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Identifying an appropriate scheme in utilizing water in any industrial system is an essential response to alleviate 
the effects of climate change. Water footprint (WFP) is a method of measuring freshwater appropriation on 
different levels – national, corporate, activity, or product. It allows a company to measure its direct and indirect 
freshwater consumption to identify possible interventions to reduce water consumption. Existing studies on 
water footprint mainly focused on the assessment but failed to use it for prescriptive modelling in the supply 
chain where the decisions are affected by the WFP assessments. In this study, we develop an optimization 
model for supplier selection in a supply chain to minimize both the costs and water footprints to produce a 
product. The model considers sourcing raw materials with differences in prices and water footprints depending 
on the source. The model is demonstrated on a case study adapted from industry data.  The results of the 
analysis show the that the water footprint of the raw materials can affect the company’s decisions on procuring 
their materials when the level of priority for the water footprint is set to at least 40 %. The study proves that 
consideration of the water footprint in a supply chain model can balance the effect of choosing the lowest cost. 

1. Introduction 
Many firms consider water as an essential component in their operations (Aviso et al., 2021). Water is being 
utilized to ensure continuous production of goods. The agricultural industry, for instance, accounts for largest of 
the world’s freshwater consumption (Balsom, 2020).  The manufacturing sector, which uses the products of the 
agricultural sector, further contributes to the consumption of water to process their products (Hoekstra, 2015). 
The escalating activities from these agricultural and industrial sectors coupled with the climate change are 
causing water stress (Manzardo et al., 2014). Also, Drofenik et al. (2021) suggested the need to have a balance 
between food production and lowering environment impact. Depletion of the available freshwater resources is 
being experienced because of the increasing production outputs of the different economic sectors and growing 
spending of people (Wang et al., 2021a). It is expected that the world’s demand for water will increase by 55 % 
between 2000 and 2050 (Whitmee et al., 2015). Efficient use of water in industrial systems is an important 
climate change adaptation strategy (IPCC, 2022).   
Socio-economic development and securing necessities of life are now threated by water scarcity (Liu et al., 
2017). Because of the current and possible future states of water availability, efforts on mitigating the impact of 
water scarcity have been introduced. Water footprint is a concept that is align with water conservation. Water 
footprint is an extent of freshwater consumption related to product or activity (Hoekstra, 2015). This concept 
measures the total amount of freshwater needed to manufacture the product along the supply chain (Hoekstra 
et al., 2011). It covers the accounting of water consumption of the raw materials and of the processes needed 
to produce the products. According to Hoekstra et al. (2011), the three components of water footprint of a product 
or activity are blue, green, and gray water footprint. The blue water footprint component pertains to the volume 
of ground water or surface water consumed in producing the product. The green water footprint component 
pertains to the volume of rainwater consumed in producing the product. The gray water footprint component 
pertains to the volume of water needed to absorb a load of pollutants to comply with the ambient water quality 
standards (Hoekstra et al., 2011). Water footprint (WF) can offer a good approach in assessing and addressing 
environment related problems (Wang et al., 2018). According to Wang et al. (2018), there is an increasing trend 
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on studies linking WFP to energy, carbon emission, and nitrogen emission. Given these efforts, model-based 
cost-benefit analysis is necessary for any industrial water conservation initiative (Wang et al., 2021b)  
There have been studies that attempted to account for the water footprint of a certain product or activity. Water 
footprint becomes embedded in products and can be transferred through international trade (Yang et al., 2020). 
The work of Rivas Ibáñez et al. (2017) accessed and computed for the water footprint of Gazpacho, a chilled 
vegetable soup, produced by a company in Spain. In the accounting of the water footprint of Gazpacho, the 
water footprints associated to the seven ingredients and packaging materials were considered. Also included 
are the water footprint contributions of the processes to produce the finished product.  
Elbeltagi et al. (2020) made a study that aimed to estimate the water footprint, particularly the blue and green 
water footprint, in producing maize. They used Artificial Neural Network in estimating the water footprints based 
on temperature, precipitation, solar radiation, soil moisture, wind speed, and vapor pressure deficit from three 
different production sites. Madaka et al. (2022) made a study that analyzes the water footprint associated with 
the extraction and production of metals used for consumer electronics products using life cycle analysis 
methodology.  The goal of the study is to determine materials that have major contribution to the water footprint. 
Madaka et al. (2022) attempted to use the assessment as guides in making decisions related to the supply 
chain. Handayani et al. (2020) made a study that assessed the water footprint in producing the Indonesian batik. 
The blue and gray water footprint components were considered in the study. 
In a supply chain where the raw materials and the manufacturing process are water dependent, the 
consideration of water footprint is appropriate. None of above-mentioned studies took advantage of using water 
footprint data as input parameters in quantifying decisions along the supply chain.  According to Vlachos and 
Aivazidou (2018), there are limited studies that integrate water footprint in the supply chain operations. Aivazidou 
et al. (2016) suggested to integrate WFP in all industrial and supply chain operations. The knowledge on the 
WFP assessments of materials and processes should be used as basis to make important decisions in the 
supply chain. Integrating water footprint into supply chain management can mitigate regional water stress 
(Wang, et al., 2020). Despite these developments and suggestions in the existing literatures, there is still a 
research gap in advancing the applicability of the WFP and this is to use it as quantifiable basis in supply chain 
decisions. 
To address the research gap, this study incorporates water footprint as an objective function in an agro-industrial 
supply chain optimization model. This study will formulate a mathematical model that will determine the optimal 
mix of raw materials to use that minimizes total cost and total water footprint. According to Kuo and Lee (2019), 
footprint metrics should be integrated into green supply chain models based on multi-objective formulations. 
This study uses the cost and WFP information related to the raw materials from different sources in producing 
a product. Aside from extending the relevance of WFP assessments for future research, the results of the study 
can serve as basis for collaboration with the suppliers to improve performance of the supply chain. According 
to Tseng et al (2019), existing studies on green supply chain practices is lacking with theoretical evidence to 
assess the connection between the actions and performance of the supply chain. Tseng et al (2019) suggested 
to use the evidence whenever studies on designing a framework between green supply chain practices and 
performance are to be done. This study can justify the need to strengthen the collaboration with suppliers to 
minimize procurement cost and water footprint of the supply chain. The rest of the paper is organized as follows. 
Section 2 provides the problem statement. Section 3 presents the mathematical model. Section 4 shows the 
results and discussions. Finally, section 5 shows the conclusions.   

