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ABSTRACT 

The increasing issue of water quality degradation has affected the availability of water. 

The consideration of water quality is becoming more important for water minimisation. 

There is a need to integrate water quality into the current water assessment framework. 

This study tries to involve the water quality into the widely used water footprint 

assessment framework in order to quantify the water usability changes during the water 

use process. Based on water footprint concepts from international standard ISO 14046, 

water availability is further interpreted to emphasize the impact of water quality on the 

usability. An effective water availability footprint is defined as the quantitative and 

qualitative extent of a certain body of water which meets the needs of a certain purpose of 

water use. A water quality index is proposed to quantify the contribution of water quality 

on water availability, and two approaches of calculating water quality index are 

discussed, in order to explore the possibility of involving water quality into the water 

availability footprint assessment. Based on the definitions and framework, a case study is 

conducted to illustrate the features of this framework, and 3 outflows with different water 

quality are set to discuss the impact of different water quality profiles on the calculation 

of water availability footprint. It shows that water quality profiles can have a remarkable 

influence on the calculation. For the case with an outflow of F2-1, the water availability 

footprints with minimum water quality index, average water quality index and the 

volumetric water footprints as 1,600 m3, 1,277 m3, and 1,000 m3. This indicator can 

determine the consumptive water use and also quantify the exploitation of water quality. 

The involvement of water quality regarding multiple contaminants in water footprint 

assessment should be further investigated in future studies. 
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INTRODUCTION 

Water is essential for life on this planet. However, with the rapid growth of the 

economy, urban population, as well as the changes of land use, water shortage and 

degradation have become severe issues and have generated a wide concern. Although 

water shortage was mainly considered in terms of quantity, the impact of water quality 

degradation is becoming more serious. In other words, the shortage of water is essentially 

a lack of clean water. Natural water supplies require pre-treatment before water use, 

discharge or recycle/reuse processes [1], which also means an increase of the economic 

cost to obtain a high-quality water supply/discharge [2].  

Since the very early stages, indices such as the Falkenmark Indicator (FI) [3], Social 

Water Stress Index (SWSI) [4] and Water Poverty Index (WPI) [5] have been developed 

to quantify water shortage issues. FI and SWSI are based on the human water 

requirements from socio-economic perspectives without considering water quality [6]. 

WPI is a comprehensive socioeconomic indicator and consists of five major components 

(resources, access, capacity, use, and environment), each with several sub-components. 

Water quality is considered in the environment component, which includes: 

• An index of water quality;  

• An index of water stress;  

• An index of regulation and management capacity;  

• An index of information capacity;  

• An index of biodiversity.  

All these sub-components consist of several sub-sub-components, and some of them 

are qualitative variables [7]. WPI is not often used due to the complex assessment 

procedures and data requirement. It started to consider water quality, but it is difficult to 

identify the impact of water quality in this highly integrated indicator, and thus can hardly 

provide indicating results of improving water use. 

Various studies are then performed to seek a more systematic assessment of water use 

[8]. One of the well-used indicators of water use assessment is the Water Footprint (WF) 

[9] initiated in the virtual water trade report in 2002, in which the WF assessment concept 

was introduced. The WF framework and calculation methods were further developed in 

the Water Footprint Assessment Manual [10], aiming to set a global standard. In this 

framework, water footprints are defined with regard to water sources, e.g., blue water 

footprint, green water footprint, and Grey Water Footprint (GWF), which represents the 

water consumption of fresh surface or groundwater, precipitation, and the volume of 

freshwater that is required to assimilate the load of pollutants based on natural 

background concentrations and existing ambient water quality standards [10]. The Water 

Footprint Assessment (WFA) method has been widely used and developed for water 

consumption analysis with various implementations. Most studies on product WF are 

contributed by Hoekstra and his research team [11]. Pellegrini et al. [12] investigated the 

green, blue, and GWF of different olive growing systems, and considered WFA as a 

useful tool for orchard system decision making. Deng et al. [13] studied the WF changes 

of China in 2002 and 2007 with an input-output model and analysed virtual water trade 

patterns of China. WF approaches require a robust database and concentrate mainly on 

the volumetric measurement of product/regional water use [14], and the measurement 

regarding green water was claimed incapable of revealing irrigation water use for food 

production [15]. Applying to wider aspects (e.g. environmental impacts) of water-related 

assessment, the concept and calculation methods of WF have been further developed. 

