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a b s t r a c t 

This study introduces a computational decision framework to achieve sustainable and resilient decen- 

tralised energy, water, and food (EWF) systems at the national level using the ‘EWF nexus node’ approach. 

The methodological framework was systematically developed based on a hybrid approach using GIS mod- 

elling, Analytic Hierarchy Process (AHP), and an optimisation functionality to enable efficient management 

of spatially distributed EWF resources for resilient food security. It was then applied to dairy and fodder 

farm case studies in Qatar considering the impact of weather, soil and water factors on these systems. 

Risk identification and analysis concluded that the weather and groundwater factors are critical for dairy 

farms, and if they exceed the acceptable limits, it is likely to affect dairy cattle’s health and milk produc- 

tion. On the other hand, the groundwater and soil factors have the highest impact on the fodder farms. 

A new EWF nexus node was then introduced at an optimal location, which would operate at a minimum 

cost, including the cost of groundwater pumping, desalination and transportation, whilst reducing the 

risk levels of existing EWF nodes tremendously. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Many countries worldwide are intensifying their local food pro- 

uction as a means to enhance food security. Dairy farming, a crit- 

cal industry within the food sector, is a significant contributor 

o the global economy and the livelihood of households in many 

ountries. Recently, the demand for milk and milk products has 

ncreased gradually, which is mainly due to population growth, 

hanges within consumption patterns, continued food value chain 

odernisation and the booming tourism sector. The management 

f energy and water in dairy farming is essential to maintaining 

ealthy animals and sufficient milk production. Currently, water 

equirements for many dairy farms are supplied through ground- 

ater to ensure stable and reliable pressure supply ( O’Connor & 

ean, 2014 ), noting that it is expected water requirements will in- 

rease as milk production increases ( Agrismart, 2016 ), which on 

verage amounts to 7.42 L of water consumed to produce 1 L of 

ilk ( Shine et al., 2018 ). This may eventually lead to pressures on

ocal water supplies, especially during summer season and periods 

ith minimal rainfall. Similarly, energy is needed in dairy farm- 

ng for milking, cooling, storing, ventilation and lighting process, 
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here on an average 38.84Wh are consumed to produce 1 L of 

ilk ( Shine et al., 2018 ). The largest of the energy consuming pro-

esses are milk harvesting and milk cooling ( Rajaniemi et al., 2017 ). 

hus, the energy cost per litre of milk for dairy farms could in- 

rease without an effective mitigation approach, this is due to hav- 

ng an infrastructure for milk farm that is not optimally designed 

or rising milk production levels. Moreover, high energy consump- 

ion during the day or peak hours will negatively impact competi- 

ive market setting, national grid loads and electricity costs of dairy 

arms ( Upton et al., 2013 ). 

Due to increased resource uncertainties across energy, water 

nd food sectors, a nexus approach to resource management was 

rst introduced in the 1980s, notably in a project by the UN Uni- 

ersity entitled: Food-Energy Nexus program ( Sachs & Silk, 1990 ) 

s part of effort s to improve security across the three resources, 

hrough the integrated management and governance across vari- 

us scales and sectors. Incidentally, there are inherent interdepen- 

encies and trade-offs that exist across Energy-Water-Food (EWF) 

ectors in what is known as the ‘nexus’ of the three resources, 

hich was first introduced at the Bonn Nexus Conference in 2011 

 Dombrowsk,y 2011 ). From this perspective, the energy, water and 

ood (EWF) nexus is theoretically an effective approach to identify 

he synergies and trade-offs that may exist in the design and op- 

ration of EWF resource systems, and measure the environmental 

https://doi.org/10.1016/j.compchemeng.2022.107846
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2022.107846&domain=pdf
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urdens whilst delivering products and services ( Al-Ansari et al., 

015 ; 2017 ). Consequently, introducing a modelling framework for 

he design and operational decisions in conventional EWF nexus 

ystems is expected to enhance their environmental, economic and 

ocial dimensions of sustainable development, whilst achieving the 

ecurity of EWF resources. In this regard, the integration of EWF 

exus with decision making methods, such as optimisation, agent- 

ased modelling and game theory are crucial for successful re- 

ource management integration ( Namany et al., 2019 ). Recently, 

 study conducted by the current authors demonstrated that the 

WF Nexus “node” approach is an effective model for geospatial 

isk assessment of various food systems and agricultural sectors 

 Haji et al., 2020 ). This paves the way for further optimisation and

ecision-making, such that the impact of different types of risk fac- 

ors can be minimised, thus improving the resilience of EWF sys- 

ems on a national level. Accordingly, this study proposes an opti- 

isation framework which integrates the EWF nexus node model 

o deduce solutions for risk management. The framework is ap- 

lied to a case study that considers dairy and fodder farms in 

atar, outcomes of which will support in the effective management 

f integrated EWF resources and hence achieving sustainable and 

esilient food security. 

.1. Food security and the energy water and food nexus 

Every country desires a sustainable food system to ensure food 

ecurity, the unpredictability of which on a global scale is due to 

he complex and dynamic relationship between social, economic, 

nd ecological factors that facilitate food security outcomes at dif- 

erent human and institutional levels. For instance, ongoing food 

ecurity issues in various areas around Asia and Africa countries 

emains one of the challenges that needs to be addressed. Issues 

ertaining to food insecurity are expected to worsen as a result 

f rapid population growth, overexploitation and scarcity of natu- 

al resources and other unprecedented challenges such as climate 

hange and the growing demand for biofuels. Climate change cre- 

tes dynamic challenges for many energy and water sectors in ad- 

ition to food producers ( Hanjra et al., 2013 ). Future predictions 

ndicate that by 2030, the needs for EWF resources are expected 

o grow by 40%, 25% and 50%, respectively, thus posing many chal- 

enges ( Madani et al., 2015 ). Moreover, the food industry is con- 

tantly under stress due to shear complexity of the system which 

s dependent on water and energy. If these stresses are not ad- 

ressed, extreme social and economic problems may occur, and re- 

ult in poor food security outcomes in the form of food utilisation, 

vailability, accessibility and stability. Therefore, many food sectors 

re essentially seeking to guarantee continuous food production in 

rder to achieve food security ( Vieira et al., 2018 ). Today, farming 

ystems are threatened by a large number of environmental, social, 

conomic and institutional difficulties ( Daugbjerg & Feindt 2017 ; 

aye et al., 2018 ; Purnhagen et al., 2018 ; Burton & Fischer, 2015 ;

cGuinness & Grimwood, 2017 ; Saifi & Drake, 2008 ; Diogo et al., 

017 ). 

