumptions provided by Allen et al. (1998) [34] explained in Appendix A.

2.3.2. Water Footprint of Hides and Skins

The water footprint (WF) of farm product (e.g., hides) derived from the WF of a live
animal (e.g., cattle, buffalo, goat and sheep) consists of different components: the indirect
WF of the feed (WFfeed) and the direct WF related to the drinking water (WFdrink) and
service water (WFserv) consumed methods as follows. The water footprint of an animal is
expressed as given in Equation (7) [11]:

WFAnimal = WFfeed + WFdrink + WFserv (7)

where the indirect Water footprint is WFfeed (m3/ton) and the direct Water footprint related
to the drinking water is WFdrink (m3/ton) and service water is WFserv (m3/ton). WF of
feed (WFfeed) from WF of feed crop (WFfeed crop) require Cattle, buffalo, goat and sheep
population data which is high in Bangladesh [35] calculated as Equation (8) [11] and their
feed composition is also limited within green grass (pasture), fodder and forages.

WFfarm Product =
WFAnimal[a,c,s] × WAnimal × DP × Pf

Wproduct
(8)

where DP is dressing percentage (%) and Pf is product fraction (%), WAnimal is weight
of live animal (ton) and WProduct is weight of the product (ton). Three main categories
of feed resources are potentially available for use in smallholder crop–animal systems in
the country. These are pastures (native and improved grasses, herbaceous legumes and
multi-purpose trees), crop residues, agro-industrial by-products [36]. Feed crop residue
and feed crop by product production and yield data has been taken from BBS, 2017 [20],
for this study considered animals that are cattle and goats. The dressing percentage (DP)
and product fraction (Pf) of the hides are calculated using Equations (9) and (10) [11]:

DP =
Chilled carcass weight

Live weight during slaughtering
× 100 (9)

Pf =
Wproduct

Wanimal
(10)

where DP is the dressing percentage (%) which is calculated by the chilled carcass weight
(ton) by live weight during slaughtering (ton), and Pf is the product faction (%) which is
calculated by dividing weight of production (Wproduct) (ton) by weight of animal (Wanimal)
(ton). Product fraction (Pf) has been taken 8.40% [37] for cattle and 11% [38] for goat,
Water for mixing with the food intake has been taken 2 m3/ton. Drinking water has
been estimated 120 m3/ton for cattle and 87 m3/ton for goat [39] from livestock data [40].
Servicing water has been assumed 28 m3/ton.

Different research groups used value fraction (Vf) to calculate water footprint of any
specific part of an animal. Value fraction is referred to as the market value of one product
from the animal as descried in Aldaya et al. (2011) [25]. However, the correlation between
market value (e.g., USD or BDT) and WF of any specific part of an animal is not well defined
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and well understood. Therefore, in this study, instead of value fraction (Vf), product fraction
(Pf) is used to convert from the WF animal to WF hide.

2.3.3. Water Footprint of Leather Production (Tannery)

Water footprint (WF) of tanneries and workers includes blue and grey water footprints
(WFs). As tanneries do not utilize the rain water, green WF has been excluded from the
calculation. The blue WF of tanneries has been calculated by water consumption in each
stage of leather processing. In the production system, the WF of each product WF [p]
(m3/kg) is equal to the sum of the relevant process water footprints (WFs) divided by the
production quantity of product p (e.g., pelt, wet blue leather and crust leather) given in
Equation (11) [11].

WFtannery =
∑k

s=1 WFProcess [s]
P[p]

(11)

where WFtannery is the water footprint of a tannery (m3/ton), WFProcess [s] is the process
water footprint of stages [s] (m3/year), and P[p] is the production quantity of product
p (ton/year). Both the blue and grey WF calculation method has been given below. For
calculating total production each year, weight of animal products is used as basis. Weight
of animal products has been calculated from export value of leather from export promotion
bureau [16] and then it converted into weight of crust, wet blue, pelt and raw hides with
back calculation of their specific weight (raw hide 0.737 kg/ft2, pelt 0.474 kg/ft2, wet blue
0.211 kg/ft2, crust 0.10 kg/ft2) [41].

Blue Water Footprint of Leather Production (Tannery)

The process blue water footprint is calculated by Equation (12) [42].

WFproc,blue [s] =
CR × AP

100
(12)

where the process blue water footprint of each step is WFproc,blue [s] (m3/year), consump-
tion rate of water is CR (m3/ton) and annual production of leathers is AP (ton/year).
The process blue water footprint of each step is calculated by multiplying consumption
rate (CR) of water (Table 1) in drums and annual production (AP) of leathers given in
Equation (12) [42].

Grey Water Footprint of Leather Production (Tannery)

The process grey water footprint is calculated using Equation (13) [23].

WFproc,grey [s] =
Effl × Ceff − Abst × Cact

Cmax − Cnat
(13)

where WFproc, grey [s] is the process grey water footprint (m3/year), Ceff is the concentration
of the pollutant in the effluent (kg/m3), Cact is the actual concentration of the intake water
(kg/m3), Cmax is the ambient water quality standard for the pollutant (kg/m3), Cnat is the
natural concentration of pollutant in the river (kg/m3), Effl is the effluent volume (m3/year)
and Abst is the water volume of the abstraction (m3/year).

The process grey water footprint, WF proc, grey [s] (m3/year) is calculated by dividing
the pollutant load (kg/year) by the difference between the ambient water quality standard
for that pollutant (Cmax, in kg/m3) and its natural concentration in river (surface water)
(Cnat, in kg/m3) [23]. Pollutants (e.g., BOD and COD) are part of tannery effluent dis-
charged into river, the pollutant load is calculated as the effluent volume (Effl, in m3/year)
multiplied by the difference between the concentration of the pollutant in the effluent
(Ceffl, in kg/m3) minus the water volume of the abstraction (Abst) multiplied by the actual
concentration of the intake water (Cact). The actual, natural concentration of pollutants
and ambient water quality standard for pollutants (e.g., BOD and COD) are taken from
ECR Schedule 10 Department of Environment (DoE) of Bangladesh [43,44]. The average
of the test result of the pollutants concentration (e.g., BOD and COD) from four tanneries
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effluents is presented in Table 2. In the calculation, BOD values of each stage and sub stages
are considered for calculating grey WFs of tannery.

Table 2. Pollutants concentration in effluent from each stage of tanneries and in groundwater, surface
water, and ambient water quality standard.