Blue water availability footprint, which is estimated by reducing total natural runoff by 

80% to account for presumed environmental flow requirements [16], started to consider 

natural water availability. Ridoutt et al. [17] addressed the combination of WF with Life 

Cycle Assessment (LCA) framework and later developed a method [18] for WF 
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calculation, emphasising the environmental impacts of water use. Following this 

direction, the International Organisation for Standardisation (ISO) formed an 

international standard – ISO 14046 – for WF evaluation [19], and a comprehensive 

framework was built to evaluate all water-related environmental impacts. This 

framework aims to perform a comprehensive WFA and includes Water Availability 

Footprint (WAF) and water footprints addressing water degradation [17]. 

Several other indicators on water quality classification are also developed to address 

the water degradation problems. Parparov et al. [20] developed a Water Quality Index 

(WQI) that takes the specific characteristics and uses of a given water resource into 

consideration and applied this method to water quality assessment of Lake Kinneret and 

Naroch Lake in Belarus. Huang et al. [21] developed a water quality classification 

method based on a multi-classification Support Vector Machine (SVM), and the results 

showed this method is more concise when classification features are unclear. The WQI 

[22] developed by the Canadian Council of Ministers of the Environment (CCME) [23] 

and National Sanitation Foundation (NSF) [24] have also been well used in water quality 

quantification studies [25]. Hanslík et al. [26] investigated the influence of water 

flowrates on the water quality in natural water bodies and found that nitrates, suspended 

solids and dissolved oxygen are highly influenced. 

The changes of water quality should be considered because it is becoming more 

important under a situation of water shortage. However, water quality and the 

environmental impact of water use has been less addressed in WFA framework, even 

though it is an important factor for water use [27]. The concept of GWF started to 

consider the environmental impact of water pollutants, while the condition and changes 

of water quality during water use processes were rarely considered both in theoretical 

frameworks and in practical assessments. The ISO WF approach starts to consider water 

quality as an impact factor of water availability and noted that water quality should be 

considered, but the involvement of water quality in WFA in practical implementations 

has not been well interpreted yet.  

At present, most classification methods have been developed based on a single water 

quality metric [e.g., Chemical Oxygen Demand (COD), Biologocal Oxygen Demand 

(BOD)] and then are applied to the single body of surface water. Most water quality 

indicators concern more on specific surface water bodies in terms of chemical or 

biological indicators, and the water quality indicators are rarely considered for a macro 

water use assessment. There has been still a need to extend the single water quality 

indices to multiple metrics to provide a more complete picture of its usability.  

This study aims to further develop WF assessment framework that incorporates 

multiple water quality indices to qualify and usability of surface water bodies. To achieve 

this goal, this paper first investigates the developments of the current WF assessment 

methods and redefines the water availability regarding water quality. Based on this 

definition, a WAF assessment framework is proposed. A case study is carried out to 

illustrate the procedures of applying the framework. The potential and strength of this 

framework as well as the suggestions for future studies are discussed.  

COMPARATIVE ANALYSIS OF WATER FOOTPRINT APPROACHES 

The concept of water footprint has been widely used to quantify water consumption. 

This sections overview and analysed the approaches used for water consumption 

footprinting, and try to link the water consumption, water quality degradation, to the 

issue of water availability decrease. 

Conventional water footprints 

Water footprint, introduced by Hoekstra and Hung [9], has been widely used for the 

quantification of the human water consumption. As the water degradation issues are 
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rising, the WF assessment is starting to consider the anthropogenic impact on water 

quality. A comparison of various water footprints regarding water quality is presented in 

Table 1. 