Considering the complexity of EWF nexus systems, it is nec- 

ssary to develop tools and indicators that can accurately eval- 

ate their performance in order to inform and improve decision 

aking within food security scenarios ( Namany et al., 2019 ). The 

act that environmental problems are complex rendering measure- 

ent difficult, indicators can provide a simplified representation 

f the environmental state which can be easily communicated to 

olicymakers. Govindan & Al-Ansari, (2019) introduced a compu- 

ational framework to expose EWF systems to the complex na- 

ure and associated risks of external uncertainties in the nexus. 

he authors demonstrated that using the developed frameworks 

ill provide the capabilities to track and mitigate emerging risks 

hat can create enormous disturbances in the operations of inte- 
2

rated natural resources systems. Furthermore, indicators can be 

sed to determine and assess the geographical distribution of ar- 

as, and to link anthropogenic behaviour to environmental impacts 

s synthetic knowledge in Geographic Information System (GIS) 

epresentations ( Rubio & Bochet, 1998 ). From this perspective, vi- 

ualisation techniques, such as GIS are becoming increasingly pop- 

lar as they are able to translate rich and complex information 

nto spatially driven visual representations ( Monika et al., 2015 ). 

uch applications, is important for resource management, as with 

he case of EWF nexus. In dairy industry, the conceptualisation 

nd implementation of GIS is a very challenging task, especially 

f the data are distributed on various stages of the supply chain 

nd tool needs to be implemented in an effective manner for de- 

ision making. A study by Kumar et al. (2012) proved that GIS is a 

eneficial tool for practical and effective decision making. The au- 

hors utilised analytical tools within GIS, such as: proximity analy- 

is and buffering tool in order to optimise and make a quick busi- 

ess decision on the potential and expenditure of milk procure- 

ent for various villages. Moreover, models for simulation pro- 

ides additional methods for system investigation and analysis, in 

ddition to problem detection and solution identification ( Stamou 

 Rutschmann, 2018 ). However, since GIS is powerful in evaluat- 

ng and locating business opportunities ( Gardner & Cooper, 2003 ), 

t can be utilised to optimise decision making in terms of pro- 

urement expenditure, recognition of new procurement areas or 

ven segregating businesses into input services, rural milk market- 

ng and milk products. Thus, GIS is valuable for realistic, efficient 

nd rapid visual based decision making. 

In the case where the indicators for the desired problem at the 

equired level or scale are not available, then new and specific in- 

icators can be developed ( Flammini et al., 2013 ). This is impor- 

ant in the EWF nexus studies, as problems and questions within 

he discipline can focus on different parts of the nexus and seek to 

ddress various challenges that may or may not have been con- 

idered previously. Fundamentally, it is important to understand 

ome of the resource sub-systems that can be represented within 

he EWF nexus and are relevant to the case study. Despite the 

ifficulties involved in conceptualising and implementing GIS for 

any food systems. Kumar et al., (2012) utilised proximity analy- 

is within GIS as an analytical tool to encourage buffering in de- 

ision making, such as brining new villages as procurement cen- 

res. Moreover, integrated models such as combining mathemati- 

al programming and analytic hierarchy process (AHP) techniques 

ere proved to be an efficient tool for optimal criteria selection in 

ifferent industries ( Verma & Mehlawat, 2017 ). As such, Sharma & 

ratap (2013) utilised AHP method to identify and create a hierar- 

hical risk factors for supply chains and perform risk optimization 

or the most critical factors affecting the supplier and supply chain 

ompanies. Recently, Haji et al. (2020) introduced the EWF Node to 

epresent the decentralisation perspective of integrated EWF Nexus 

ystems, and to introduce elements of risk analysis and resilience. 

he study utilised the EWF nexus node, where each node repre- 

ented a food sector sub-system, including open field farms, con- 

entional and hydroponic greenhouses, where they considered as 

 function of energy, water and food, and can be affected by ex- 

genous risks, such as climatic, water and soil factors. Then, spa- 

ial risk factors were gathered, digitalised, and incorporated into 

 single geo-processing framework from various data sources fo- 

used on the food industry, allowing the visualisation as well as 

he further processing of risks. Thus, a composite geospatial risk 

aps for the different food production scenarios were then gen- 

rated using AHP. In this study, the main focus was on open field 

arms, conventional and hydroponic greenhouses, where they are 

 function of energy, water and food. The analysis proved that the 

eather factors such as temperature, solar radiation and humidity 

as highest impact on open field farms with AHP relative weights 
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f 0.18527, 0.16860 and 0.15785, respectively. However, groundwa- 

er factors increase the risk level in conventional and hydroponic 

reenhouses. 

The resilience of a system operating in risky conditions can be 

escribed as its ability to adapt and/or recover from unpredictable 

isruptions and consequently minimise potential damages, thereby 

ustaining its ability to function continuously and meet its neces- 

ary economic and societal objectives. Importantly, resilience can 

upport system stability while aspiring to achieve the sustainable 

evelopment objectives and security through availability and ac- 

ess ( Louisot, 2015 ). Furthermore, the concepts of security, sustain- 

bility and resilience are often used interchangeably as they have 

everal correlations and interrelationships. In order to efficiently 

evelop resource systems and monitor their performance, the 

rinciples based on sustainability, security and resilience should 

e incorporated with the EWF nexus approach to guarantee a 

eliable assessment of the three sectors. In view of this, several 

tudies have demonstrated the nexus framework as an area for 

ntegrated resource modelling that demonstrates useful results in a 

ulti-objective and stochastic optimisation as they can cope with 

he complexities ( Garcia & You, 2016 ). Namany et al., (2021) pro- 

osed a holistic assessment method using the AHP modelling 

echnique based on the EWF nexus to develop a decision-making 

ystem that considers critical economic systems, which require ur- 

ent management through assessing their sustainability, security, 

nd resilience levels, in order to support policymakers in estab- 

ishing national priorities and sectorial strategies. Another study 

y Shu et al., (2021) developed a composite EWF resilience index 

omprises of two sets of indicators: one indicating the availability 

evel of EWF resources with respect to the three energy, water and 

ood sectors, and the other indicating accessibility of population 

o resources at the household level. The two sub-indicators were 

omputed individually within the EWF and household sectors. This 

roposed composite index could be used to evaluate the resilience 

f EWF systems against disturbances in the context of high energy, 

ater and food accessibility and availability. 

.2. Food sector - dairy farms 

Globally, dairy farming considered as one of the critical leading 

ndustries within food sectors. However, they are responsible 

or a significant proportion of land use, water consumption and 

nvironmental burdens including nutrient losses and pollution 

missions to the air and water. Due to the growing demands 

or dairy products, the energy consumption in dairy farming has 

ncreased significantly over the past 20 years ( World Livestock 

011, 2011 ). Furthermore, roughly 2,128 Mt CO 2 per year are 

mitted by dairy production, which is approximately 5% of global 

nthropogenic emissions ( Burke et al., 2009 ). The environmental 

urdens will continue to increase due to the continuous demand 

or dairy products, unless the efficiency of dairy production are to 

e improved ( Steinfeld & Gerber, 2010 ). Frorip et al., (2012) proved

hat energy conversion is poor in livestock production, due to 

he fact that when crops are fed to livestock, a huge amount of 

nergy is consumed on maintaining body metabolism and only 

 small energy share is utilised for meat and milk production. 

ccordingly, Hosseinzadeh-Bandbafha et al., (2018) utilised the 

ata envelopment analysis (DEA) technique to assess energy flow 

nd analyse wasted energy in order to achieve higher energy 

fficiency and less GHG emission in a dairy farm. 

Besides the effect of volatility in milk prices, the environmen- 

al issues associated with livestock and dairy activities, the pro- 

essing of milk and the management of agricultural waste and 

anure cannot be ignored or overlooked. The challenges range 

rom energy usage and consumption, water and land footprints, 

missions of greenhouse gases (GHGs), runoff of nutrients and 
3 
ost opportunities to recover resources. Recently, ( Luqman and Al- 

nsari, 2021 ) proposed a novel polygeneration system that func- 

ioned using the various types of dairy farm wastes in an inte- 

rated manner such as, manure, wastewater and the very low con- 

entration of produced methane from the barns. The proposed sys- 

em is also equipped with a hydrogen cycle that tackles the soci- 

tal issues related to reusing the wastewater. with an overall en- 

rgy efficiency computed to be 35.2% 

In terms of assessment, Mann & Gazzarin (2004) indicated that 

ife cycle assessment along with economic business indicators can 

e combined in a single assessment and used to assess the sustain- 

bility of dairy farms. Similarly, Gonzalez-Mejia et al., (2018) illus- 

rated a comprehensive trends analysis to evaluate the sustainabil- 

ty of agricultural intensification and sufficiently capture hetero- 

eneity within farm operations. The method considered 16 indica- 

ors related to farm structure, environmental and socio-economic 

spects of sustainability, which was integrated with the compre- 

ensive clustering-based method. Two main clusters were defined: 

xtensive and intensive clusters. Extensive farms cluster depends 

n expansion of grass-based milk production, with lower milk 

ields and labour intensity. However, intensive farms cluster focus 

n higher milk production per cow and less labour per hectare. 

hus, this indicated that the extensive cluster intensifies slightly 

aster than the intensive cluster, in terms of milk yield per cow 

nd concentrate feed usage. 