Stages Sub Stages Effluent Volume (×105) (m3/year)

Pollutant Load

BOD
(mg/L)

COD
(mg/L)

Soaking
Pre soaking 4.14 2500 15,900

Main soaking 4.14 1810 9564

Washing 2.15 1200 4667

Liming Main Bath 4.14 2500 59,698

Washing 12.9 2200 4462

Chemical Wash Washing 2.00 693 1184

Deliming and Bating Washing 2.00 1980 10,258

Pickling and Tanning Main Bath 0.99 1816 6523

Wet back Main Bath 1.16 855 2254

Rechroming Washing 0.58 2367 24,971

Neutralization
Main Bath 0.43 1440 5545

Washing 0.43 772 2322

Retanning Main Bath 0.43 1988 38,482

Fatliquoring Main Bath 0.43 3147 26,034

Dyeing Main Bath 0.29 2421 8208

Ground water a 3.00 10.00

Surface water a 5.00 15.00

Water quality standard a 12.00 200

Note(s): a Water quality standards were available in ECR, 1997 (DoE).

3. Results
3.1. Effluent Characteristics and Pollution Load of Leather Processing
3.1.1. Characteristics of Effluent from Different Stages

Each stage of the leather processing produces effluents which are different in charac-
teristics. In Table 3 each stage and their substages effluent characteristics are given. BOD,
COD, TDS and TSS values are average of four leather processing factories. Soaking and
liming stages have high BOD, COD, TDS and TSS. Effluent from liming has high pH as this
stage is alkaline in nature. Tanning and rechroming effluents have low pH as these stages
involve acidic processing. Effluents from each stage has got high pollutant concentration
as the effluent contains heavy metals and non-biodegradable solids. Particularly, liming
main bath effluent has BOD 2500 mg/L, COD 60,000 mg/L, TDS 14,720 mg/L and TSS
51,400 mg/L, which are very high.
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Table 3. Physiochemical characteristics of effluent in each stage of leather processing.

Stages Sub Stages
pH BOD

(mg/L)
COD

(mg/L)
TDS

(mg/L)
TSS

(mg/L)

M a SD b M SD M SD M SD M SD

Soaking

Pre soaking 6.99 0.18 2500 320 15,900 7443 4440 978 1240 247

Main
soaking 9.82 1.36 1810 278 9564 3552 17,078 7718 11,109 5547

Washing 7.34 0.25 1200 266 4667 1032 17,078 3607 14,700 2699

Liming
Main Bath 11.94 0.67 2500 555 59,698 25,353 14,720 6403 51,369 11,256

Washing 12.93 0.73 2200 238 4462 372 5210 1047 3670 782

Chemical Wash Washing 9.16 0.24 693 301 1184 210 2230 404 1240 201

Deliming and Bating Washing 8.07 0.42 1980 644 10,258 6893 20,250 7393 27,942 5195

Pickling and Tanning Main Bath 3.47 0.85 1816 451 6523 1906 24,148 13,548 45,488 27,457

Wet back Main Bath 2.19 0.59 855 90 2254 739 6954 1292 6181 2388

Rechroming Washing 3.85 0.37 2367 240 24,971 18,217 7493 2175 11,431 8752

Neutralization
Main Bath 4.69 1.07 1440 261 5545 1188 9085 4632 12,017 11,719

Washing 5.03 0.52 772 216 2322 192 4030 493 2895 95

Retanning Main Bath 5.50 1.01 1988 628 38,482 19,374 10,053 1996 21,651 6174

Fatliquoring Main Bath 4.98 1.84 3147 139 26,034 15,417 7493 2857 19,477 13,493

Dyeing Main Bath 4.47 0.96 2421 489 8208 1139 5057 3340 9039 6364

Note(s): a M mean value. b SD standard deviation.

3.1.2. Pollution Load of Leather Processing
Beam House Operations

Soaking, which includes the presoaking, main soaking and washing stages, has BOD
10 kg/ton, COD 54 kg/ton, TDS 66 kg/ton and TSS 39 kg/ton, respectively. Pollution load
of soaking is given in Figure 2a. Soaking effluent is second most polluted after liming. It
contains high amount of salt for salt curing of hides and skins in Bangladesh. Liming stage
has BOD 18 kg/ton, COD 142 kg/ton, TDS 60 kg/ton and TSS 121 kg/ton, respectively.
Pollution load of liming is given in Figure 2b. This stage produces maximum number of
pollutants. Liming generates the most polluted effluent, and it contains lime and dirt. Its
TSS is almost 120 kg/ton it means effluent contains many solids such as hair, blood and
flesh residue.

Water 2023, 15, x FOR PEER REVIEW 10 of 36 
 

 

Tan Yard Operations 

BOD, COD, TDS and TSS of deliming and bating stage were found 1 kg/ton, 7 kg/ton, 

13 kg/ton and 18 kg/ton, respectively. Pollution load of deliming and bating stage is given 

in Figure 2c. Delime washing effluent has low BOD and COD but high TSS still less than 

liming and soaking effluent. Pickling and tanning stage has BOD 1 kg/ton, COD 4 kg/ton, 

TDS 16 kg/ton and TSS 29 kg/ton, respectively. Pollution load of pickling and tanning 

stage is given in Figure 2d. 

Post Tanning Operations 

Pollution load of post tanning operations includes wet back stage has BOD 2 kg/ton, 

COD 4 kg/ton, TDS 13 kg/ton and TSS 12 kg/ton, respectively (Figure 2e). Rechroming 

stage has BOD 2 kg/ton, COD 23 kg/ton, TDS 7 kg/ton and TSS 11 kg/ton, respectively 

(Figure 2f). Neutralization stage has BOD 3 kg/ton, COD 11 kg/ton, TDS 26 kg/ton and 

TSS 55 kg/ton, respectively (Figure 2g). Retanning stage has BOD 3 kg/ton, COD 54 kg/ton, 

TDS 14 kg/ton and TSS 31 kg/ton, respectively (Figure 2h). Dyeing stage has BOD 2 kg/ton, 

COD 5 kg/ton, TDS 3 kg/ton and TSS 6 kg/ton, respectively (Figure 2i). Fatliqouring stage 

has BOD 3 kg/ton, COD 25 kg/ton, TDS 7 kg/ton and TSS 19 kg/ton, respectively (Figure 

2j). 