In the WF framework developed by Hoekstra et al. [9], GWF is used to quantify the 

environmental impact of water pollutants. But it can only determine one pollutant as the 

indicator for water quality, which can be limited to reveal the bigger picture. For instance, 

when investigating the grey footprint of a plant, from which the effluents usually contain 

many kinds of contaminants. The selection of the assessed pollutant would greatly affect 

the result of the GWF which makes the comparison between different water use systems 

more difficult. The WF addressing water degradation introduced in ISO 14046 [19] tries 

to assess the comprehensive environmental impact on water quality by assessing various 

impact categories. Assessment methods are developed according to the framework in the 

standard [28], but no unified and generally accepted method has been developed and 

implemented so far. One critical issue of this framework is that the characteristic factor is 

difficult to determine. Since the Water Degradation Footprint (WDF) is calculated by 

multiplying the mass of the pollutant to the characteristic factors, the update of the factors 

affects the accuracy of the water degradation footprint. 
 

Table 1. Comparison of water footprints regarding water quality 

 

 GWF [29] WDF [19] 

Definition 

The volume of water required to 

assimilate pollutants entering freshwater 

bodies 

The potential environmental impacts related 

to water quality, regarding different impact 

categories 

Assessment 

framework 

effl act
grey ffl

max nat

WF
C C

E
C C

−
= ×

−
 

where Ceffl, Cact, Cmax, and Cnat are the 

concentrations of the pollutant in the 

effluent, the intake water, the maximum 

acceptable and natural concentration of 

the water bodies, Effl is the effluent 

volume 

( )WDF i ii
M If= ×  

where Mi is the mass of the pollutant i, Ifi is 

the characteristic factor of the pollutant, 

which is determined according to different 

impact categories on human or the ecosystem, 

e.g. acidification, eutrophication, 

eco-toxicity, etc. 

Water quality 

and purpose 

of water use 

GWF selects 1 critical pollutants for the 

whole assessing system, quality of input 

water was not considered, purpose of 

water use not considered 

More impact categories, while only the 

mathematical summation of the pollutants, the 

impact indicators are difficult to measure, not 

as one indicator and difficult to compare, 

purpose of water use not considered 

Tracing of 

water quality 

changes 

Not considered, can only assess one kind 

of pollutant, expressed in m3 water needed 

to dilute the polluted water to the required 

level 

Not considered, treat water discharge into the 

environment as elementary flows of the WF 

inventory, the water availability of water 

discharge was not considered 

 

It is obvious that there is an urgent need for the development of the methodology for 

comprehensive assessment of human exploitation of water quantity and water quality. 

Integrating water quality and quantity, the method should also consider the water quality 

changes during the water use process, which is the “footprint” of water use. 

Water availability and footprint 

Various definitions of water availability have been offered, and it has been defined 

mainly as the amount of fresh water that is available for human activities. Alcamo et al. 

[30] defined water availability as the total river discharge, which combined the surface 

runoff and groundwater recharge. In their study, water availability is used 

interchangeably with “discharge” and “annual renewable water resources” within a river 
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basin. Hoekstra et al. [29] defined the blue water availability as the volume of water that 

can be consumed without expected adverse ecological impacts. In most situations, water 

availability was considered as the amount of water that can be used by human activities 

after subtracting the ecosystem internal self-maintaining demands. Döll et al. [31] 

estimated the water availability by calculating the annual renewable discharge that is 

available and assumed that the amount of water that can be used for each month of the 

year is equal to the Q90-value. Hoekstra [29] calculated the blue water availability by 

reducing total natural runoff by 80% to account for presumed environmental flow 

requirements. For monthly water availability, it is calculated as the “natural runoff” in the 

basin minus “environmental flow requirement” [29]. 