Many studies proved that the dairy production system is de- 

igned to improve the management systems across various compo- 

ents, in order to support the future dairying in line with ecologi- 

al and evolving socio-economic dimensions. Recently, Patel et al., 

2019) categorised the dairy production system in India based on 

ts functional dynamism using a composite index of dairy produc- 

ion system. The composite index was established by means of the 

rincipal component analysis and based on the optimal combina- 

ion of 26 indicators. Twenty states in India with high contribu- 

ion to the overall milk production were selected and divided into 

hree groups, namely, dynamic, transient and subsistence dairy 

roduction systems. From a water resource perspective, the con- 

umption of freshwater within livestock sectors and animal agri- 

ulture in many countries is considered an important factor when 

ssessing water environmental sustainability ( Ridoutt et al., 2012 ). 

ence, A Kumar et al., (2013) addressed the importance of resolv- 

ng inter-state disparity with an adequate planning and strategies 

o meet growing demand of milk. Thus, minimising the resolving 

nter-state disparity in milk production can be achieved by consid- 

ring all components within dairy sector as a system. Utilising the 

ystem approach will provide a cohesive vision and direction for 

he dairy sector. As such, Upton et al., (2014) proposed a compre- 

ensive and efficient model of calculating overall energy and water 

onsumption in a dairy farm, through replacing large mathematical 

odels with a much small numbers representing predicted yields, 

hich is empirically derived coefficients, thus allowing energy and 

ater consumption values to be easily estimated. In order to im- 

rove the performance of food systems with regard to production, 

perations or supply chains, mathematical modelling and optimi- 

ation have been mostly used. This approach is especially essen- 

ial in complex dairy systems, which involves human, livestock and 

attle, housing, food and feed, climate, water and other compo- 

ents. Although all of these components must be understood and 

nalysed individually, it’s equally important to understand their in- 

eraction on a system level ( Patel et al., 2019 ). 

.3. Study objectives 

Studies on the EWF nexus thus far have focused on the EWF 

exus system to study issues related to food security, through ap- 

lying indicator-based assessments, or mathematical approaches to 
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Fig. 1. Nexus Node Identification and Assessment Methodology. 

Table 1 

The classification of dairy and agricultural industries. 

Dairy Node Fodder Node Combined/Mixed Node 

(Dairy and Fodder) 

Ghadeer Irkhaya Farm Al Rawdah 

Mazzraty Farm Baladna 

Hassad Qatar 

Al Dawoudiya Farm 

r

v

2

r  

g

o

I

t

a

a

t

n

w

c

2

P

v

i

v

s

b

a

1

a

F

f

g

T

b

t

nhance EWF system without an integrated approach that consid- 

rs the geospatial component. Going forward, it is important to 

evelop food security strategies that are resilient and sustainable 

cross all dimensions in terms of the management of interdepen- 

ent EWF resources. Despite multiple use of optimisation methods 

n dairy farm management and production systems considering the 

nterlinkages between EWF resources, there is no EWF analyses of 

airy production using geospatial optimisation with an energy and 

ater risk factors components that has an impact diary production 

re available in the literature. As such, this study addresses these 

aps by expanding on recent work reported by Haji et al. (2020) , 

y integrating a geospatial computational modelling and optimi- 

ation approach along with the nexus node for a Qatar study. The 

enefit behind expanding the geospatial nexus approach developed 

y the authors, will aid in supporting the decision-making for re- 

ource management in risky environments, optimally allocate vari- 

us resources and reduce the impact of endogenous and exogenous 

isk factors, thereby enhancing the resilience of EWF systems on a 

ational level as demonstrated for the Qatar case study. 

.4. Qatar case study 

Food security will remain a challenge, especially for Middle 

astern countries and those in the Gulf Cooperation Council (GCC) 

or which the State of Qatar is a part of, since the annual GDP 

rowth rate and per capita income is expected to increase from 

.5% up to 3.6% during 2018-2021 ( The World Bank, 2020 ). In this

egard, Latif & Kodzhakova (1970) discussed that while Gulf coun- 

ries have a steady growth within the economic indicators with a 

igher GDP growth rate than world average, and significant im- 

rovement in the world economic positions, the question of food 

ecurity remains critical and very severe in these regions. Pirani & 

rafat (2016) stipulated that GCC countries will continue import- 

ng the majority of food due to the fact that local production is 

ot feasible and cannot be produced locally. 

The State of Qatar is one of the richest countries in the GCC 

nd in the world with a high GDP per capita at 183,466 Bil- 

ion USD in 2019 ( The World Bank, 2020 ). Although it’s one of

he poorest countries with respect to natural water resources 

 FAO, 2019 ). Furthermore, Qatar has historically relied heavily on 

ood imports to meet local demand. As such it is vulnerable to 

upply shocks and disruptions in imports. In 2010, the produc- 

ion of milk and dairy product in Qatar was approximately 35,300 

ons. However, the production volume increasing to 58,500 tons 

n 2013. Since 2017, Qatar has taken numerous measures to pro- 

ote and encourage higher domestic production with the aim 

f reducing reliance on dairy imports, creating a 100 % self- 

ufficient milk sector ( Online Qatar, 2019 ), by allocating 62,0 0 0 

quare metres for a major dairy project and 500 hectares of land 

o sustain livestock welfare for the development of fodder (Mor- 

or Intelligence, 2020 ). Managing food security in Qatar across var- 

ous groups requires effective decision making to address envi- 

onmental challenges (e.g. environmental footprints and resource 

carcity), trade disruptions, and health challenges (e.g. overweight 

nd untransmissible diseases). Moreover, population growth, im- 

rovement in the living standards, rapid urbanisation and eco- 

omic development have increased pressures on Qatar’s scarce 

atural resources ( Grichting, 2017 ), which need to be accounted for 

n risk assessment and food security planning. Hence, by operat- 

ng geospatial information related to the dairy farms or any other 

WF systems for the State of Qatar, while integrating this infor- 

ation with a unique composite indicator to reflect overall system 

erformance, which will allow decision makers to: identify speci- 

ed areas that perform better than others from a risk perspective; 

erform further optimization and enhance the overall EWF system 
4 
esilience; and eventually enhance food security whilst limiting en- 

ironmental impact in challenging environments. 

. Methodology 

This study will follow an enhanced version of the methodology 

eported by Haji et al. (2020) as illustrated in Fig. 1 , in which a

eospatial optimisation will be performed to identify and propose 

ptimal locations to enhance the overall resilience of EWF system. 

t focuses on the local and most known Qatari dairies businesses 

hat support the Qatar vision, which includes Baladna, Al Rawdah 

nd Ghadeer dairy farms. Moreover, Hassad Qatar, Al-Dawoudiya 

nd Mazzraty farms are considered in this study as a fodder farms 

hat can potentially supply Rhodes to the dairy farms. Two sce- 

arios will be run using the nodal approach to explore the change 

ithin risk factor for the dairy and fodder industries. The classifi- 

ation of industries/farms are illustrated in Table 1 . 