  
(a) (b) 

  
(c) (d) 

0

35

70

BOD COD TDS TSS

L
o

ad
 (

k
g

/t
o

n
)

0

50

100

150

BOD COD TDS TSS

L
o

ad
 (

k
g

/t
o

n
)

0

10

20

BOD COD TDS TSS

L
o
ad

 (
k

g
/t

o
n

)

0

10

20

30

BOD COD TDS TSS

L
o
ad

 (
k

g
/t

o
n

)

Figure 2. Cont.



Water 2023, 15, 378 10 of 32

Water 2023, 15, x FOR PEER REVIEW 11 of 36 
 

 

  
(e) (f) 

  

(g) (h) 

  
(i) (j) 

Figure 2. Pollution load of (a) soaking, (b) liming stage of beam house operations post tanning op-

erations, (c) deliming and bating, (d) pickling and tanning stage of tan yard operations and (e) wet 

back, (f) rechroming (g) neutralization, (h) retanning, (i) dyeing and (j) fatliqouring in leather pro-

duction. 

3.2. Water Footprint of Feed Crops and Raw Hides 

3.2.1. Water Footprint of Feed Crops 

In Figure 3a pasture, the main feed crop of bovine and ovine in Bangladesh has the 

green water footprint 296 m3/ton. Pasture does not have any blue and grey water footprint 

0

5

10

15

BOD COD TDS TSS
L

o
ad

 (
k

g
/t

o
n

)

0

5

10

15

20

25

BOD COD TDS TSS

L
o

ad
 (

k
g

/t
o

n
)

0

15

30

45

60

BOD COD TDS TSS

L
o

ad
 (

k
g

/t
o

n
)

0

30

60

BOD COD TDS TSS

L
o

ad
 (

k
g

/t
o

n
)

0

3

6

BOD COD TDS TSS

L
o

ad
 (

k
g

/t
o

n
)

0

10

20

30

BOD COD TDS TSS

L
o

ad
 (

k
g

/t
o

n
)

Figure 2. Pollution load of (a) soaking, (b) liming stage of beam house operations post tanning
operations, (c) deliming and bating, (d) pickling and tanning stage of tan yard operations and
(e) wet back, (f) rechroming (g) neutralization, (h) retanning, (i) dyeing and (j) fatliqouring in leather
production.

Tan Yard Operations

BOD, COD, TDS and TSS of deliming and bating stage were found 1 kg/ton, 7 kg/ton,
13 kg/ton and 18 kg/ton, respectively. Pollution load of deliming and bating stage is given
in Figure 2c. Delime washing effluent has low BOD and COD but high TSS still less than
liming and soaking effluent. Pickling and tanning stage has BOD 1 kg/ton, COD 4 kg/ton,
TDS 16 kg/ton and TSS 29 kg/ton, respectively. Pollution load of pickling and tanning
stage is given in Figure 2d.

Post Tanning Operations

Pollution load of post tanning operations includes wet back stage has BOD 2 kg/ton,
COD 4 kg/ton, TDS 13 kg/ton and TSS 12 kg/ton, respectively (Figure 2e). Rechroming
stage has BOD 2 kg/ton, COD 23 kg/ton, TDS 7 kg/ton and TSS 11 kg/ton, respectively
(Figure 2f). Neutralization stage has BOD 3 kg/ton, COD 11 kg/ton, TDS 26 kg/ton
and TSS 55 kg/ton, respectively (Figure 2g). Retanning stage has BOD 3 kg/ton, COD
54 kg/ton, TDS 14 kg/ton and TSS 31 kg/ton, respectively (Figure 2h). Dyeing stage has
BOD 2 kg/ton, COD 5 kg/ton, TDS 3 kg/ton and TSS 6 kg/ton, respectively (Figure 2i).
Fatliqouring stage has BOD 3 kg/ton, COD 25 kg/ton, TDS 7 kg/ton and TSS 19 kg/ton,
respectively (Figure 2j).

3.2. Water Footprint of Feed Crops and Raw Hides
3.2.1. Water Footprint of Feed Crops

In Figure 3a pasture, the main feed crop of bovine and ovine in Bangladesh has the
green water footprint 296 m3/ton. Pasture does not have any blue and grey water footprint
as in Bangladesh grassland mainly depends on rainwater. Rice straw is another main feed
crop for cattle and buffaloes in Bangladesh. As rice is main food in Bangladesh rice is
easily available. Rice straw has green water footprint 11.32 m3/ton, blue water footprint
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82.67 m3/ton and grey water footprint 0.43 m3/ton (Figure 3a). Rice polish is a byproduct
of rice obtained in the milling operations. It is also important feed ingredient for cattle
and buffaloes in Bangladesh. Rice polish has the green water footprint 29.11 m3/ton, blue
water footprint 212.62 m3/ton and grey water footprint 11.02 m3/ton. It has low green and
grey water footprint. Broken rice is the fragment of rice grain. It is also an important feed
ingredient. It has green water footprint 85.05 m3/ton, blue water footprint 621 m3/ton and
very negligible grey water footprint. It has high blue water footprint explains its surface
water consumption during rice cultivation. Wheat straw is the hard-outer layer of wheat
kernel which is jam-packed with various nutrients and fibers so it also very popular feed
ingredient for beef cattle in Bangladesh. It has green water footprint 174 m3/ton, blue
water footprint 650 m3/ton and grey water footprint 947 m3/ton (Figure 3a).
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Figure 3. Water footprint of (a) feed crops for farming animals in Bangladesh: (i) Green water footprint.
(ii) Blue water footprint. (iii) Grey water footprint. (b) Raw hides: (i) Bovine hide and (ii) Ovine skin.
(c) Beam house operations: (i) Blue water footprint. (ii) Grey water footprint. (d) Tan yard operations:
(i) Blue water footprint. (ii) Grey water footprint. (e) Post tanning operations: (i) Blue water footprint.
(ii) Grey water footprint. (f) Mechanical operations: (i) Blue water footprint. (ii) Grey water footprint.

Wheat bran has green water footprint 196 m3/ton, blue water footprint 731 m3/ton
and grey water footprint 1065 m3/ton. Grey water footprint is very high for wheat cultiva-
tion method used in Bangladesh. Maize corn is important feed crop for cattle as it adds
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nutritional value for farming animals. It has green water footprint 17.7 m3/ton, blue water
footprint 71 m3/ton and grey water footprint 346 m3/ton. Maize bran has green water foot-
print 221 m3/ton, blue water footprint 887 m3/ton and grey water footprint 4330 m3/ton.
It has again higher grey water footprint and it is probably higher than rice polish (bran)
and wheat bran. Maize stover has green water footprint 8.85 m3/ton, blue water footprint
35.5 m3/ton and grey water footprint 173 m3/ton. Pulse bran has green water footprint
494 m3/ton, blue water footprint 501 m3/ton and grey water footprint 9748 m3/ton. Pulse
bran has the highest grey water footprint compared with rice residue, wheat bran, maize
bran or other by products. Pulse offal has green water footprint 4.12 m3/ton, blue water
footprint 4.18 m3/ton and grey water footprint 81.26 m3/ton (Figure 3a).

