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Abstract 

Water footprint evaluates impacts associated with the water use along a product’s life cycle. In order to quantify impacts 

resulting from the water pollution in a comprehensive manner, impact categories, such as human toxicity, were developed in the 
context of Life Cycle Assessment (LCA). Nevertheless, methods addressing human health impacts often have a low spatial 

resolution and, thus, do not enable quantification on a local scale. To address this issue, we develop a region-specific model for the 

human toxicity impacts for the cotton-textile industry in Punjab, Pakistan. We analyse local cause-effect chains and create an 

impact assessment model for the region “Punjab” based on the USEtox model using local climate, landscape, and population data. 

Finally, we calculate human health impacts for the emissions of pesticides from the cotton cultivation and heavy metals from the 

textile production. The results are compared to that obtained for the region India+ (where Pakistan belongs) provided by the USEtox 

model. The overall result obtained for Punjab is higher than that for India+. In Punjab, the dominant pathway is ingestion via 

drinking water, which contributes to two-thirds of the total impacts. Nevertheless, the developed model does not completely reflect 

the local cause-effect chains due to absence of the groundwater compartment. Since groundwater is the main source for drinking 

in Punjab, a more detailed analysis of the fate of and exposure to the pollutants is needed. This study demonstrates that a region-

specific assessment of the water quality aspects is essential to provide a more robust evaluation of the human health impacts within 

water footprinting. 
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1. INTRODUCTION  

The United Nations Sustainable Development 

Goal (UN SDG) #6 “Clean water and sanitation” 

includes the target #6.3 “By 2030, improve water 

quality by reducing pollution, eliminating dumping 

and minimizing release of hazardous chemicals and 

materials, halving the proportion of untreated 

wastewater and substantially increasing recycling and 

safe reuse globally”[1]. However, according to the 

forecast of the Organisation for Economic Co-

operation and Development (OECD)[2], global water 

demand will increase between 2000 and 2050 by 55%, 

aggravating water scarcity and leading to substantial 

water quality deterioration. These trends affect in 

particular developing countries, where contamination 

of water with pathogens, salts, pesticides, and heavy 

metals lead to severe impacts on human health and 

ecosystems[3–5]. For example, in Pakistan, about 20-

40% of all registered diseases are caused by the use of 

unsafe water[6]. 

Water Footprint (WF) evaluates impacts 

associated with the water consumption and pollution 

along a product’s life cycle[7]. The severity of water 

consumption is quantified using the characterization 

factors (CFs), which indicate water scarcity in a given 

region. Many models exist providing water scarcity 

CFs with a high spatial (more than 11,000 watersheds) 

and temporal (monthly) resolution[8–11]. Water 

quality aspects, in contrast, are often disregarded or 

assessed in a simplified manner, for example, as grey 

water footprint[12]. The latter demonstrates the 

amount of freshwater that is needed to dilute the 

wastewater to a certain quality threshold. To evaluate 

impacts resulting from the water pollution in a 

comprehensive manner, the Life Cycle Assessment 

(LCA)[13,14] impact categories eutrophication, 

acidification, human and eco-toxicity are used[15].  

In contrast to water scarcity assessment, water 

quality aspects are often evaluated with lower spatial 

resolution and level of detail. To address this issue, we 

calculate the region-specific human health impacts on 

example of the cotton-textile value chain in the 

province Punjab in Pakistan based on the USEtox 

model[16], which is introduced in the following. 

2. METHODS 

2.1 The USEtox model 

The USEtox model allows linking the emissions 

of organic and inorganic contaminants with their 

human and eco-toxicity impacts. The characterization 

factors for human toxicity (������
� ) are calculated by 

multiplying the fate (������), exposure (������), and human 

effect factors (������
�) (eq.1). The fate factors calculate 

the mass increase of a pollutant in different 

environmental compartments (e.g. air, soil, water) due 

to its emission based on the inter-media transfer and 

removal models. The human exposure factors quantify 

the increase in the amount of a pollutant transferred to 

the population due to its increase in an environmental 

compartment and distinguish between direct (drinking 

water and inhalation of air) and indirect (food) 

pathways[16–18]. The food consumption includes 

agricultural products (below-ground and above-

ground), meat, dairy, and fish[17]. By multiplying the 

fate and exposure factors, the intake factor (��)����  is 

calculated, which describes the share of the pollutant 

taken up by the population [kg intake per kg emitted] 

(eq.1)[16].  