.1. The implementation composite risk indicators using AHP method 

The analysis is initiated by conducting an Analytical Hierarchy 

rocess (AHP) to assign weights that denote the significancy of 

arious risk factors and hence create the composite geospatial risk 

ndicators. The evaluation process begins by listing all the indi- 

idual indicators and then to perform a pairs comparison of each 

ingle indicators for the specified target. The comparison is made 

y categorising which of the paired indicators is favourably critical 

nd by how much, which is expressed on a semantic scale from 

 to 9. The AHP is applied on three different nodes; dairy, fodder 

nd combined/mixed (combination between dairy and fodder). 

or dairy farms, there is 15 pairwise comparisons for the six risk 

actors. The risk factors are: temperature, humidity, solar radiation, 

roundwater depth, groundwater salinity and groundwater pH. In 

able 2 the factors that are listed on the left are compared one 

y one with each factor listed on the top so in order to compute 

he importance of each factor with respect to the goal of selecting 
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Table 2 

Pairwise comparison matrix for Dairy Farm of the six risk factors. 

C j C i Temperature Humidity Solar Radiation Groundwater Depth Groundwater Salinity Groundwater pH 

Temperature 1.00 2.00 1.50 0.67 1.75 1.75 

Humidity 0.50 1.00 0.56 0.33 0.33 0.33 

Solar Radiation 0.67 1.80 1.00 0.50 0.33 0.33 

Groundwater Depth 1.50 3.00 2.00 1.00 0.67 0.67 

Groundwater Salinity 0.57 3.00 3.00 1.50 1.00 1.00 

Groundwater pH 0.57 3.00 3.00 1.50 1.00 1.00 

Sum 4.81 13.80 11.06 5.50 5.08 5.08 

Table 3 

Risk level of existing nodes. 

Farm Name Node Type X Coordinates Y Coordinates Risk in Summer Risk Level 

Ghadeer Dairy 51.181986 25.355111 33 Very High 

Al Rawdah Mix 51.181986 25.272749 35 Very High 

Baladna Mix 51.406609 25.699533 22 Low 

Irkhaya Fodder 51.140805 25.003202 205 Medium 

Hassad Qatar Fodder 51.159524 25.040639 230 Medium 

Al Dawoudiya Fodder 51.047212 25.040639 239 Medium 

Mazzraty Fodder 51.2433264 25.6541399 137 Very Low 
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ighly risk farm. Thus, the prioritisation of each individual risk 

actor or indicator are obtained from analysis. 

The same procedures are applied to the fodder and combined 

arms cases. However, there are other risk factors related to the 

mount of mineral concentration within the soil are studied. Thus, 

6 pairwise comparisons are performed for the nine risk factors 

or fodder and combined farms, as illustrated in Table A1 and 

able A2 ( Appendix A ) respectively. 

Using the Consistency Index (CI) and Consistency Rate equa- 

ions (CR) with a Random Consistency Index (RI) originated from 

aaty (1980) , it was then possible to evaluate matrix consistency 

nd verify all assumptions made during analysis. For the dairy 

arm, the pairwise comparison is applied on six factors, thus the 

I = 1.24. However, nine factors are used to represent the risk in 

odder and mix farm, hence RI = 1.45 

.2. Linear programming optimisation framework for EWF Nexus 

The final step in this study is to perform a simple linear pro- 

ramming optimisation on the composite geospatial risk map for 

he both dairy and fodder farms. This technique simply consists of 

 linear objective function consisting of a certain number of vari- 

bles, which is to be maximised or minimised to determine op- 

imal solutions by adjusting decision variables depending on the 

pecific number of constraints, where the constraints are linear 

qualities or inequalities of the variables used in the objective 

unction. 

To this point, the current state of existing nodes (three dairy 

arms and four fodder farms) has been detailed and analysed. Thus, 

he primary purpose of the optimisation is to minimise the risk of 

xisting nodes located in high-risk areas. Table 3 illustrates that 

 out of 7 existing nodes are located in a high-risk area, this in-

ludes, Ghadeer and Al Rawdah as a dairy farm, Irkhaya, Hassad 

nd Al Dawoudiya as a fodder farm. The location of dairy and fod- 

er nodes is demonstrated in Fig. 2 (a) and Fig. 2 (b) respectively. 

The geospatial optimisation can be achieved from two perspec- 

ives; either to perform optimisation for existing nodes without in- 

roducing a new EWF node, or by introducing a new EWF node 

o reduce the risk of an existing node. The first option is not an

fficient approach, as it is redundant to introduce and invest in 

ew technology without considering the EWF nexus perspective 

nd benefiting from the enhanced food production. Hence, the only 

ption is to invest in a new mix farm (dairy and fodder), where a 

esalination plant can be installed within a farm; for the purpose 
5 
f reducing the salinity of pumped groundwater at a new location. 

n the dairy and fodder farms, water and soil factors are the key 

riggers for risk level variation. However, weather factors such as 

emperature, humidity and solar radiation have very minimum im- 

acts on the dairy farm. 

The first step in the optimisation is to identify candidate lo- 

ations that will minimise the overall risk of five existing nodes 

ith minimum operating costs. To do so, a process consisting of 

hree main steps is applied. First, a Sample tool from the Extraction 

oolset under Spatial Analyst Toolbox in ArcGIS is used to create a 

ingle raster map with data from multiple rasters, this includes all 

asters. The output map is demonstrated in Appendix C (a) and (d) 

or dairy and fodder farms respectively, where multiple rasters are 

onverted into 72812 small cells. Thus, the value of each risk fac- 

or at each cell (location) can be extracted in a table format easily. 

he second step is to allocate random nodes on Qatar Map using 

rcGIS as illustrated in Appendix C (b) and (e) for dairy and fodder 

arms respectively. The purpose of this step is to generate limited 

ample points that can be used for a further process within opti- 

isation. The 72,812 points generated in the previous step are ex- 

remely large and cannot be used to run the optimisation problem 

ithin an Excel-based Binary Linear Programming Solver. Since the 

revious sample points have ‘no data’, then finding the intersec- 

ion between two maps (raster and sample) is essential. Hence, 

he last tool which is the Intersect tool from Overlay toolset under 

nalysis Toolbox is used. The Intersect tool computes a geomet- 

ic intersection within input features (layers or maps), in which all 

verlapped layers will be written to the output map as illustrated 

ppendix C (c) and (f). Thus, 100 random nodes are generated from 

he Intersect tool having values for each risk factor, which will be 

sed to define objective function and constraints in optimisation 

roblem. 

.2.1. Objective function and decision variables 

The objective of this optimisation is to allocate a new EWF node 

t an optimal location, which will operate at minimum cost, whilst 

inimising the risk of existing nodes specially the ones located 

t high-risk area. Hence, three main cost components are consid- 

red in this case study. The first component is the cost to transport 

roundwater from new to existing EWF nodes. The second compo- 

ent is the cost associated with pumping groundwater to the sur- 

ace, and the last component is the cost of desalinating pumped 

ater having certain groundwater salinity. The decision variables 

omprise of 3 parameters, including the transportation (1 decision 
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Fig. 2. Location of existing nodes located at high-risk area. 
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ariable) and the groundwater (2 decision variables) parts, which 

re elaborated below. The optimal decisions of the selected vari- 

bles will minimise the operating cost of the new node locating at 

he optimal location and overall risk of existing nodes. The mathe- 

atical formulation for the optimisation model is presented in the 

ollowing section, where spatial (distance) and economic related 

ata are used to run the optimisation model, along with weights 

ssociated with each risk factor is described in Appendix E . 