3.2.2. Water Footprint of Bovine Hides and Skins

Bovine hide is most common in Bangladesh local market. It has green water footprint
6840 m3/ton, blue water footprint 6031 m3/ton and grey water footprint 11,689 m3/ton
(Figure 3b). It also means per kg hide green water footprint 6840 L, blue water footprint
6031 L, and grey water footprint 11,689 L and total water footprint 24,560 L. Ovine skin
includes both goatskin, sheepskin and lambskin in Bangladesh; among those three types,
goat skin is highly available in domestic sources. It has green water footprint 3113 m3/ton,
blue water footprint 1308 m3/ton and grey water footprint 3167 m3/ton (Figure 3b).

3.3. Water Footprint of Leather Processing Stages
3.3.1. Water Footprint of Beam House Operations

In beam house operations of leather production soaking and liming stage has 8.05
and 9.00 m3/ton blue water footprint (Figure 3c) and 1394 and 2563 m3/ton grey water
footprint (Figure 3c). Here grey Water footprint is much higher than blue water footprint.

3.3.2. Water Footprint of Tan Yard Operations

In Tan yard operations deliming wash, bating and deliming, pickling and tanning
stages have 2, 2 and 1 m3/ton blue water footprint, respectively (Figure 3d) and 439, 407
and 186 m3/ton grey water footprint (Figure 3d).

3.3.3. Water Footprint of Post Tanning Operations

In post tanning operations wet back has 4.33 m3/ton, rechroming has 3.00 m3/ton,
neutralization 3.00 m3/ton, retanning has 1.50 m3/ton, fatliqouring has 1.5 m3/ton, dyeing
has 4.00 m3/ton and finishing has 7.63 m3/ton blue water footprint (Figure 3e). Wet
back has 650 m3/ton, rechroming has 430 m3/ton, neutralization 223 m3/ton, retanning
has 201 m3/ton, fatliqouring has 319 m3/ton, dyeing has 294 m3/ton and finishing has
783 m3/ton grey water footprint (Figure 3e).

3.3.4. Water Footprint of Mechanical Operations

Leather production has many mechanical operations in which water involves in
fleshing, splitting, samming and setting machines. Therefore, fleshing, splitting, samming
and setting machines has 0.69, 2.84, 2.84 and 1.42 m3/ton blue water footprint, respectively,
and grey water footprint 24.34, 118, 99.98 and 13.42 m3/ton, respectively (Figure 3f).

3.4. Water Footprint of Products
3.4.1. Water Footprint of Wet Blue Leather

Wet blue leather from bovine hides has green water footprint 6840 m3/ton, blue water
footprint 6062 m3/ton and grey water footprint 17,770 m3/ton. Wet blue leather from ovine
hides has green water footprint 3113 m3/ton, blue water footprint 1373 m3/ton and grey
water footprint 9149 m3/ton (Figure 4a).
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Figure 4. Water footprint (green, blue and grey) of (a) wet blue leather and (b) crust leather.
(c) Bovine finished leather and (d) ovine finished leather.
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3.4.2. Water Footprint of Crust Leather

Crust leather from bovine hides has green water footprint 6840 m3/ton, blue water
footprint 6088 m3/ton and grey water footprint 21,121 m3/ton. Crust leather from ovine
hides has green water footprint 3113 m3/ton, blue water footprint 1373 m3/ton and grey
water footprint 12,885 m3/ton (Figure 4b).

3.4.3. Water Footprint of Finished Leather and Others

Finished leather from bovine hides has green, blue and grey water footprints
6840 m3/ton, 6096 m3/ton and 21,904 m3/ton, respectively. Full grain leather from
bovine hides has green, blue and grey water footprints 6840 m3/ton, 6088 m3/ton and
21,121 m3/ton, respectively. Top grain leather from bovine hides has green, blue and
grey water footprints 6840 m3/ton, 6062 m3/ton and 17,771 m3/ton, respectively. Cor-
rected leather from bovine hides has green, blue and grey water footprints 6840 m3/ton,
6106 m3/ton and 21,971 m3/ton, respectively. Split leather from bovine hides has green,
blue and grey water footprints 6840 m3/ton, 6062 m3/ton and 17,771 m3/ton, respectively.
Suede leather from bovine hides has green, blue and grey water footprints 6840 m3/ton,
6088 m3/ton and 21,121 m3/ton, respectively. Nappa leather from bovine hides has green,
blue and grey water footprints 6840 m3/ton, 6106 m3/ton and 21,971 m3/ton, respectively
(Figure 4c).

Finished Full grain leather from ovine skins has green water footprint 3113 m3/ton,
blue water footprint 1381 m3/ton and grey water footprint 13,668 m3/ton. Corrected
leather from ovine hides has green water footprint 3113 m3/ton, blue water footprint
1391 m3/ton and grey water footprint 13,735 m3/ton. Suede leather from ovine hides has
green water footprint 3113 m3/ton, blue water footprint 1373 m3/ton and grey water foot-
print 12,885 m3/ton. Nappa leather from ovine hides green water footprint 3113 m3/ton,
blue water footprint 1391 m3/ton and grey water footprint 13,735 m3/ton (Figure 4d).

4. Discussion
4.1. Pollution Load Assessment

Approximately 30–35 m3 of effluent is generated per ton of raw hides/skins pro-
cessed [45,46]. Beam house and tan yard operations generate about 15 m3/ton effluent
(52%) and post tanning operations generate about 14.35 m3/ton effluent (48%). Almost
87% effluent is generated from beam house in wet blue production. However, the effluent
generation depends on the nature of raw material, finished product and production pro-
cesses applied [47–50]. The results show that about 3.58-billion-liter effluent generates from
leather processing factories each year. The annual effluent generation and pollution load
data have gone up in FY 2014 after that those have gone down till FY 2020 (Figure 5). The
main reason is that the production slowed down between FY 2014 to FY 2020 for relocation
and new Tannery Estate was under construction. The highest pollutant generation is found
to be 148 thousand metric tons and oxygen demand 87 thousand metric tons in FY 14
(Figure 5).
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Figure 5. Effluent and pollutant generated by leather processing factories in Bangladesh from FY
2013 to FY 2020: (a) effluent generation, (b) pollutant generation and oxygen demand from leather
processing factories.