2. Problem statement 
A set of suppliers that can supply all raw materials needed to produce the final product. Each raw material j 
coming from supplier i has a corresponding purchase cost, cij. Further, each raw material j has an associated 
water footprints in terms of blue (bij), green (gij), and gray (rij) components. The aim is to determine the amount 
of raw materials to purchase from the set suppliers that will minimize cost and water footprint. Figure 1 shows 
the system being considered.  

3. Methodology/ Model formulation 
The following are the assumptions employed in the model: (1) each supplier has unique processes and 
production efficiency that led to varying production costs and water footprints per raw material; (2) each supplier 
has two levels of capacities – collective capacity and individual capacity per raw material; (3) a unit of final 
product requires j number of raw materials; (4) the demand of the final product is known; and (5) every raw 
material j requires a fixed amount to produce a unit of the final product. 
The model has two objective functions. The first objective function, Z1, is total cost per unit of the final product 
produced as shown in Eq(1). The total cost consists of the procurement costs of the raw materials needed to 
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produce the final product. The second objective function, Z2, is total water footprints per unit of the final product 
as shown in Eq(2). It is the sum of the water footprint of the individual raw material used to produce a unit of the 
final product. 

 

Figure 1: System in consideration   
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The water footprint of raw material j has three components as shown in Eq(3). These are the blue, green, and 
gray water footprint components. Eq(4) to Eq(6) represent the blue, green, gray components of the water 
footprint. The water footprint contributions of all the raw materials are divided by the total demand or target 
production of the final product. Hence, the second objective function represents the total water footprint per unit 
of final product produced. 

 𝑓𝑓𝑖𝑖 =  𝐵𝐵𝑖𝑖 + 𝐺𝐺𝑖𝑖 + 𝑅𝑅𝑖𝑖          ∀𝑗𝑗 (3) 
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There are two sets of constraints for the model. These are the capacity constraints and the demand constraint. 
Eq(7) is the collective capacity of supplier i. Each supplier has a lower collective capacity compared to individual 
capacity for raw materials. Eq(8) is the individual raw material capacity for supplier i. 

�𝑥𝑥𝑖𝑖𝑖𝑖 ≤ 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖        ∀𝑀𝑀
𝑖𝑖

 (7) 

𝑥𝑥𝑖𝑖𝑖𝑖 ≤ 𝑅𝑅𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖       ∀𝑀𝑀, 𝑗𝑗 (8) 

The demand constraint for each raw material j is shown in Eq(9). The demand for each raw material j is a 
function of the total demand or target production for the final product and the fixed amount of the raw material 
to produce a unit of the final product. Eq(10) represents the non-negative constraint. 