Since the optimisation process involves many decision variables 

nd various calculation steps; then, a computer model such as 

xcel-based Binary Linear Programming Solver is valuable in per- 

orming these steps, and to solve the optimisation formulation by 

nsuring that all functions and variables are sufficiently expressed, 

ncluding the binary constraint on the decision variables. As for the 

patial and temporal scales, the model developed will vary under 

arious geographical characteristics and will differ over different 

easons. In this study, the optimisation model is applied for hydro- 

onic greenhouses distributed within the State of Qatar for Sum- 

er season data. 

.2.2. 1Mathematical formulation 

The following model formulation provides the basis for optimi- 

ation, and the description of each can be found in Appendix D . 

in 

{ 

100 ∑ 

i =1 

n ∑ 

j=1 

d i j C T x i + 

100 ∑ 

i =1 

D p i C P x i + 

100 ∑ 

i =1 

S i C D x i 

} 

(1) 

.t. 

100 
 

i =1 

x i 
(
w s S i + w ph p H i + w rr R R i + w d D p i + w t T i + w h H i + w sr S R i 

)
≤ C n 1 (2) 

100 
 

i =1 

x i 
(
w s S i + w ph p H i + w rr R R i + w d D p i 

)
+ w t T 1 + w h H 1 + w sr S R 1 ≤ C n 2

(3) 
6 
100 
 

i =1 

x i 
(
w s S i + w ph p H i + w rr R R i + w d D p i 

)
+ w t T 2 + w h H 2 + w sr S R 2 ≤ C n 3 

(4) 

100 
 

i =1 

x i 
(
w s S i + w ph p H i + w rr R R i + w d D p i 

)
+ w t T 3 + w h H 3 + w sr S R 3 ≤ C n 4 

(5) 

100 
 

i =1 

x i = 1 (6) 

 i j , D p i , S i , x i ≥ 0 (7) 

here, Eq. (1) is the total operating cost objective function based 

n inter-nodal distance and groundwater characteristics for the 

ew EWF node that will supply the required water demands to 

he existing EWF nodes; Eq. (2) constrains the new EWF node lo- 

ation in order to select a low risk location with an AHP value 

ess than 22 and 194, for dairy and fodder node scenarios, respec- 

ively; Eq. (3) constrains the new EWF node location such that it 

ould minimise the risks for the existing nodes - thus, reducing 

igh AHP value of ‘Al Safwa Farm’ node to a value less than 28.91; 

q. (4) constraints the new EWF node location such that it would 

inimise the risks for the existing nodes - thus, reducing high AHP 

alue of ‘Global Farm’ node to a value less than 22.60; Eq. (5) con-

traints the new EWF node location such that it would minimise 

he risks for the existing node - thus, reducing high AHP value of 

GRICO Farm to a value less than 24.29; Eq. (6) ensures the selec- 

ion of a single location for the new EWF node; and Eq. (7) ensures

hat all decision variables must be non-negative. Additionally, the 

ight-hand side of the constraints (Cn) are calculated as the com- 

osite risk indicator, based on the AHP method, that represents the 

isk level of the existing nodes. 
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Table 4 

Desalination costs for RO desalination process for various capacities 

Loutatidou & Arafat (2015) . 

Reverse Osmosis (RO) – Brackish Water 

Capacity of desalination plan (m 

3 /day) Desalination cost (US $/m 

3 ) 

Less than 20 5.63 – 12.9 

20 - 1200 0.78 – 1.33 

40,000 – 46,000 0.26 – 0.54 
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.2.3. Optimisation model data and parameters 

The optimisation begins with initialisation of the database, in- 

luding the distance and cost matrix between new and existing 

WF nodes, the groundwater salinity value and cost associated 

o desalinate such salinity level, in addition to the groundwater 

epth value along with the cost associated with pumping ground- 

ater. It is then followed by the simulation steps to calculate the 

perating cost of the initial data. If there is a possibility to im- 

rove the results, it will automatically alter the model parameters 

 d i j , D p i , S i ) and decision variables ( x i ) and recalculate the ob-

ective functions (operational cost). The calculation process within 

ptimisation module will be iterated through changing the deci- 

ion variables ( x i ) until the minimum (optimal) operational costs 

re obtained. As per Loutatidou & Arafat (2015) , desalination costs 

epend on several factors that comprise the desalination process, 

nergy source, operation and maintenance costs. Table 4 illustrates 

he desalination cost for RO desalination processes at different ca- 

acities. In general, desalination costs decrease with increasing ca- 

acity. 

The calculation for the new RO desalination plant capacity was 

ased on the estimated water requirements and consumption by 

airy cattle as summarised in Appendix G by Ministry of Agricul- 

ure Food and Rural Affairs (2019) , and by assuming that approx- 

mately around 15% of the milking-age cows presented on a dairy 

arm could be considered dry cows. Moreover, the water consumed 

aily by different categories of sheep range from 4.0-11.4 L/day. 

At the time of writing, Baladna consists of 10,0 0 0 Milking 

ows, 5,0 0 0 Goats, and 40,0 0 0 Awassi Sheep, in addition to the

,0 0 0 new cattle that were further introduced to the Baladna 

arm i ( Schroeder, 2017 ). Al Rawdah dairy farmhouses around 

0 0 0 Holstein Friesian cows ( Almahadairy, 2014 ), and Ghadeer 

airy farm has a capacity of 20 0 0 heads of Holstein cows 

 Ghadeerdairy, 2020 ). Thus, the total water requirements for the 

hree dairy farms will range from 2,698,0 0 0 to 3,409,0 0 0 L/day

2698-3409 m 

3 /day). For the Rhodes/Fodder farms, studies showed 

hat Rhodes consumes high amounts of water for its production 

anging from 35,0 0 0 – 45,0 0 0 m 

3 /ha/year ( Patil et al., 2014 ). Hence

he overall approximate water consumption for the four fodder 

arms based on their estimated farm size is summarized in Table 5 . 

According to the Annual UAE Food Industry Report (2017) , 

hodes grasses are excellent alternatives for sustainable forage 

roduction in salt-affected areas which can be integrated in a 

orage–livestock systems, especially in environments with a low 

oil quality and limited water resources. Thus, the new RO plant 

ill be only based on the water consumed by dairy farms with an 
Table 5 

Water consumption for the four fodder farms. 

Fodder Farm Area (ha) Water consumptio

Irkhaya 1102 38,570,000 - 49,59

Hassad Qatar 1122 39,270,000 -50,49

Al Dawoudiya 1139 39,865,000 - 51,25

Mazzraty 356 12,460,000 - 16,02

Total Water Consumption 130,165,000 - 167

7 
pproximate unit size of 4,0 0 0 m3/day, in order to satisfy the three 

xisting dairy farm water requirements. However, by considering 

ew EWF node water requirements satisfaction, the total capacity 

f the new RO plant is assumed to be 14,0 0 0 m 

3 /day. 

Desalination of brackish water requires large quantities of en- 

rgy, where often the energy input is based on fossil fuels. The 

onsumption of electrical energy for RO desalination with a unit 

ize of 14,0 0 0 m 

3 /day is nearly 2.10 kWh/m 

3 for brackish water 

ith a salinity of approximately 50 0 0 ppm ( Manju & Sagar, 2017 ).

oting that the groundwater salinity in Qatar varies between 

206.12 and 5639.81 ppm, and the subsequent energy required in 

rder to desalinate using RO desalination will range from 0.93 to 

.37 kWh/m 

3 . Hence, the cost of desalinating groundwater using 

O desalination process is approximately between 1467.12 $ and 

588 $, as illustrated in Table 4 ; where the rate associated with 

lectricity consumption for productive farms in the State of Qatar 

s 1.68 QAR/kWh (0.46 $/kWh) ( KAHRAMAA, 2020 ). 