The ISO WF framework starts to consider the importance of water quality on water 

availability. Water availability is defined as the extent to which humans and ecosystems 

have sufficient water resources for their needs [19], and WAF is defined as the 

contribution of water use processes to potential environmental impacts related to stress 

on water availability. It considers water quality as an essential element of WAF [19], 

while only a few WAF assessment studies were conducted based on this standard.  

Huang et al. [32] use an LCA based-water footprint method to assess the WAF of milk 

and milk products, but they only assess consumptive water use in the context of water 

shortage. Water quality was noticed with its influence on water availability, while it has 

rarely been analysed in practical water resource assessments. One possible reason is that 

water quality is a complex indicator, and water quality classification research has not yet 

resulted in a clear indicator that is easy to use in water availability assessment. 

Since the water footprinting concept and method has been well developed with 

various implementations, integrating water quality into the current assessment 

framework further contribute to the quantification of water availability. Based on the 

current framework, the definition of water availability should be extended to consider the 

impact of water quality on water availability, and the determination of WAF should be 

adapted to reach an integrating result. In addition, water availability should also consider 

the purpose of water use, since it is possible that the same body of water has different 

usability for various purposes, e.g., drinking or producing a piece of cloth. It becomes 

inappropriate to claim that for two different processes, consuming the same amount of 

water means the same WAF. Based on the WAF defined by ISO [19], the present paper 

extends the definition of WAF integrating water quality and quantity and proposes a brief 

framework to illustrate its application.  

WATER AVAILABILITY FOOTPRINT ASSESSMENT FRAMEWORK 

Identifying the amount of water that is available from a given source is the first step 

for water use assessment, and it is necessary to quantify the quality of this water supply. 

A clear definition and application framework are remarkably needed. Aiming to assess 

the quality-quantity consumption of water use, a WAF should focus on the following 

aspects: 

• Integrating water quality and water quantity. Water use process may change the 

quantity or quality, or both simultaneously. Water availability changes in any of 

these scenarios. The integrated consideration implies that for the same amount of 

available water volume, the water stream with higher quality provides larger 

availability; 

• Reflecting the purpose of water use. Water use sectors, such as industry, 

household (washing and drinking), and agriculture, usually have different 

emphasis on water quality features. For most industrial water use, the requirement 

is more related to general physical and chemical properties, such as the 

concentration of Suspended Solids (SS), minerals, COD, BOD, etc. For 
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household water use, the water quality requirement is often higher regarding 

water cleaning and safety. For irrigation, it may require water with lower (heavy 

metal) toxicity and alkalinity. Considering these demands, a certain water supply 

may have different availability for different purposes of water use. If a water 

supply is used for a purpose with higher quality requirements, it may need other 

resources (energy or supplementary cleaner water) to improve the water quality 

and the usability [33]; 

• Considering the availability of water discharge. Wastewater discharged from a 

water use process or treatment plant may be used directly for processes with a 

lower quality requirement or discharged into river water after proper treatment.  

In both situation the water becomes “newly” available and can be used for other 

users. Therefore, the availability of this part of water should be counted. 

Combining the above-mentioned key points, water availability is defined as follows: 

the quantitative and qualitative extent of a certain body of water which meets the needs of 

a certain purpose of water use. Comparing this definition to the conventional water 

availability, the water availability proposed in this study integrates water quality and 

quantity and can be defined as the Effective Water Availability (EWA). Based on this 

definition, WAF can be defined as the water availability consumption of a certain water 

use process. Following these definitions, a brief framework is built to demonstrate the 

assessment procedures of WAF, and a case study is carried out to illustrate the 

application. 

Assessment framework 

The WAF assessment of a unit process mainly contains three steps (Figure 1).  

 

 
 

Figure 1. WAF assessment framework 

 

The first step is to develop the water flow profile, define the system boundary and list all 

the flows that get in/out of the system. Water quality is not an absolute value, but an 

indicator consisting of various physical and chemical indices. Quantifying and 

integrating water quality into WAF becomes the most difficult step. Based on the water 

flow profile and water quality index, the EWA can be assessed. 