4.2. Pollution Impact Assessment

Leather processing effluent is a basic, dark brown colored waste having high COD,
BOD, TDS, chromium (III) and phenolics with high pH and strong odor [4,5,51]. Effluent
generates mostly from soaking (21%) and liming (34%) of cured or raw hide. Stages such as
wet back (8%), retanning (6%) and neutralization (12%) also produce large amount of waste
water. Other than that, dyeing (3%), fatliqouring (4%) and rechroming (4%) contributes less
to effluent generation. Tan yard operations including deliming, bating and washing (5%),
pickling and tanning (3%) produce less amount of effluent (Figure 6a).

The characteristics of effluent may vary from stage to stage, tannery to tannery, raw
materials and chemicals used, type of final product and the production processes adopted
by leather processing factories [48,52]. The soaking effluent contains high BOD (21%);
TDS (28%); and less COD (16%) and TSS (11%) as it contains high amount of salt, dirt,
insecticides and bactericides [53,54]. However, effluent generated from liming contains the
highest amount of BOD (39%), COD (42%), TDS (39%) and TSS (25%).
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Figure 6. Volume and characteristics of effluent generated by different stages of leather processing.
(a) Effluent generation from leather processing stages. (b) Pollution load contribution from different
stages of leather processing: (i) BOD, (ii) COD, (iii) TDS and (iv) TSS. (c) Biodegradability profile of
leather processing effluents from different stages.
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On the other hand, effluent from delime washing, delime and bating contains less
amount BOD (6%), COD (4%), TDS (11%) and TSS (10%) and effluent from pickling and
tanning also very little contribution in BOD (3%), COD (1%), TDS (7%) and TSS (8%). The
retanning effluent streams have relatively low BOD (6%) and TDS (6%) but high COD
(16%) for containing trivalent chromium (III), tannins, sulfonated oils and spent dyes [55]
(Figure 6b).

Biodegradation of the leather processing effluent can be explained analyzing BOD and
COD of effluents. The study shows that the ratio BOD and COD of effluents generated from
different wet processing stages varies from 0.13 (Liming) to 0.38 (Wet back), which is much
lower than 0.5 (a set point for reasonable biodegradability) (Figure 6c). These data indicate
the effluent of leather processing factories contains low biodegradable substances [54].
These can also imply that the effluent contains complex chemical compounds and toxic
in nature.

4.3. Water Footprint Assessment

As leather is processed from the by product (raw hide and skin) of the meat processing
sector, it has long supply chain from farming section to final product. Determining water
footprint of feed crop, then water footprint of hides and skins of farm animals then water
footprint of leather has been calculated.

4.3.1. Contribution of Farming Sector in Water Footprint of Leather

Bangladesh has a large number of cattle, buffalo, goat and sheep, which provides
hides and skins. Therefore, the water footprint of hides and skins of farming animals are
considered to be domestic water footprint of Bangladesh since their feed crops grown and
consumed locally. In Appendix B, the green, blue and grey water footprint of feed crops
(rice, wheat, maize and pulse) are given in tabular form (Tables A3–A6).

Pasture has 100% green water footprint; Rice Polish (80%), Broken rice (85%) and
rice straw (70%) has larger blue water footprint and pulse bran (90%), Maize corn (80%),
Maize bran (80%) Pulse offal (90%) and maize stover (80%) has larger grey water footprint
contribution in total water footprint of feed crop (Figure 7).
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Water footprint of bovine hide is higher than that of ovine hide. The green, blue and
grey water footprint of bovine hide has been estimated to be 2155, 1900 and 3683 million
m3 in FY 2014; the green, blue and grey water footprint of ovine hide has been estimated
to be 85, 36 and 87 million m3 in FY 2014 (Figure 7). Total water footprint of bovine hide
has been estimated 6.08, 7.73, 6.42, 5.00 and 4.53 billion m3 in FY 2013, 2014, 2015, 2016 and
2017, respectively. The green water footprint of ovine hide has been estimated 164, 208, 173,
134 and 122 million m3 in FY 2013, 2014, 2015, 2016 and 2017, respectively (Figure 7d). In
Figure 7 it is indicated that the grey water footprint is almost 40–50%, blue water footprint
is almost 10–20% and green water footprint 30–40% in the total water footprint.

4.3.2. Contribution of Leather Processing in Water Footprint of Leather

The water footprint of leather processing stages for FY 2013 to FY 2017 have been
estimated to be 1940, 2466, 2046, 1592 and 1446 million m3, respectively (Figure 8). The grey
water footprint of leather processing has been found significantly higher (up to 207 times)
than that of blue water footprint. In which blue water footprint has gone maximum
12 million m3 in FY 2014 (Figure 8a). However, Grey water footprint is almost 207 times
higher than blue water footprint of leather processing. It has gone up to 2.46 billion m3 in
FY 2014 (Figure 8b).
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Figure 8. Water footprint of leather processing (FY 2013-FY2020). (a) Blue water footprint of leather
processing (FY 2013-FY2020). (b) Grey water footprint of leather processing (FY 2013-FY2020).
(c) Total water footprint of leather processing (FY 2013-FY2020).
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Grey water footprint of tannery is so high that it is almost 100% of total water footprint
of leather processing. It indicates the severity of pollution by leather processing stages.
Larger grey water footprint indicates higher pollution level caused by leather processing
industries. Leather production generates highly toxic effluent which has been discussed in
the Section 4.2. Water footprint of tannery has been analyzed through water footprint of
different stages. The maximum contribution in water footprint of leather is the beam house
operations and soaking (15%) and liming (28%) are maximum contributed to the water
footprint because these stages consume and pollute maximum amount of water. From post
tanning stages Dyeing (16%) stage has high contribution because of the pollution level of
this stage (Figure 9a).
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Figure 9. Water footprint analysis for farming and leather processing stages. (a) Distribution (%)
of total water footprint by different leather processing stages, (b) Contribution (%) of farming and
leather processing operations in total water footprint, (c) Contribution (%) of farming and leather
processing operations in blue water footprint, (d) Contribution (%) of farming and leather processing
operations in grey water footprint.