The other cost component in the objective function is the trans- 

ortation cost. A previous study demonstrated that approximate 

ost is 0.061 $/m 

3 per 100 km to transport water, thus it is equiv-

lents to 0.0 0 061 $/m 

3 /km ( Zhou & Tol, 2005 ). The distance be-

ween the new node (i) and existing node (j) is calculated using 

he following Distance Formula: 

 = 

√ (
x coordinat e j − x coordinat e i 

)2 + 

(
y coordinat e j − y coordinat e i 

)2 

Therefore, using the Distance Matrix, the total cost required 

o transport groundwater from new to an existing node is gener- 

ted ( Appendix E ). Lastly, the operating cost of lifting groundwater 

o the surface using an electrical motor is 0.1780 $/kWh, where 

.725 kWh is required for pumping groundwater per each meter 

 Robinson, 2002 ). Thus, the groundwater pumping costs at various 

ocations for dairy farms are illustrated in Appendix F . The same 

rocedures are applied for fodder farms. Ultimately, all the pre- 

ious data for the minimisation of the objective function and set 

f constraints required to perform and solve binary optimisation 

odel are achieved by using Excel-based Binary Linear Program- 

ing Solver linear. 

. Results and discussion 

The methodology presented in this study is applied to a case 

tudy that encompasses dairy farms, fodder farms and the combi- 

ation of both farms in Qatar. Nine risk factors comprising from 

eather, soil and groundwater factors were selected to perform 

he AHP method for fodder and mix nodes. However, the soil fac- 

ors are eliminated from the analysis in the case of dairy node, as 

he soil does not have any impact on animals nor dairies. Thus, 

he results in the below sections will cover and demonstrate the 

wo main study’s outcomes, including composite indicators and 

he liner optimisation for the three nodes types 

.1. Composite risk indicator 

Based on the results summarised in Table 8, temperature and 

roundwater quality have the highest impact on dairy farm, with 
n (m 

3 /yr.) Water consumption (m 

3 /day) 

0,000 105,671 - 135,863 

0,000 107,589 - 138,329 

5,000 109,219 - 140,425 

0,000 34,137 - 43,890 

,355,000 356,616 - 458,507 
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Table 6 

Relative weight and importance percentage of five risk factors on a dairy farm. 

Ranking Factor Principal Eigen Vector (Weight) Importance Percentage 

1 Temperature 0.21638 21.638% 

2 Groundwater Salinity 0.21229 21.229% 

2 Groundwater pH 0.21229 21.229% 

3 Groundwater Depth 0.19238 19.238% 

4 Solar Radiation 0.09693 9.693% 

5 Humidity 0.06974 6.974% 

Fig. 3. Location of combined farms in the State of Qatar on the (a) dairy and (b) fodder geospatial risk map. 

Fig. 4. The location of selected EWF node (optimal) corresponding to (a) 28 potential nodes (b) and (c) 100 potential nodes 

8 
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Table 7 

comparison of AHP risk value for existing nodes before and after the application of optimi- 

sation. 

EWF Node AHP Risk Value (Summer) 

before Optimisation 

AHP Risk Value (Summer) 

after Optimisation 

Hydroponic Greenhouse 

New EWF Node - 13.09390 (very low) 

Al Safwa Farm 28.9100 (very high) 10.1194 (very low) 

Global Farm 22.6039 (high) 10.10737 (very low) 

Agrico Farm 24.2957 (high) 10.01826 (very low) 

Dairy and Mix Nodes 

New EWF Node - 21 (low) 

Ghadeer Dairy 33 (very high) 17.308 (very low) 

Al Rawdah Dairy 35 (very high) 14.529 (very low) 

Fodder Nodes 

New EWF Node - 80 (very low) 

Irkhaya Farm 205 (medium) 16.817 (very low) 

Hassad Qatar 230 (medium) 16.820 (very low) 

Al Dawoudiya 239 (medium) 16.811 (very low) 

Fig. 5. The optimal location of proposed EWF node with respect to (a) hydroponic greenhouse map (b) dairy risk map and (c) fodder risk map. 
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 percentage of 21.6% and 21.2% respectively. These results indicate 

hat having a facility that is not fully controlled for breeding the 

airy livestock, will be exposed to a reduction in the feed intake, 

ilk production and livestock fertility, which is mainly due to the 

arsh weather conditions and high heat stress. In dairy farming, 

here the ambient temperature and humidity goes above animal 

pecific thresholds, heat stress in cows will occur. It is well known 

hat lactating cows initially respond to slight heat stress through 

weating, panting, drinking more, and seeking shade when possi- 

le. Thus, cows at higher temperatures eat less feed, which in turn 

ill lead to a reduction within milk production. Consequently, it’s 

ssential to use a modelled temperature projection when planning 

ew structures, enhance the cooling capacity of existing barns or 

ven adapts simple methods, such as the providing shade and in- 

tall fans along with water misting systems to protect the welfare 

f the animals and minimise the economic losses from heat stress. 
9 
owever, in terms of water quality, dairy cattle need free access to 

uality and clean water source for optimal milk production. Gen- 

rally, water salinity below 3,0 0 0 ppm is considered safe for dairy 

ows, though its preferable to have water salinity below 10 0 0 ppm 

o avoid any possible temporary diarrhoea to the cows and animals 

 National Research Council, 2001 ). 

In the case of fodder in Qatar, since they are grown and pro- 

uced on an open field, it will be exposed to harsh weather condi- 

ions and will have a high risk of losing the harvest, whichmakes 

t more challenging in managing the risk of weaker yield. However, 

n combined farms, groundwater and soil quality factors have the 

ighest impact on this type of farming. A study by the National Re- 

earch Council (2001) proved that the excessive minerals in wa- 

er can affect the availability of other dietary nutrients, which can 

ontribute to digestive, health and performance problems. As such, 

he maximum acceptable concentration of Arsenic (As) is 0.05 ppm 
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or cows. The ranks associated with all the risk factors that have 

he highest impact on fodder and combined farms are illustrated 

n Appendix B . 

The final step in the implementation of the composite indica- 

or is to validate assumptions made during the AHP method. This 

an be achieved by calculating the Consistency Index (CI) and Con- 

istency Ratio (CR) for dairy, fodder and combined farms. In this 

tudy, the CR is estimated to be 4.7%, 2.0% and 5.2% respectively. 

ased on the literature, the CR should be less than 10%, hence all 

ssumptions made validated the literature and the inconsistency 

ithin our subjective judgments is acceptable. 

When overlaying the locations of the two combined farms on 

he dairy and fodder risk maps as shown in Fig. 3 , the following

an be realized; the fodder part inside Baladna and Al Rawdha 

arms are expected to be located in low-risk areas (green areas) 

hich could be due to the accepted groundwater quality level at 

hose locations. However, the dairy part in Al Rawdah farm will 

e situated in a high-risk area (red areas), this is mainly due to 

he fact that Al Rawdah farm is located in the center of Qatar 

ith a higher temperature, which will have an impact on the dairy 

ilk production. Eventually, this comparison demonstrates that it 

s highly essential to consider and balance all factors when having 

ombined farms. 