�𝑥𝑥𝑖𝑖𝑖𝑖
𝑖𝑖

=  ∝𝑖𝑖 𝐷𝐷𝐷𝐷𝑀𝑀     ∀𝑗𝑗 (9) 

𝑥𝑥𝑖𝑖𝑖𝑖 ≥ 0         ∀𝑀𝑀, 𝑗𝑗 (10) 

To integrate the total cost (Z1) and water footprint (Z2) objective functions into a single equation, the concept on 
a weighted Goal Programming is used. Each objective function is converted into a goal constraint as shown in 
Eq(11) and Eq(12). The deviation from best solution, Z1min and Z2min, are to be minimized in the Goal 
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Programming objective function.  This is similar to the method used by Tiu and Cruz (2017). Eq(13) shows the 
Goal Programming objective function. The decision-maker will assign values to the weights, cweight and 
WFPweight, that will serve as the level of priority.  The value of the weights is anywhere between 0 to 1. The 
sum of the weights should be equal to one.    

𝑍𝑍1 − 𝑢𝑢 = 𝑍𝑍1𝑚𝑚𝑀𝑀𝑀𝑀 (11) 

𝑍𝑍2 − 𝑣𝑣 = 𝑍𝑍2𝑚𝑚𝑀𝑀𝑀𝑀 (12) 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑍𝑍 = 100 �
𝑢𝑢

𝑍𝑍1𝑚𝑚𝑚𝑚𝑥𝑥 − 𝑍𝑍1𝑚𝑚𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑀𝑀𝑔𝑔ℎ𝑡𝑡 +
𝑣𝑣

𝑍𝑍2𝑚𝑚𝑚𝑚𝑥𝑥 − 𝑍𝑍2𝑚𝑚𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝐶𝐶𝑐𝑐𝑐𝑐𝑀𝑀𝑔𝑔ℎ𝑡𝑡� (13) 

The final model is reduced to a single objective that minimizes total weighted deviations. The size of the model 
is dependent on the number of suppliers that can supply the required materials to produce the final product. 

4. Results and discussions  
The model is illustrated here with a case study adapted from Rivas Ibáñez et al. (2017). Additional hypothetical 
data were provided since data from the case study are enough. In the validation process, the final product needs 
seven raw materials which can be sourced from three suppliers. Each supplier is assumed to be capable of 
providing all the raw materials with different selling prices and water footprints. The working model was 
implemented in Excel and solved using Excel Solver. 
The conversion to Goal Programming objective function will require the identification of the maximum and 
minimum values of the total cost objective function and water footprint objective function before solving the Goal 
Programming model. These maximum values (Z1max and Z2max) and minimum values (Z1min and Z2min) can 
be derived by solving the model using one objective function at a time with the other objective function serving 
as system variable. The values of Z1max, Z2max, Z1min, and Z2min are additional inputs to the Goal 
Programming Model. In the validation process, the following are the weight ratios (cweight, WFPweight) 
considered in the – (0 %, 100 %), (20 %, 80 %), (40 %, 60 %), (50 %, 50 %), (60 %, 40 %), (80 %, 20 %), and 
(100 %, 0 %). 
Figure 2a and 2b shows the results of the sensitivity done on the model. As shown in Figure 2a, as the level of 
priority for the total cost went down from 100 % to 50 %, the total cost per unit of production increases 
significantly and the water footprint per unit of production decreases significantly. It is best to set the weight of 
the total cost to anywhere between 40 % to 50 % if the decision maker prefers to achieve the impact of the WFP 
to the solution. The consolidation of the two objective functions using goal programming encompasses the 
different behaviours of decision-makers when two conflicting objective functions are present.  This method can 
provide appropriate solutions depending on the level of preference of the decision-maker. 