Considering that it is hardly possible to compare the absolute value of all tested 

physical/chemical indices, this study recommends a WQI, which is a relative value, to 

make it more objective and comparable. Inspired by the Water Stress Index (WSI) [34], 
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which is a ratio of water consumption (demand) and water availability (supply), this 

study proposes a ratio of water quality demands and water quality supplies as the WQI. 

Water Quality Index 

Following this consideration, the definition of the WQI proposed in this study is 

given: For a certain flow (body of water), WQI is the ratio between remaining allowance 

of pollutant discharge and the maximum acceptable pollutant allowance, which can be 

calculated as in eq. (1). It is based on the purpose of water use and the specific situation of 

the targeted region/area. The idea of WQI is to scale all the inflow and outflow of the 

system to be comparable. By defining the upper and lower bounds of the contaminants, 

the range of allowed concentrations in certain water bodies is given. Knowing the water 

profiles of the flows, the “credit” of each water flow in this region can be calculated, as a 

representation of water quality: 
 

WQI� = ���	,� − ��
���	,� − ���,�

 (1)

 

where for pollutant i, WQIi is the water quality index of a certain water flow, Xi is the 

concentration of pollutant i, Xmax,i is the upper bound of acceptable the concentration of 

this pollutant, and Xmin,i is the lower bound of the acceptable concentration of pollutant i. 

The upper and lower bounds of the concentration of pollutants can be selected from 

national/regional water quality standards or defined according to the current water 

quality levels in the studied region. 

This study is trying to propose an index to integrate water quality with water quantity, 

even though at this stage, it is still difficult to cover all aspects of the water flow profile 

and solve the issues of multiple contaminants. Considering the complexity of the water 

quality assessment, the following assumptions are made to firstly simplify the 

calculation: 

• The number of contaminants (i) can be changed according to the availability and 

quality of data;  

• Xi can be smaller than Xmin,i, which is the lower bound of the accepted 

concentration of contaminant i. When the value of Xmin,i is selected from local 

standard, it is possible that the values of the standard are still lower than some 

water bodies because the standard value can be at an average level; 

• When Xi is larger than Xmax,i, then WQIi = 0. 

When i kinds of contaminants are considered, there would be multiple values of WQI 

for one water flow. Reaching a single value of WQI is necessary to quantify the EWA.  

In this study, two possible approaches are explored to quantify the overall water quality. 

One approach is to consider the most stringent pollutant as the bottleneck of water 

utilisation [eq. (2)], which can be useful for water use with higher water quality 

requirement. For example, if the concentration of Lead (Pb) in a water flow exceeds the 

requirement for drinking water, then the WQI of this water flow for drinking water is 0. 

Consequently, the EWA of this drinking water body for drinking would be 0:  
 

WQI�� = min�WQI�, WQI�, … , WQI�� (2)
 

where WQImin is the water quality index of the water flow and WQIi is the WQI of 

contaminant i. 

Another option is to calculate the average of the WQI’s of all contaminants as the 

WQI of the flow (WQIavg), as shown in eq. (3). In this case, it is assumed the water 

quality is determined by all the contaminants, which are affecting the water stream 

independently of each other, and the concentrations of the contaminants are much lower 
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than their saturation levels. The average WQI can reflect the overall distribution of the 

pollutant concentrations and can be used for the situation that does not have strict water 

quality requirement, e.g. industrial cooling water, etc.: 

 

WQI��� = 1
� � WQI�

�

���
 (3)

 

where WQIavg is the WQI of the water flow and is calculated with the average of the WQI 

of all the contaminants. The applications of these two options are discussed in the case 

study in the following sections. 

Water Availability Footprint calculation 

For various purposes of water use, both water quantity and quality affect the extent of 

the availability of the water supply. Considering the correlation between water quality 

and water quantity, as well as their impact on the water usability, WQI can be considered 

as a weighting factor of water quantity, and the EWA can be calculated by eq. (4): 

 

EWA =  ! × WQI (4)

 

where EWA is the effective water availability of a water body [m3], AW is the amount of 

water (input or output) [m3], and WQI is the water quality index, which is a 

dimensionless quantity. 