In water footprint of tannery almost 97% water footprint comes from wet process
rest is in mechanical process. Again, the water footprint of workers only contributes 20%
in the water footprint of tannery, so an 80% water footprint comes from production of
leather in tanneries. In total water footprint of leather and leather products the beam
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house water footprint is 29%, then post tanning 25% (Figure 9b). Both the operations are
most water consuming and water pollution section in the total production line of making
leather products.

Blue water footprint of leather farming sector alone takes 92% of blue water footprint
(Figure 9c), since Bangladesh is agricultural country and major crops such as rice, wheat
and maize are cultivated in most part of the country, and the irrigation requires ground or
surface water. Tanneries consume very less amount (2–3%) of surface or ground water (Blue
water) for production. However, beam house (34%), tan yard (18%) and post tanning (28%)
operations has high grey water footprint for releasing highly toxic effluent (Figure 9d).
Farming sector also has 13% grey water footprint because the crops are cultivated with
fertilizers such as UREA, TSP, Gypsum, etc. in Bangladesh.

However, the green water footprint of leather and leather products only comes from
the farming sector, as only agriculture utilizes the rainwater in Bangladesh, and overall, 24%
of the farming sector and 76% of the tanneries of the total water footprint are responsible
for the total water footprint of leather and leather products.

5. Conclusions

This paper presents the water footprint, effluent characteristics and pollution impact
assessment of the Bangladesh leather sector to help understand the water consumption and
pollution intensity of tanneries with respect to the blue, green and grey water footprints and
pollution load data. This paper includes a detailed study of the pollution load contributed
by the key stages of leather production. The effluent produced in leather processing
industries is a basic, dark brown-colored waste with COD, BOD, TDS, chromium (III) and
phenolics with high pH and strong odor. Beam house and tan yard operations contribute
a major part of the effluents. Effluents generated from soaking and liming stages contain
very high pollution loads. This study presents that about 3.46 million liters of wastewater is
released from local tanneries each year. The leather processing effluent is highly toxic and
contains a low biodegradable component, as the maximum COD is found to be 142 kg/ton
and BOD is 18 kg/ton.

The water footprint calculation of Bangladesh leather production (tannery) shows the
average blue and grey water footprints of the leather sector are about 7.45 billion liters
(7.45 million m3) and 1.55 trillion liters (1550 million m3), respectively. The study reports
that the grey WF of tannery is about 200 times higher than its blue WF, which indicates
the high pollution intensity in leather production. The beam house (soaking and liming)
alone contributes 43% of the total grey WF of leather production, and the farming sector
contributes 71% of the total WF of leather finished products.

The overall analyses showed that the effluent of leather processing contains a low
biodegradable substance, which implies that the effluent contains complex chemical com-
pounds and is toxic in nature. A reduction of the grey water footprint of the leather wet
processing stages will significantly reduce the total water footprint of leather products and
will help develop sustainable and environment friendly leather goods. This study gives
an understanding of the water footprint and pollution load analysis of Bangladesh leather
industries. Additionally, it can help to understand the impact of the leather processing with
respect to environmental pollution and the total water footprint.
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Appendix A

Blue and Green Water Footprint of Feed Crops

The grid-based dynamic water balance model used in the study computes a daily
soil water balance which is based on the CROPWAT 8.0 model [25] and calculates crop
evapotranspiration (ET) by calculating reference evapotranspiration (ETo) [34] using FAO
56 method [56], effective rainfall using USDA method [57] which provide crop water use
(CWU) (Table 2). The CROPWAT method has been described in Appendix A. Calculating
water footprint (WF) require data includes climate monthly data, soil data and crops culti-
vation data of Bangladesh. The nearest and most representative meteorological station(s)
located within or near the crop-producing district are considered in this study (Table A1).
Monthly climate data has been taken from yearbook of agricultural statistics 2018 released
from Bangladesh Bureau of Statistics [20], Ministry of Planning Division. Soil texture
is mostly clay loam, loam and sandy clay loam [58], soil type in case of rice soil type
clayey [28], for maize its sandy loamy to loamy [59], for wheat it can be loamy [60] and
crop data is taken from FAOSTAT database [61–63].

Table A1. Crop water use of the major crops for livestock feed in meteorological stations
in Bangladesh.

Station

Crop Water Use (CWU) (mm)

Green Grass Rice Wheat Maize Pulse

Blue Green Blue Green Blue Green Blue Green Blue Green

Barisal 1879 258 1879 258 582 157 905 236 591 533

Bogra 1876 256 1876 256 618 122 927 228 638 492

Comilla 1799 333 1799 333 565 169 862 291 549 601

Chittagong 1912 324 1912 324 735 100 1023 256 613 517

Dhaka 1863 238 1863 238 548 182 865 287 626 421

Dinajpur 1952 230 1952 230 581 153 906 233 662 451

Faridpur 1747 301 1747 301 682 83 1002 191 520 528

Jessore 1812 284 1812 284 512 185 817 280 560 511

Khulna 1716 311 1716 311 538 178 868 259 475 567

Mymensingh 1842 150 1842 150 476 206 772 306 555 473

Patuakhali 1772 282 1772 282 571 99 904 155 442 602

Rajshahi 1769 297 1769 297 561 137 850 249 527 528

Rangpur 1867 148 1867 148 541 157 828 276 570 475

Sylhet 1752 383 1752 383 603 73 925 144 – –

Tangail 1851 286 1851 286 571 167 896 262 591 542

Feed crops which are grown in Bangladesh, the CROPWAT 8.0 model is used to calcu-
late blue and green water footprints. The grid-based dynamic water balance model used
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in the study computes a daily soil water balance and calculates crop water requirements,
actual crop water use (both green and blue) and actual yields.

Reference Evapotranspiration (ETo) Calculation: The reference evapotranspiration
(ETo) has been calculated using Equation (A1) [34].

ETo =
0.408 ∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ (1 + 0.34 u2)
(A1)

where, ETo is reference evapotranspiration (mm d−1), Rn is net radiation (MJ m−2 d−1),
eS−ea is difference between the saturation vapor pressure eS (kPa) and the actual vapor
pressure ea (kPa), ∆ is slope of the saturation vapor pressure–temperature curve (kPa ◦C−1),
γ is psychrometric constant (kPa ◦C−1), u2 is wind speed at 2 m height (m s−1), T is mean
daily air temperature (◦C), and G is monthly soil heat flux density (MJ m−2 d−1). All the
intermediate parameters were computed following Allen et al. (1998) [34].