 

������
� =  ������ ∗  ������ ∗  ������

�
��� =  ��� ∗ ������
�        (1)  

 

The model contains two spatial scales - global and 

continental. The continental scale includes 24 regions, 

e.g. Central Asia, Brazil+, Europe, and North America. 

Each region is characterized by the specific climate 

(e.g. rainfall, temperature), landscape (e.g. fraction of 

agricultural and natural soil, freshwater depth), and 

population data. For the population, the intake of 

different food types (e.g. fish, dairy, meat) are 

considered for each region.  

2.2 Cotton-textile value chain in Punjab: the 

region-specific cause-effect chains 

In order to calculate the region-specific human 

health impacts, we analyse the cause-effect chains 

from the water pollution to the health damage for the 

cotton-textile value chain in Punjab, Pakistan. Then, a 

new region “Punjab” is created in the USEtox model 

by introducing the local climate, landscape, and 

population data. We quantify impacts on human health 

caused by the emissions of pesticides from the cotton 

cultivation and heavy metals from the textile 

production. The results are compared to that obtained 

for the region India+ of the USEtox model, where 

Pakistan belongs. Finally, we discuss the relevance 

and applicability of and data needs for the region-

specific impact assessment for the human health. 

Cotton cultivation and textile production belong 

to the main industrial sectors in Pakistan[19]. At the 

same time, these processes lead to water pollution and 

may significantly affect human health. In order to 

understand better the region-specific fate and exposure 

pathways, we depict and analyse the cause-effect 

chains that take place in Punjab. 
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Figure 1. The region-specific cause-effect chains for the toxicity impacts on human health for the cotton cultivation and textile production in 

Punjab, Pakistan 

 

Cotton is cultivated in the rural areas of Punjab, 

while textile is produced in industrial areas, which are 

mainly big cities like Faisalabad and Lahore. During 

the cotton cultivation, fertilizers and pesticides are 

applied to the fields. As a consequence, part of the 

nitrogen, phosphorus, and active ingredients that are 

contained in the pesticides leach into the groundwater†. 

After the pesticides leached into the groundwater, they 

may contaminate the aquifer used by the local 

population for drinking and, therefore, lead to toxicity 

impacts on human health (fig.1, cause-effect chain 1a). 

The contaminated groundwater may also be used for 

the irrigation, which leads to accumulation of the 

pesticides in the crops and cause human health impacts 

through food ingestion (fig.1, cause-effect chain 1b). 

It should be noted that we consider only the pesticide’s 

propagation via water while other potentially relevant 

pathways (e.g. accumulation in crops or direct contact 

of the field workers) are not considered. This 

modelling choice is induced by the water footprint 

methodology, according to that only the cause-effect 

chains directly related to water have to be 

considered[7]. 

During the textile production, in particular dying 

and bleaching processes, significant amount of 

wastewater is generated. In Punjab, the effluent is 

discharged into the surface water drain mostly without 

any treatment. The drain transports the wastewater 

produced in the industrial areas (big cities, e.g. 

Faisalabad) towards two big rivers – Ravi and Chenab, 

which are used downstream as sources for the 

irrigation water. The fate of this wastewater is twofold. 

On the one hand, because the drains are not lined, part 

                                                             
† In this study, we analyse the toxicity impacts of the pesticides, 

thus, emissions from the fertilisers’ application are not considered 
in the following. 

of it leaches into the groundwater and, thus, may 

contaminate the groundwater aquifer, which is used as 

a source for drinking water (fig.1, cause-effect chain 

2a). Another part of the wastewater reaches the river, 

where it is mixed with the freshwater. Since the river 

water is withdrawn for the irrigation, part of the 

pollutants may be transported on the agricultural fields 

and accumulate in the food crops. Thus, this 

contamination may affect human health through the 

food ingestion (fig.1, cause-effect chain 2b). While the 

cause-effect chains 1a, 1b, and 2a are relevant on a 

local level where the pollution takes place, the cause-

effect chain 2b applies mainly to the population 

downstream. 