.2. Geospatial optimisation model application 

Finally, a simple linear optimisation is conducted to determine 

he optimal location for the new EWF node to be allocated and 

stablished. Noting that the chosen/optimal location will minimise 

he risk of existing EWF nodes whilst operating at minimal oper- 

ting costs. Hence, in this study, two scenarios will be conducted 

o illustrate the feasibility and capability of the geospatial optimi- 

ation model to be applied on various food systems. The first sce- 

ario is the hydroponic greenhouses, and the geospatial risk map is 

aken from recent work reported by Haji et al. (2020) . The second 

cenario is our current dairy and fodder farms, where both cases 

epresent the Food Nexus, and water is the core factor that affects 

he overall efficiency and AHP risk level. Thus, the objective of the 

ptimisation is to identify a location for new EWF nodes, with bet- 

er water quality; in order to reduce the operational cost, such as 

he cost of pumping and desalinating groundwater, and hence sup- 

ly good water quality to existing EWF node to reduce their overall 

isk. Fig. 4 (a) illustrates the optimal node with respect to 28 po- 

ential nodes, while Fig. 4 (b) and (c) with respect to 100 potential 

odes. Although the potential EWF nodes are distributed randomly, 

ncluding high-risk areas, the four constraints assigned to the opti- 

isation model contributed to enhancing its ability to select opti- 

al EWF nodes located at low-risk areas with better groundwater 

uality. 

Moreover, outcomes from the linear programming optimisa- 

ion validated the trade-offs between cost components. Though, 

he location of the new node (north-east) for both scenarios is 

lightly far from most of the existing nodes, which implies a larger 

ransportation cost. However, the location with better groundwater 

alinity and less depth is selected. Hence, the results summarised 

n Table 7 demonstrates that through the allocation of a new node 

n an optimal location ( Fig. 4 ) the risk of existing nodes decreased

remendously. Initially, Ghadeer dairy, Al Rawdah dairy, Al Sawfa 

arm, Global farm and Agrico farm are located in very high- and 

igh- risk areas, where Irkhaya, Hassad Qatar and Al Dawoudiya 
10 
odder farms are located in slightly less risk areas in which all of 

hem indicating poor water qualities with an AHP risk value of 28, 

2, 24 and 33, 35 and 205, 230, 239 for hydroponic greenhouse, 

airy and fodder farms respectively. However, with the allocation 

f a new EWF nexus node to be the main source of water sup- 

ly, the risk level reduces tremendously to approximately less than 

7 for all eight existing nodes. Therefore, the optimisation result 

roves the necessity to use groundwater with improved qualities 

ithin EWF nodes. 

. Conclusion 

Farming systems are threatened by a large number of envi- 

onmental, social, economic and institutional problems. Qatar and 

any other countries worldwide are intensifying their food pro- 

uction as a driver for achieving food security. Accordingly, the 

exus approach to efficiently manage various resource become 

ighly essential especially due to the increase in resource uncer- 

ainties across energy, water and food sectors. Thus, the enhanced 

WF nexus nodal method was applied to represent various farm- 

ng industries having different characteristics. The study imple- 

ented a simple linear optimisation model for the sake of intro- 

ucing a new EWF node that will reduce the AHP risk level of 

xisting EWF nodes. The study considered both dairy and fodder 

arms in Qatar, and the generated composite geospatial risk indi- 

ator map demonstrated that five out of seven EWF nodes are lo- 

ated at medium to high-risk areas. The objective function of the 

ptimisation model accounts for three cost components; the cost 

f groundwater transportation, pumping and desalination. Hence, 

y running the optimisation model into an Excel-based Binary Lin- 

ar Programming Solver, a location in the north-east of Qatar was 

elected as an optimal location in order to allocate the new EWF 

ode, which will operate at the least cost and at the same time 

educes the AHP risk of five existing nodes. In conclusion, this 

tudy provides a promising approach for defining nodes that per- 

orm better under methodological risk, hence opening up the way 

or deeper decision-making with the view to lower the effect of 

isk factors, thus improving the resilience of EWF systems.Future 

ork should evaluate various node categories, by including other 

ndustries, for example: energy centric or water centric system, 

nd analyse nodes with different performance metrics, e.g. cost. In 

ddition, improve the geospatial optimisation model illustrated in 

he current study to include further uncertainties and limitations 

uch as climatic conditions. Also, enhance the optimisation model 

o reflect all EWF related costs and emissions in Qatar. Finally, per- 

orm a sensitivity analysis study to measure the impact of fluctua- 

ions in optimisation model parameters on the performance of the 

verall EWF node. Figs. 5 , 6 
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A ment 

ty Soil Quality 

(Fe) 

Groundwater 

Depth 

Groundwater 

Recharge Rate 

Groundwater 

Salinity 

Groundwater 

pH 

3.00 2.00 3.00 1.50 2.00 

3.00 0.67 3.00 0.50 0.50 

3.00 2.00 3.00 2.00 2.00 

3.00 1.50 3.00 1.00 1.00 

1.00 0.33 1.00 0.33 0.33 

3.00 1.00 3.00 0.80 0.80 

1.00 0.33 1.00 0.33 0.33 

3.00 1.25 3.00 1.00 1.00 

3.00 1.25 3.00 1.00 1.00 

23.00 10.33 23.00 8.47 8.97 

ty Soil Quality 

(Fe) 

Groundwater 

Depth 

Groundwater 

Recharge Rate 

Groundwater 

Salinity 

Groundwater 

pH 

3.00 0.50 3.00 0.50 0.40 

3.00 0.50 3.00 0.33 0.50 

3.00 0.50 3.00 0.33 0.50 

3.00 0.50 3.00 0.67 0.50 

1.00 0.33 1.00 0.33 0.33 

3.00 1.00 3.00 0.50 0.80 

1.00 0.33 1.00 0.33 0.33 

3.00 2.00 3.00 1.00 1.25 

3.00 1.25 3.00 0.80 1.00 

23.00 6.92 23.00 4.80 5.62 

A ed from AHP method 

 risk factors in a fodder farm. 

ipal Eigen Vector (Weight) Importance Percentage 

275 18.275% 

901 17.901% 

498 12.498% 

229 12.229% 

871 11.871% 

225 10.225% 

457 8.457% 

271 4.271% 

271 4.271% 

 risk factors in a combined farm. 

ipal Eigen Vector (Weight) Importance Percentage 

329 19.329% 

834 16.834% 

852 14.852% 

997 13.997% 

865 9.865% 

384 9.384% 

338 7.338% 

200 4.200% 

200 4.200% 
ppendix A. Thomas Saaty’s values used in AHP method develop

Table A1, A2 

Table A1 

Pairwise comparison matrix for Fodder Farm of the nine risk factors. 

C j C i Temperature Humidity Solar 

Radiation 

Soil Quali

(As) 

Temperature 1.00 2.00 1.50 1.50 

Humidity 0.50 1.00 0.50 0.50 

Solar Radiation 0.67 2.00 1.00 2.00 

Soil Quality (As) 0.67 2.00 0.50 1.00 

Soil Quality (Fe) 0.33 0.33 0.33 0.33 

Groundwater Depth 0.50 1.50 0.50 0.67 

Groundwater Recharge 

Rate 

0.33 0.33 0.33 0.33 

Groundwater Salinity 0.67 2.00 0.50 1.00 

Groundwater pH 0.50 2.00 0.50 1.00 

Sum 5.17 13.17 5.67 8.33 

Table A2 

Pairwise comparison matrix for Combined Farm of the nine risk factors. 