 

Figure 2: Sensitivity results for (a) total cost vs. water footprint relationship, (b) deviation contribution to the goal 
programming objective function 

Figure 2b shows the percentage contribution of the deviations from the minimum value of the total cost per unit 
of production and from the minimum value of the water footprint. Based on the graph, it shows that at a weight 
of at most 40 % for the total cost, the total deviations are primarily comprised of deviations from the minimum 
total cost per unit of production.  If the weight of the total cost increases at least 50 %, the composition of the 
total deviations is mostly contributed by the deviation from the water footprint. 
Figure 3a and 3b show the sources of raw materials depending on the level of priority of the objective functions. 
When the water footprint is prioritized over the total cost, as shown in Figure 3a, the firm will have to source all 
raw materials from the first supplier. This means that the products of the first supplier have the lowest water 
footprints. On the other hand, the firm will try to distribute the sourcing of their raw materials among the available 

(a) (b) 
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suppliers when the priority shifted to the total cost as shown in Figure 3b. This is because the products of the 
first supplier having the lowest water footprints but more costly.  
The results of the study are consistent with the study done by Tiu and Cruz (2017) where the economic and 
environmental impact were considered. There will be a point where environmental impact (or the water footprint) 
will give more significant impact over economic. Further, the result of the study proves that WFP assessments 
provided in the study of Rivas Ibáñez et al. (2017) can be used for prescriptive modelling. 

  

Figure 3: Sources of raw materials with (a) prioritized water footprint, and (b) prioritize total cost   

5. Conclusions  
An optimization model for supplier selection considering costs and water footprint was developed with capacity 
and demand constraints. The two objective functions were integrated into one using goal programming. The 
study was able to widen the relevance of water footprint assessments by using the data in supply chain decisions 
like supplier selection. Hence, studies on water footprint should not only focus on the assessment. The study 
shows that water footprint can become significant with a level of priority between 40 % to 50 %. Also, the 
consideration of water footprint allows the purchase of raw materials from supplier with a higher cost if it will 
reduce the total water footprint of the process. This study can be extended by considering other tactical and 
operational decisions in the supply chain. One of these is the selection of the processes or machines to use that 
can improve the direct water consumption in producing the products.  Another direction for further study is to 
include the accounting of indirect water consumption in storing and delivery of products to the consumers. 
Activities related to collection of used products and recovery activities can also be considered. With these 
considerations, it would be appropriate to include the minimization of carbon footprint as another objective 
function. 

Nomenclature

i – index for supplier i 
j – index for raw material j  
Z1 – total cost per unit of production, peso/unit 
Z2 – total water footprint, m3/unit 
Z – total weighted deviation, percent 
Z1max – maximum total cost value, peso/unit 
Z1min – minimum total cost value, peso/unit  
Z2max – maximum total water footprint, m3/unit 
Z2min – minimum total water footprint, m3/unit 
u – deviation from minimum total cost, peso/unit  
v – deviation from minimum total water footprint, 
m3/unit 
cweight – weight assigned to total cost deviation 
WFPweight – weight assigned to total water 
footprint deviation 
cij – procurement cost from supplier i of raw 
material j, peso/unit  
fj – water footprint of raw material j used per unit of 
production, m3/unit  

Bj – blue water footprint component raw material j 
used per unit of production, m3/unit   
Gj – green water footprint component of raw 
material j used per unit of production, m3/unit  
Rj – gray water footprint component of raw 
material j used per unit of production, m3/unit 
bij – blue water footprint component of a unit of 
raw material j from supplier i, m3/unit 
gij – green water footprint component of a unit of 
raw material j from supplier i, m3/unit 
rij – gray water footprint component of a unit of raw 
material j from supplier i, m3/unit 
DEM – demand of the final product, units 
CAPi – total capacity of supplier i, units 
RMCAPij – capacity of supplier i for raw material j, 
units 
∝j – amount of raw material j needed to produce a 
unit of the final product, units 
xij – amount of raw material j to purchase from 
supplier i, units 

References 

Aivazidou E., Tsolakis N., Iakovou E., Vlachos D., 2016, The emerging role of water footprint in supply chain 
management: A critical literature synthesis and a hierarchical decision-making framework, Journal of 

(a) (b) 

305



Cleaner Production, 137, 1018–1037. 
Aviso K.B., Chien C.F., Lim M.K., Tan R R., Tseng M.L., 2021, Taiwan drought was a microcosm of climate 

change adaptation challenges in complex island economies, Process Integration and Optimization for 
Sustainability, 5, 317–318.  

Balsom P., 2020, Water usage in the agricultural industry, <htt.io/author/paul-balsomhtt-
io/?fbclid=IwAR1uEMK7Gv_K2EC3BnrQlDSbwq4CxUaUJzfdvFluxZUjtWlT5Fn-DaoHBwE> accessed 
03.05.2022. 

Drofenik J., Pahor B., Kravanja Z., Pintarič Z.N., 2021, Scenario analysis of changes in the food supply chain, 
Chemical Engineering Transactions, 88, 721–726. 

Elbeltagi A., Deng J., Wang K., Hong Y., 2020, Crop water footprint estimation and modeling using an artificial 
neural network approach in the Nile Delta, Egypt, Agricultural Water Management, 235, 106080. 