2.3 Adjusting the landscape and population data 

In the first step, we compile the landscape and 

climate inventory for Punjab. It includes sixteen 

parameters, which describe the regional geographical 

characteristics as land and sea area, fractions of 

different land uses (natural soil, agricultural soil), 

average annual temperature, rainfall etc. The inventory 

is developed based on the data provided by Pakistan’s 

and Punjab’s Bureau of Statistics[19,20] and the data 

provided by the project InoCottonGROW[21]. Some 

parameters for which the region-specific data was not 

available were taken over from the region India+ of the 

USEtox model. The full list of the parameters 

compiled for Punjab is presented in table 1. 

In the next step, the data for the population and 

intake rates was collected. The exposure data (water 

ingestion and breathing rate) were taken over from the 
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USEtox model. For all other parameters, the region-

specific data was used (see table 2). The intake rates 

are based on the data on per capita monthly 

consumption of major food items provided by the 

Pakistan Bureau of Statistics[20].  

 
Table 1. The introduced landscape and climate inventory for Punjab. 

Parameters in italic where taken over from the region India+ of the 
USEtox model without any modification 

 

Parameter Parameter 

specification 

Unit Data 

Area land km2 2.05E+05 

Area sea km2 0.00E+00 

Areafrac fresh water [-] 2.00E-02 

Areafrac nat soil [-] 2.00E-03 

Areafrac agr soil [-] 8.00E-01 

Areafrac other soil [-] 1.80E-01 

Temp  oC 2.43E+01 

Surface wind 

speed 

 m.s-1 3.00E+00 

Wind speed over 

mixing height 

 m.s-1 4.98E+00 

Rain rate  mm.yr-1 6.29E+02 

Depth fresh water m 3.00E+00 

Fraction fresh 

water discharge 

cont-global [-] 0.00E+00 

Fraction run off  [-] 2.72E-01 

Fraction 

infiltration 

 [-] 2.70E-01 

Soil erosion  mm.yr-1 3.00E-02 

Irrigation  km3 1.20E+02 

 

Table 2. The introduced human population, exposure, and intake 

parameters for Punjab. Parameters in italic where taken over from 
the region India+ of the USEtox model without any modification. 

 

Parameter Parameter 

specification 

Unit Data 

Human 

Population 

Human pop 

continent 

[-] 1.10E+8 

Human pop 

urban 

[-] 4.00E+7 

Exposure Human 

breathing 

rate 

m3/(person*day) 13 

Water 

ingestion 

l/(person*day) 1.4 

Intake 

rates 

Above-

ground 

produce 

kg/(day*capita) 4.35E-01 

Below-

ground 

produce 

kg/(day*capita) 1.53E-01 

Meat kg/(day*capita) 1.60E-02 

Dairy 

products 

kg/(day*capita) 4.00E-02 

Fish 

freshwater 

kg/(day*capita) 2.00E-03 

Fish coastal 
marine water 

kg/(day*capita) 0.00E+00 

2.4 Inventory for the cotton cultivation and textile 

production 

The inventory for the pesticide emissions from the 

cotton cultivation is compiled for triazophos, which is 

widely applied in Punjab. The application rate is 1,4 

kg per ton cotton[21]. It is assumed that 1% of the 

applied pesticide leaches into the groundwater[22].  

The inventory for the textile production is based 

on the literature data by Jaffar et al.[23], who provides 

average effluent concentrations (mg/l) of heavy metals 

from the textile production sites in Pakistan. This data 

was recalculated for one ton of textile with the 

assumption of wastewater flow of 107 litres per ton 

textile[21] (table 3).  