Reference evapotranspiration (ETo) is the water evaporated from a reference surface,
and was presented to quantify evaporative demand of the atmosphere, independent of the
crop growth parameters and management practices [25,34] and important to calculate crops
water requirement (CWR). For this model Penman Monteith formula (Equation (A1)) has
been used where the reference ETo values were estimated using FAO 56 PM for each of the
stations [56]. The FAO56 PM is a hypothetical grass reference based model that have following
characteristics: mean height of vegetation (h) = 0.12 m, measurement of temperature, humidity,
and wind at the height of 2 m, latent heat transfer (λ) = 2.45(MJ kg−1), bulk surface resistance
of 70 sm−1, and albedo = 0.23. The final form of the FAO 56 PM equation for daily or monthly
time step is defined as [34].

Effective Precipitation (Peff) Calculation: The USDA SCS (United States Department
of Agriculture Soil Conservation Service) method has been used to estimate the effective
rainfall (Equations (A2) and (A3)) [17] in CROPWAT 8.0 model.

Peff = (P × (125 - 0.2 × 3 × P))/ 125 for P <= 250/3 (A2)

Peff = 125/3 + 0.1 × P for P > 250/3 (A3)

where, P is precipitation. The evaluation of effective rainfall involves measuring rainfall
and/or irrigation, losses toy surface run-off, percolation losses beyond the root zone and
the soil moisture uptake by the crop for evapotranspiration [57].

Crop Water Demand and Water Available Graphs: Above mentioned Evapotranspi-
ration (ET), Effective Rainfall (Peff), Crop data, soil data helps to calculate the crop water
requirement (CWR). Crop water requirement (CWR) generates water demand (WD) versus
Water available (WA) graphs. The water use in the crop fields is calculated for each 10 days
cumulative period using the schema as presented in Figure 8. If the total water demand
WD is less than total water available WA, green water use is equal to the demand WD. In
cases where the WD outstrips WA, the deficit is met by irrigation water supply. This deficit
is called irrigation water demand. If a paddy field is 100% irrigated, it is assumed that the
‘blue water’ use in crop production is equal to the deficit. For areas equipped with partial
irrigation coverage, the blue water use is estimated on a pro-rata basis.

Rice needs irrigation water in its mid stage shown in Figure A1. But the grass in
Bangladesh does not require irrigation as it gets enough water from rainfall for the growth.
So, pasture has only green water use which has shown in Figure A2. Wheat also requires
irrigation water in its mid stage of development (Figure A3). Maize has larger irrigation
requirement than pulses on the other hand pulses have larger green water use than maize
which is given in the Figures A4 and A5.
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Maize needs irrigation in its mid stage but water amount is less than rice and wheat
shown in Figure A4. On the other hand, pulses need irrigation in last stage (Figure A5)
but Bangladesh has many variations of pulses so here the average irrigation water has
been considered.
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Crop Water Depth (CWD), Crop Water Use (CWU) Calculation: The irrigation require-
ment (IR), Green Crop Water Depth (CWDgreen) and Blue Crop Water Depth (CWDblue) have
been calculated using Equations (A4)–(A6), respectively. The irrigation requirement (IR) or
Blue Crop water depth (CWDblue) is calculated as the difference between crop Water De-
mand (WD) and Water Available (WA) which is Equation (A4). The irrigation requirement
is zero if effective rainfall or Water Available is larger than the crop water requirement or
Water Demand [42]. This means:

IR = max (0, WD - WA) (A4)

CWDgreen = min (WD, Peff) (A5)

CWDblue = max (0, IR (WD-WA)) (A6)
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It is assumed that the irrigation requirements are fully met. Green Crop Water Depth
(CWDgreen), i.e. Water Use of rainfall, can be equated with the minimum of total crop
evapotranspiration (ETc) and effective rainfall (Peff). Blue Crop water depth (CWDblue), i.e.,
field-evapotranspiration of irrigation water, is equal to the total Water demand (WD) minus
Water available (WA), but zero when effective rainfall exceeds water demand (WD) and
Equations (A5) and (A6) are used [28,42]:

All water flows are expressed in mm/day or in mm per period of simulation (e.g.,
10 days). The average irrigation water requirement and green water use are calculated
based on the data for the major district in Bangladesh. Blue water use is calculated by
multiplying the irrigation requirement with the irrigated area in each season per district [28].
The green water use in irrigated areas is calculated by multiplying the green water depth
by the total area in each season.

The water footprint is the volume of water used to produce a particular good, measured
at the point of production [28–33]. So, the green and blue water footprints of primary crop by
product and crop residue (m3 ton−1) are calculated by dividing the total volume of green and
blue water use, CWU (m3 yr−1), respectively, by the quantity of the production (ton yr−1).

Grey Water Footprint of Feed Crops
Grey water footprint indicates the volume of fresh water is needed to assimilate the

pollutant load in the water body [25]. Grey WF can be calculated by dividing the pollutant
load entering into the water body (L, mass/time) by critical load (Lcritical, mass/time) times
run off of the water body (R, volume/time) given in Equation (A7) [7,16].

WFgrey =
f × Appl

Cmax − Cnat
[volume/time] (A7)

where, WFgrey is the grey water footprint (m3/year), Cmax is the maximum concentration
(kg/m3), Cnat is the natural concentration (kg/m3), f is the leaching-runoff fraction, and
Appl is the application rate (kg/year). Critical load, Lcritical refers to the total capacity of the
receiving water body to consume the pollutant load. It can be calculated from the ambient
water quality standard [43]. It is the subtraction of maximum concentration (Cmax) from
the natural concentration (Cnat) of pollutant in the water times the runoff (R) of the water
body [11].

For the diffuse source the calculation of the pollutant load of the water body is not
straight forward because fertilizers and pesticides are entering into the surface water in a
diffuse way. Therefore, it is assumed that a fraction (f) of the applied chemicals reaches to
surface water [23,27]. Hence, the calculation of the load becomes fraction (f) multiplied by
application rate (Appl). The estimation of the leaching-runoff fraction (f) is also not straight
forward given in Equation (A8) [23].

f = fmin +
∑ Si × Wi

∑ Wi
× (fmax − fmin) (A8)

where, the leaching and runoff (f) data for fertilizer component (i.e., nitrogen, phosphorous)
must estimate through factors score (Si) and weight (Wi) using Hoekstra et. al (2013), also
depends on climate and agricultural practices and its component [23]. Application rate
(Appl) of fertilizers for rice [60], maize [64] and wheat [60] in Bangladesh has been be
taken from the data available. In Bangladesh cultivable land is limited but used frequently.
Mostly local fertilizer cow dung is used other than Urea, TSP, MP, Gypsum etc. are equally
popular (Table A2).
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Table A2. Fertilizer application rate in selected crop cultivation of Bangladesh.