As water availability is defined as the changes of water availability during the water 

use process, for each water use unit process, the WAF can be calculated as the difference 

between all inputs and outputs of a certain process, as shown in eq. (5): 

 

WAF = EWA� − EWA$ (5)

 

where WAF is the water availability footprint of the water use process [m3], EWAi is the 

effective water availability of the input water flow [m3], and EWAo is the effective water 

availability of the output water flow [m3]. 

The WAF is calculated to reflect the usability changes before and after the water use 

process. The estimation of WQI is more difficult for the determination of water 

availability. Dealing with the multi-contaminants issues, the selection of the pollutants 

should be based on the practical situation of the assessing region, and the purpose of 

water use should be considered to determine the upper and lower bound of the pollutant. 

The following case study shows the potential implementation of the WAF assessment 

framework. 

The water quality should be accounted for jointly with the water availability because 

this can provide the additional insights for water managers into improving water quality 

and water availability of the systems. In the provided case study, this is illustrated with a 

Radar chart.  

CASE STUDY 

In order to illustrate the application of the proposed framework, a numerical case 

study is carried out in this section. Let us assume an industrial water use process attached 

to a primary water treatment unit located in China. The system boundary is shown in 

Figure 2. The input flow is from a water supply with certain volume and quality (F1, 

WQI1), and outflow (F2, WQI2) is discharged into the same water supply system. Within 

the water use system, some flows might be reused directly (F3) or recycled (F4) or exist 
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between the treatment unit (F5). Considering F5 does not have direct effect on the outside 

system, they are not considered during the WAF assessment. 

In this case study, it is important to define the upper and lower bounds of the 

pollutants to calculate the WQIi. The inflow (F1 = 2,000 m3) should meet the requirement 

of the water use process, and the discharge flow (F2 = 1,000 m3) entering the natural 

water bodies should meet the water discharge standards. The maximum and minimum 

acceptable concentration of pollutants is set according to the water discharge standard.  

The water use requirements are referred from the Environmental Quality Standards 

for Surface Water (GB3838-2002) [35]. In this standard, the surface water in China is 

divided into five categories regarding the purpose of water use, and a range of the 

concentrations of selected contaminants is given for each category. Category I is the 

water with the best quality and is supposed to be used for water sources for national 

natural reservation areas. Category II and III can be used as sources of domestic water use, 

and the aquatic environment for fishes, etc. The water of Category IV is for industrial 

water use and entertainment water use (indirectly exposed to human bodies). As the case 

study is for industrial water use process, Category IV is considered as the maximum 

allowed concentrations of the contaminants (Xmax,i). 

 

 
 

Figure 2. Case study: WAF framework and system boundaries 

 

The water discharge requirements are taken from the Discharge Standard of 

Pollutants for Municipal Wastewater Treatment Plant (GB 18918-2002) [36]. It is 

required that the discharge water from the water treatment plant should meet the 

Category B and the criteria of this category are set as the minimum allowed 

concentrations (Xmin,i).  

In order to make the inflow and outflow comparable, they are scaled with the same 

ranges, which means Xmin,i and Xmax,i are the same for the two flows. Aiming to identify 

the impact of different water quality on the WAF, we set 3 different water quality profiles 

for F2, which are F2-1, F2-2 and F2-3. Xmax,i and Xmin,i as well as the contaminant 

concentration of flows are shown in Table 2. 