Handayani W., Widianarko B., Pratiwi A.R., 2020, Water footprint of the natural coloured batik-making process: 
A study on a batik small enterprise in Jarum village, Klaten Regency, Indonesia, Chemical Engineering 
Transactions, 78, 223–228. 

Hoekstra A.Y., 2015, The Water Footprint of Industry, Chapter In: J.J. Klemeš (Ed.), Assessing and measuring 
environmental impact and sustainability, Butterworth-Heinemann, Massachusetts, USA, 221 - 254.  

Hoekstra A.Y., Chapagain A.K., Aldaya M.M., Mekonnen M.M., 2011, The Water Footprint Assessment 
Mannual: Setting the Global Standard, Earthscan Ltd, London, UK.  

IPCC, 2022, Summary for Policymakers. In: Climate Change 2022: Impacts, Adaptation, and Vulnerability. 
Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change, Cambridge University Press, Cambridge, UK. 

Kuo T.C., Lee Y., 2019, Using Pareto optimization to support supply chain network design within environmental 
footprint impact assessment, Sustainability, 11, 452.  

Liu J., Yang H., Gosling S.N., Kummu M., Flörke M., Pfister S., Hanasaki N, Wada Y., Zhang X, Zhang C., 
Alcamo J., Oki T., 2017, Water scarcity assessments in the past, present, and future, Earth’s Future, 5, 545–
559.  

Madaka H., Babbitt C.W., Ryen E.G., 2022, Opportunities for reducing the supply chain water footprint of metals 
used in consumer electronics, Resources, Conservation and Recycling, 176, 105926.  

Manzardo A., Ren J., Piantella A., Mazzi A., Fedele A., Scipioni A., 2014, Integration of water footprint 
accounting and costs for optimal chemical pulp supply mix in paper industry, Journal of Cleaner Production, 
72, 167–173.  

Rivas Ibáñez G., Molina Ruíz J.M., Román Sánchez M.I., Casas López J.L., 2017, A corporate water footprint 
case study: The production of Gazpacho, a chilled vegetable soup, Water Resources and Industry, 17, 34–
42.  

Tiu B.T.C., Cruz D.E., 2017, An MILP model for optimizing water exchanges in eco-industrial parks considering 
water quality, Resources, Conservation and Recycling, 119, 89–96. 

Tseng M.L., Islam M.S., Karia N., Fauzi F.A., Afrin S., 2019, A literature review on green supply chain 
management: Trends and future challenges, Resources, Conservation and Recycling, 141, 145–162.  

Vlachos D., Aivazidou E., 2018, Water footprint in supply chain management: An introduction, Sustainability , 
10, 9–11.  

Wang D., Hubacek K., Shan Y., Gerbens-Leenes W., Liu J., 2021a, A review of water stress and water footprint 
accounting, Water, 13(2), 201.  

Wang F., Li Z., Zhang Z., Wang F., Tan R.R., Ren J., Jia X., 2021b, Integrated graphical approach for selecting 
industrial water conservation projects, Journal of Cleaner Production, 287, 125503.  

Wang L., Fan Y. Van, Varbanov P.S., Alwi S.R.W., Klemeš J.J., 2020, Water footprints and virtual water flows 
embodied in the power supply chain, Water, 12(11), 3006.  

Wang X., Klemeš J.J., Walmsley T.G., Wang Y., Yu H., 2018, Recent developments of water footprint 
methodology, Chemical Engineering Transactions, 70, 511–516. 

Whitmee S., Haines A., Beyrer C., Boltz F., Capon A.G., De Souza Dias B.F., Ezeh A., Frumkin H., Gong P., 
Head P., Horton R., Mace G.M., Marten R., Myers S.S, Nishtar S., Osofsky S.A., Pattanayak S.K., Pongsiri 
M.J., Romanelli C., Soucat A., Vega J., Yach D., 2015, Safeguarding human health in the Anthropocene 
epoch: Report of the Rockefeller Foundation-Lancet Commission on planetary health, The Lancet, 386, 
1973–2028.  

Yang L., Wang Y., Wang R., Klemeš J.J., Almeida C.M.V.B.de, Jin M., Zheng X., Qiao Y., 2020, Environmental-
social-economic footprints of consumption and trade in the Asia-Pacific region, Nature Communications, 11, 
1–9.  

 

306


	051.pdf
	A  Supply Chain Optimization Model Considering Cost and Water Footprint