 
Table 3. Inventory for the heavy metals emissions from the 
production of one ton textile 

 
Effluent Concentration 

(mg/l)  

Inventory (kg/ton 

textile) 

Cd (II) 0.04 0.004 

Cr (VI) 0.71 0.076 

Cu (II) 0.20 0.021 

Ni (II) 0.26 0.028 

Zn (II) 0.26 0.028 

3. RESULTS 

3.1 Cotton cultivation 

The human health impacts caused by the cotton 

cultivation were modelled for the application of the 

pesticide triazophos. The developed impact 

assessment model for Punjab was used for the 

calculation. We used the entry compartment 

“freshwater” (surface water), because the model does 

not have a groundwater compartment.  

In the following, the results of the toxicity impacts 

and intake routes are presented. To enable the 

illustration on a log-scale, which is common for the 

toxicity impacts, we multiplied the results by factor 

10.00E+10. For this reason, the results serve as 

comparison between two models and cannot be used 

as absolute values.  

Human toxicity impacts of triazophos sums up to 

5.61E+5 DALYs in Punjab, which exceeds the impact 

of triazophos in India+ (8.01E+04 DALYs) by one 

order of magnitude (fig.2).  

In order to analyse these results, we compared the 

intake pathways in both regions. Figure 3 

demonstrates that the intake via fish and drinking 

water are dominant pathways in both Punjab in India+, 

but the fractions of the intake are higher in Punjab. 

Furthermore, while in India+ the intake fractions via 

drinking water and fish are of the same order 

(4,17E+05 and 4,49E+05, respectively), in Punjab, the 

intake pathway via drinking water is slightly higher 

than via fish ingestion.  
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Figure 2. Human health impacts [DALYs] of triazophos 

application for the cultivation of one ton cotton in the regions 

Punjab and India+. 

 

 
 

Figure 3. The intake factors [kg intake/kg emitted] for triazophos 

in the regions Punjab and India+. 

3.2 Textile production 

The results for the human health impacts caused 

by the textile wastewater are presented in fig.4. The 

impacts in Punjab and India+ are of the same order of 

magnitude (2.40E+08 and 1.36E+08, respectively). 

Chromium (Cr VI) emissions dominate the impacts, 

which is due to the high health effect factors of 

hexavalent chromium. Therefore, the intake factors of 

chromium in Punjab and India+ are analysed in the 

following. 

The total intake factor for chromium emissions is 

1,20E+07 in Punjab and 6,73E+06 kg per kg emitted 

in India+. The contributions of different intake 

pathways are presented in fig.5. Drinking water is the 

main intake pathway of chromium in Punjab (77% of 

the total intake), while in India+ it contributes to only 

44% of the total intake. The indirect pathway (food) is 

relevant only with regard to the fish consumption in 

both Punjab and India+, while the contribution of other 

food items (above-ground produce, below-ground 

produce, meat, and dairy) is marginal. The intake 

pathways through inhalation is irrelevant in both 

regions.  

 

 
 

Figure 4. Human health impacts [DALYs] of the textile 
wastewater (emissions of Cd(II), Cr(VI), Cu(II), Ni(II), Zn(II)) for 

production of one ton textile in the regions Punjab and India+. 

 

 
 

 
Figure 5. The intake factors [kg intake/kg emitted] for chromium 

(Cr VI) in the regions Punjab and India+ 

4. DISCUSSION 

Within this study, four region-specific cause-

effect chains for the human health impacts caused by 

the cotton-textile value chain in Punjab were 

introduced. The study demonstrates that impacts 

calculated with the region-specific landscape and 

population data (Punjab) are higher than that of the 

model with the lower spatial resolution (India+). The 

intake via drinking water is significantly higher than 

via the food for both cotton cultivation and textile 

production emissions. In the following, a sensitivity 

analysis is conducted for the parameters that were 

adjusted in the model with the region-specific data. 