With eq. (1) and the water quality data provided in Table 2, the WQI is calculated 

(Figure 3). The green bar is the WQI for F1, which is the inflow. F2-1, F2-2, and F2-3 are the 

different flows with a different water quality pattern to test the impact of water quality on 

WAF. F2-1 is the water flow with relatively higher overall water quality, but the levels of 

different contaminants are not distributed evenly. F2-2 is a water flow with lower overall 

quality, and the levels of the contaminants are quite even. F2-3 is a water flow with 

medium overall water quality, and the levels of the contaminants are also distributed 

evenly. 
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Table 2. Water quality criteria of boundaries and flows in the system 

 

Xi [mg/m3] Xmax,i Xmin,i F1 F2-1 F2-2 F2-3 

Chemical Oxygen Demand (COD) 100 20 25 38 80 60 

5-day Biochemical Oxygen 

Demand (BOD5) 
30 4.0 5.0 8.0 26 17 

Ammonia Nitrogen (NH3-N) 20 1.0 1.2 1.8 15 10 

Total Phosphorous (TP) 3.0 0.2 0.22 0.35 2.6 1.6 

Zinc (Zn) 20 1.0 1.2 1.6 14 10 

Fluoride ion (F-) 1.5 1.0 1.0 1.4 1.3 1.2 

Arsenic (As) 0.1 0.05 0.06 0.09 0.08 0.07 

Mercury (Hg) 0.001 0.0001 0.0002 0.001 0.0007 0.0005 

Chromium (Cd) 0.1 0.005 0.005 0.007 0.07 0.052 

Lead (Pb) 0.1 0.05 0.042 0.06 0.08 0.07 
Note: Xmax,i and Xmin,i are referred from SEPAC, 2002 

 

 
 

Figure 3. WQI of 10 selected contaminants 

 

To consider the two options for determining the overall WQI mentioned in the 

methodology section, the overall WQI based on WQImin,i and WQIavg,i are calculated.  

The EWA of the inflow (F1) and outflow under 3 different situations (F2-1, F2-2, and F2-3) 

are determined. The WAF can be calculated by EWAi minus the EWAo. The EWA of all 

the flows and the and WAF of the system are shown in Table 3. 

 

Table 3. Overall WQI and EWA of the flows and the WAF of the system 

 

Indicators F1 F2-1 F2-2 F2-3 

Volume [m3] 2,000 1,000 1,000 1,000 

WQImin 0.80 0.00 0.14 0.50 

WQIavg 0.97 0.67 0.30 0.54 

EWAi [m3] based on WQImin 1,600 0.00 142.86 500 

WAFmin [m3]  1,600 1,457 1,100 

EWAo [m3] based on WQIavg 1,944 667 297 541 

WAFavg [m3]  1,277 1,646 1,402 

Volumetric WAF [m3]  1,000 

 

The WAF of the water use process can be calculated as:  

• With WQImin,i, the WAF is: WAF = EWA1 – EWA2 =  1,600 m3; 

• With WQIavg,i, the WAF is: WAF = EWA1 – EWA2 = 1,291 m3. 
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While if only water quantity is considered, the water consumption during this process 

is F1 − F3 = 1,000 m3.  

F1, as the water supply, has the best water profile, with higher WQImin and WQIavg, 

and therefore has the largest EWA. The WAF’s calculated in all situations are higher than 

the volumetric WF (1,000 m3), which indicates that considering water quality in WF 

assessment can yield a more stringent result. The water usability decrease during the 

water use process is determined more effectively. Only considering amount of water 

consumption one can neglect the impact of water quality changes.  

For the results of WAFmin, it showed that water bodies with more evenly distributed 

WQI’s have the smaller footprint and thus have higher EWA. For the results WAFavg, as 

the average values revealed, the higher overall WQI, the smaller footprints. For F2-1, the 

EWA based on WQImin becomes 0 and independent on the volume of discharge.  

It indicates that the minimum WQI approach is not applicable for industrial water use but 

can be applicable for more strict water uses, such as drinking water. On the other hand, 

the averaged WQI can continuously represent the water availability changes. In addition, 

the averaging determination compromises the impact of all the contaminants, which 

indicates that this approach is more suitable for the assessment of water flows with 

moderate quality profiles. Applying weighting factors to different contaminants is one of 

the possible ways to improve the application of the average WQI. The radar chart was 

used to find out the critical contaminant of the flow, as is shown in Figure 4. 