Crop Category Fertilizers
Application Rate Total Fertilizer Applied Water Run off Amount Volume of Grey Water

(kg/ha) (× 106 ton/year) Million (m3/year) Million (m3/year)

Rice a

Cow dung 20,000 3139 461.42 10,254

Urea 300 47.08 7.06 156.95

TSP 97 15.22 0.30 6.77

MP 120 18.83 1.56 34.74

Gypsum 112 17.58 1.46 32.42

Zinc 10 1.57 1.02 34,005

Wheat a

Urea 220 23.66 4.13 82.66

TSP 150 16.13 0.28 5.65

MP 100 10.76 0.19 3.77

Gypsum 100 10.76 6.80 136.06

Borax 6.5 0.70 0.03 0.58

Lime 1000 23.66 4.13 82.66

Maize b

Cow dung 5.5 0.86 0.13 2.54

Urea 464 72.82 10.92 218.47

TSP 144 22.60 0.45 9.04

MP 113 17.74 1.47 29.44

Mixed 100 15.69 1.30 26.05

Gypsum 89 13.97 9.19 183.82

Lime 87 13.65 8.98 179.69

Insecticides 352 55.25 2.10 41.99

Pulse a

Urea 44 4.32 2.81 62.36

TSP 100 9.81 6.38 141.72

MP 40 3.92 2.55 56.69

Note(s): a Data has been taken from the Hand Book of Agricultural Technology published by BARC and AFACI
(2013) [60]. b Data has been taken from [64].

Appendix B

Table A3. Blue water footprint and green water footprint of rice in Bangladesh.

Station
Volume of Water Use (million m3/year)

Production a (thousand ton/year)
Virtual Water Content (m3/ton)

Blue Green Blue Green

Barisal 114 16 227 456 63

Bogra 350 48 756 420 57

Comilla 289 53 616 426 79

Chittagong 121 21 214 515 87

Dhaka 88 11 201 397 51

Dinajpur 341 40 718 430 51

Faridpur 57 10 140 367 63

Jessore 288 45 654 399 63

Khulna 84 15 199 385 70

Mymensingh 482 39 1076 406 33

Patuakhali 5 1 6 682 108

Rajshahi 129 22 286 410 69

Rangpur 251 20 572 397 31

Sylhet 121 26 200 550 120
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Table A3. Cont.

Station
Volume of Water Use (million m3/year)

Production a (thousand ton/year)
Virtual Water Content (m3/ton)

Blue Green Blue Green

Tangail 308 48 683 409 63

Note(s): a Data has been taken from yearbook of agricultural statistics 2016 released from Bangladesh Bureau of
Statistics (BBS), Ministry of Planning Division.

Table A4. Blue water footprint and green water footprint of wheat in Bangladesh.

Station
Volume of Water Use (million m3/year)

Production a (million ton/year)
Virtual Water Content (m3/ton)

Blue Green Blue Green

Barisal 597 161 1.96 277 75

Bogra 1077 213 4.28 228 45

Comilla 794 238 3.23 223 67

Chittagong 2.94 0.40 0.01 381 52

Chuadanga 3089 1026 18.35 153 51

Dhaka 175 46 0.71 223 59

Dinajpur 13,080 1588 59.77 199 24

Faridpur 16,556 5995 103 146 53

Jessore 2202 729 12.34 162 54

Khulna 125 54 0.56 204 88

Mymensingh 1113 193 4.93 205 35

Patuakhali 21.33 5.20 0.04 496 121

Rajshahi 15,934 4638 92.48 156 46

Rangpur 1988 239 9.30 194 23

Tangail 3838 1123 17.15 203 59

Sylhet 54.60 9.68 0.19 261 46

Note(s): a Data has been taken from yearbook of agricultural statistics 2016 released from Bangladesh Bureau of
Statistics (BBS), Ministry of Planning Division.

Table A5. Blue water footprint and green water footprint of maize in Bangladesh.

Station
Volume of Water Use (thousand m3/year)

Production a (thousand ton/year)
Virtual Water Content (m3/ton)

Blue Green Blue Green

Barisal 68 18 0.33 188 49

Bogra 8945 2200 58.05 140 34

Comilla 6102 2060 34.05 163 55

Chittagong 4.55 1.14 0.01 516 129

Chuadanga 41,284 13,688 399 94 31

Dhaka 3594 925 26.29 124 32

Dinajpur 57,832 11,044 446 118 22

Faridpur 238 81 2.14 101 35

Jessore 213 64 1.31 147 44

Khulna 22 9 0.14 143 57

Mymensingh 322 55 2.52 116 20

Patuakhali 42.32 12.37 0.18 210 61

Rajshahi 10,169 3386 70.24 131 44
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Table A5. Cont.

Station
Volume of Water Use (thousand m3/year)

Production a (thousand ton/year)
Virtual Water Content (m3/ton)

Blue Green Blue Green

Rangpur 15,527 2411 115 123 19

Tangail 620 181 3.79 148 43

Note(s): a Data has been taken from yearbook of agricultural statistics 2016 released from Bangladesh Bureau of
Statistics (BBS), Ministry of Planning Division.

Table A6. Blue water footprint and green water footprint of pulse in Bangladesh.

Station
Volume of Water Use (×105 m3/year)

Productiona (thousand ton/year)
Virtual Water Content (m3/ton)

Blue Green Blue Green

Barisal 137 124 16.64 748 675

Bogra 6.57 5.06 0.95 626 482

Chittagong 7.97 8.72 1.14 636 697

Chuadanga 13.72 11.56 2.24 557 469

Dhaka 9.04 6.08 1.31 626 421

Dinajpur 1.38 0.94 0.22 566 386

Faridpur 102 104 21.81 425 431

Jessore 60 54 10.84 499 456

Khulna 1.77 2.12 0.37 430 514

Mymensingh 4.06 3.46 0.77 481 410

Patuakhali 50 68 10.38 439 597

Rajshahi 109 110 28.04 353 355

Rangpur 0.82 0.69 0.16 458 382

Tangail 19.78 18.13 2.22 809 742

Note(s): a Data has been taken from yearbook of agricultural statistics 2016 released from Bangladesh Bureau of
Statistics (BBS), Ministry of Planning Division.
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