Furthermore, the robustness of the developed model is 

discussed.  
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4.1 Sensitivity analysis 

A sensitivity analysis was performed to identify the 

relevance of the landscape and intake parameters 

changed in the initial model. For this, the parameters 

of the model India+ were changed to the values used 

for the region-specific model for Punjab. Each 

parameter was changed separately with all other 

parameters remaining same. Following values were 

modified: area of freshwater, area of different soil use 

types (natural, agricultural, other), temperature, rain 

rate, freshwater depth, irrigation, and intake rates. The 

toxicity and intake rates were calculated for the 

emission into freshwater of one kilogram of 

hexavalent chromium, which was identified as the 

major pollutant in the current study (fig.6 ‡ ). Two 

parameters lead to the reduction of the toxicity impacts 

by one order of magnitude: increased irrigation and a 

lower freshwater area compared to the India+. While 

the introduced intake rates are similar to India+ and do 

not significantly influence toxicity impacts, other 

parameters (soil fractions, lower rain rate, higher 

average temperature and higher freshwater depth) 

slightly increase toxicity impacts. Changing these 

parameters also leads to the fact that drinking water 

becomes the most relevant intake pathway in contrast 

to India+. Nevertheless, it cannot be stated that 

increased intake via drinking water implicitly leads to 

increased toxicity as it is demonstrated in case of lower 

toxicity by the parameter “irrigation”, where drinking 

is the dominant intake pathway.  

4.2 Model robustness 

The developed model is only partly able to reflect 

the region-specific cause-effect chains in Punjab, 

because it does not have a groundwater compartment. 

Thus, for the cotton cultivation, the pesticides’ 

emissions were modelled as “into freshwater” (surface 

water), although these are emissions into the 

groundwater. For that reason, both fate and exposure 

pathways may significantly differ from that actually 

taking place in Punjab. For the same reason, the cause-

effect chains for the percolation of the contaminants 

into the groundwater (fig.1, cause-effect chain 2a) also 

could not be reflected (the model calculates the 

removal of the pollutants by sedimentation, but do not 

accounts for the leaching of the pollutants from the 

sediment into the groundwater). Therefore, part of the 

pollution is not considered when calculating the fate 

factors. The absence of the groundwater compartment 

also has influence on the exposure modelling. The 

                                                             
‡ The results are presented on a logarithmic scale 

model assumes that the whole drinking water 

originates from the surface water. However, in Punjab 

about 90% of drinking water is pumped from the 

groundwater aquifers24. Since the most part of the 

pollutants (heavy metals from the textile production) 

stay in the surface water or are removed by 

sedimentation, their concentration in groundwater is 

significantly lower than in the surface water. Thus, 

although surface water is heavily contaminated, the 

population is not exposed to this pollution via the 

drinking pathway.  

 

 
 

Figure 6. The results of the sensitivity analysis for the emissions 
of 1 kg chromium (Cr VI) in the region India+ 

 

For the textile production, the emissions of the 

hexavalent chromium were modelled. The emission 

data for the textile wastewater used as the inventory in 

the current study is provided only for the total 

chromium. Thus, the shares of the Cr (VI) and Cr (III) 

could not be determined. For this reason, only the 

hexavalent chromium was modelled, which represents 

the worst case scenario, since the Cr (VI) has a 

significantly higher toxicity (ten orders of magnitude) 

compared with the Cr (III).     

This study investigates the human health impacts 

of heavy metals and pesticides. In particular for the 

textile production, further pollutants, e.g. organic 

compounds (e.g. dyestuff residues), may be of high 

relevance due to their high toxicity. Nevertheless, 

considering these pollutants is currently not possible 

due to the missing emission data. 
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5. CONCLUSION 

This study calculates the region-specific human 

health impacts in Punjab, Pakistan based on the 

USEtox model. It is demonstrated that considering 

local climate, landscape, and population data changes 

the results obtained from the global models. The 

conducted sensitivity analysis demonstrates that 

introduced parameters for irrigation and freshwater 

area fraction reduce the toxicity impacts by one order 

of magnitude, while four region-specific parameters 

(soil use types, rain rate, temperature, and freshwater 

depth) lead to increased toxicity impacts. 

The dominant impact pathway is via drinking 

water ingestion, nevertheless it can only partly reflect 

the local situation due to absence of the groundwater 

compartment in the model. Thus, a detailed analysis of 

the pollutant alteration in the groundwater 

compartment and human exposure via the drinking 

water is essential to provide more robust results for the 

evaluation of the toxicity impacts within water 

footprinting. 
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