 

 
 

Figure 4. Radar chart of WQI of the flows from case studies 

 

The radar chart is able to illustrate the distribution of WQI’s of all contaminants, and 

it also shows the bottleneck of the flow. For example, in Figure 4, the pollutants in F1 are 

more uniformly distributed, and water quality is more moderate. While for F2-1, it is 

obvious that the Hg is the most constraining pollutant (WQI = 0), followed by As and F- 

(WQI = 0.20). This can provide useful information for the water users or managers to 

detect the bottleneck and improve the water flow accordingly to improve water use 

efficiency. 

DISCUSSION 

The WAF framework proposed in this paper tries to involve water quality into the WF 

assessment framework that is widely used. The involvement of water quality describes 

the usability change of the water flow beyond water quantity, in order to provide more 
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solution-oriented results. Defining water availability from the demand side and taking 

water quality into consideration, can contribute to a more specific measurement for WF 

assessment, and provide more support for improving the allocation to become closer to 

the optimal water and wastewater resources.  

The framework still has some limitations needs to be considered in the future works:  

• A WQI that can be applied to more general situations has not been suggested in 

this study. The two approaches considered are limited to certain situations.  

The minimum WQI can be used for water flows that require higher water quality, 

and the average WQI can be used for flows that have more moderate quality;  

• The different environmental impacts of all contaminants and the interactions 

among contaminants are not considered; 

• Only one kind of water use is considered. When applying to a larger scale  

(e.g., region or country), with more than one kind of water use categories  

(e.g., industrial, agricultural, municipal, etc.), the baselines of the multiple 

contaminants would depend on the purpose of water use. With the results 

calculated with different baselines, it needs further discussion whether they can be 

added directly.  

These limitations, especially the WQI of multi-contaminants are the most critical part 

of the framework, which should be further investigated in future works. 

CONCLUSIONS 

The attempt to optimise industrial processes and other resource-consuming activities 

has attracted a lot of research efforts. As reviewed recently by Fan et al. [37], many new 

developments have been presented, focusing on energy and materials efficiency 

improvements. Following this trend, the current paper proposed an extended approach to 

WAF to quantify water availability. Based on the analysis of WF assessment methods, 

water quality is integrated into the assessment. EWA has been defined as the quantitative 

and qualitative extent of a certain body of water which meets the needs of a certain purpose 

of water use, and a WAF is proposed to determine the human water exploitation of water 

availability of water quality and quantity. A WQI is proposed to quantify the contribution 

of water quality on EWA. 

The extension to water footprinting approaches has been developed and implemented 

with a case study. 3 outflows are set to discuss the impact of different water quality 

pattern on the result of WAF. The results showed that for the WAF calculated based on 

minimum WQI, systems with more average outflows have the lower WAF.  

The distribution of pollution levels also affects water availability besides the actual 

pollutant concentration. For the WAF calculated based on average WQI, it indicated that 

the overall WQI is the only factor for WAF. The case study shows that for the industrial 

process considered, the WAF calculated based on the concepts of minimum WQI, 

average WQI, and the blue WF is 1,600 m3, 1,277 m3, and 1,000 m3 (in the case of F2-1). 

The volumetric footprint is much less than the water footprints considering water quality, 

which might lead to misleading suggestions. The WAF considers water quality can reveal 

many issues neglected by the only-volumetric calculation of blue water footprint.  

The radar chart of the WAF of multiple contaminants is effective to demonstrate the 

distribution of the pollutants, which can provide more specific information for water 

users or managers for minimising water use or improving water quality control.  

The proposed method still has limitations on the comprehensive determination of 

multiple contaminants, which should be further investigated in future studies.  

The indication of water quality and effective availability are not yet robust for practical 

application. In addition, the impact of secondary pollutions should be considered in 

future developments. 
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