C j C i Temperature Humidity Solar 

Radiation 

Soil Quali

(As) 

Temperature 1.00 2.00 1.50 0.50 

Humidity 0.50 1.00 0.33 0.33 

Solar Radiation 0.67 3.00 1.00 0.33 

Soil Quality (As) 2.00 3.00 3.00 1.00 

Soil Quality (Fe) 0.33 0.33 0.33 0.33 

Groundwater Depth 2.00 2.00 2.00 2.00 

Groundwater Recharge 

Rate 

0.33 0.33 0.33 0.33 

Groundwater Salinity 2.00 3.00 3.00 1.50 

Groundwater pH 2.50 2.00 2.00 2.00 

Sum 11.33 16.67 13.50 8.33 

ppendix B. Relative weight and importance percentage generat

Table B1, B2 

Table B1 

Relative weight and importance percentage of nine

Ranking Factor Princ

1 Temperature 0.18

2 Solar Radiation 0.17

3 Soil Quality (As) 0.12

4 Groundwater Salinity 0.12

5 Groundwater pH 0.11

6 Groundwater Depth 0.10

7 Humidity 0.08

8 Groundwater Recharge Rate 0.04

8 Soil Quality (Fe) 0.04

Table B2 

Relative weight and importance percentage of nine

Ranking Factor Princ

1 Groundwater Salinity 0.19

2 Groundwater pH 0.16

3 Groundwater Depth 0.14

4 Soil Quality (As) 0.13

5 Temperature 0.09

6 Solar Radiation 0.09

7 Humidity 0.07

8 Groundwater Recharge Rate 0.04

8 Soil Quality (Fe) 0.04
11 
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A

o

F des for (b) dairy farm (e) fodder farm and candidate nodes (c) dairy farm (f) fodder farm. 
ppendix C. The three main steps to generate output map for 

ptimisation application 

Fig. 6 

ig. 6. The raster map for (a) dairy farm (d) fodder farm, the location of random no
12 
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A

o

jective function 

 location i 

l ished at l ocation i 

 , Al Rawdah , Irkhaya , Hassad Qatar , Al Dawoudiya respectivily 

linity 

ethod f or groundwater pH

ethod f or groundwater depth 

ethod f or recharge rate 

ethod f or temperature 

ethod f or humidity 

ethod f or solar radiation 

A

o

ppendix D. Decision variables and parameters used in 

ptimisation method 

Table D1, D2 

Table D1 

The decision variables of the optimisation ob

Index Description 

d i j distance between i and j

D p i le v el of ground water d epth at

S i salinity amount at location i 

x i 1 = when ( new node ) is estab

0 = otherwise 

Table D2 

All the parameters used in the optimisation 

Index Description 

i new ( proposed ) node ; where i = 1 , 2 , . . . , 100 

j Exisiting node ; where j = 1 , 2 , . . . , 5 for Ghadeer

T i temperat ure at locat ion i 

H i humidity l e v el at l ocation i 

S R i solar radiation at location i 

R R i recharge rate at location i 

p H i pH l e v el at l ocation i 

C T cost of transporting water f rom i to j

C P cost of pumping groundwater at location i 

C D cost of desalinating groundwater with i location sa

w s relati v e importance weight generated f rom AHP

w ph relati v e importance weight generated f rom AHP m

w d relati v e importance weight generated f rom AHP m

w rr relati v e importance weight generated f rom AHP m

w t relati v e importance weight generated f rom AHP m

w h relati v e importance weight generated f rom AHP m

w sr relati v e importance weight generated f rom AHP m

ppendix E. Decision variables and parameters used in 

ptimisation method 

Table E1 , E2 
Table E1 

The distance (a sample of 20 points) associate

the new node (i) to an existing node (j). 

ij 1 2 3 

1 86.9347912 78.7853433 51.697

2 84.7271614 76.6648385 51.517

3 81.4074954 73.1903039 45.889

4 81.2412066 73.1318951 46.652

5 75.8266365 67.7063836 40.454

6 74.6586957 66.442183 38.792

7 73.5637476 65.3511128 41.748

8 71.8988384 63.7619499 33.021

9 74.5835835 66.8208163 29.970

10 68.1613059 59.9286389 36.911

11 65.3511128 57.1452615 31.142

12 70.9885242 63.709112 40.120

13 63.7014695 55.5849844 34.727

14 61.7724346 53.5364092 34.321

15 64.0787719 56.2367291 23.609

16 70.2562038 63.234343 29.138

17 66.8627341 59.4413423 24.334

18 61.6633702 54.0988624 18.800

19 58.1180461 50.2048117 18.113

20 60.635436 53.2726204 17.090

13 
d with transporting groundwater from 

4 5 

1972 55.5333318 55.9106278 

9018 55.5181389 54.6787101 

1728 49.9474051 48.6683 

4243 50.8290873 47.5819689 

6677 44.5045832 43.4529115 

2239 41.6748065 46.355628 

7049 44.0439286 50.2843644 

192 36.6903103 38.4802371 

7505 33.8262506 34.6854464 

2515 38.736153 46.0736004 

669 33.7868709 39.309 

6097 43.9945771 36.4699268 

8286 38.779508 32.6583521 

9768 35.4765288 44.0424359 

1248 27.7943741 24.7538316 

4668 33.0911108 26.4534818 

14 26.4720188 33.3589948 

7559 22.2018184 25.8750002 

5343 22.261716 21.2964522 

3766 21.2734024 18.7522682 
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Table E2 

The cost (a sample of 20 points) associated with groundwater transportation from the 

new node (i) to an existing node (j). 

ij 1 2 3 4 5 

1 530.302226 480.590594 315.352903 338.753324 341.05483 

2 516.835684 467.655515 314.259201 338.660647 333.540131 

3 496.585722 446.460854 279.923954 304.679171 296.87663 

4 495.57136 446.10456 284.579788 310.057432 290.25001 

5 462.542483 413.00894 246.773473 271.477958 265.06276 

6 455.418044 405.297316 236.632566 254.216319 282.769331 

7 448.73886 398.641788 254.6671 268.667965 306.734623 

8 438.582914 388.947895 201.429271 223.810893 234.729446 

9 454.95986 407.60698 182.821578 206.340129 211.581223 

10 415.783966 365.564697 225.158634 236.290534 281.048962 

11 398.641788 348.586095 189.970281 206.099913 239.7849 

12 433.029998 388.625583 244.735719 268.36692 222.466553 

13 388.578964 339.068405 211.839754 236.554999 199.215948 

14 376.811851 326.572096 209.364058 216.406826 268.658859 

15 390.880508 343.044047 144.015661 169.545682 150.998373 

16 428.562843 385.729493 177.744648 201.855776 161.366239 

17 407.862678 362.592188 148.438254 161.479315 203.489869 

18 376.146558 330.003061 114.684611 135.431092 157.837501 

19 354.520081 306.249351 110.492559 135.796467 129.908359 

20 369.876159 324.962984 104.251297 129.767755 114.388836 

A

n mod

W De

m) 

7 

0.7 

8.6 

8.9 

04.8 

00.9 

5.6 

6.8 

4.7 

12.7 

04.5 

4.4 

.1 

12.5 

08.1 

3.7 

0.8 

2.6 

10 

A

c

ion 
ppendix F. Associated cost used in optimisation method 

Table F1 

Table F1 

Economic (a sample of 20 points for cost-related) data used to run the optimisatio

Xi Xj X Coordinate Y Coordinate GW Salinity 

(ppm) 

GW pH G

(

0 1 51.062187 24.494057 0.314494 7.81853 6

0 2 51.017263 24.524006 0.315238 7.81791 1

0 3 51.129574 24.542725 0.314859 7.81886 5

0 4 51.047212 24.553956 0.315735 7.81786 8

0 5 51.062187 24.606368 0.316986 7.81738 1

0 6 51.230654 24.610112 0.314805 7.81992 1

0 7 51.129574 24.621343 0.3168 7.81812 9

0 8 51.28681 24.643805 0.314118 7.82092 1

0 9 50.946132 24.647549 0.318087 7.81572 1

0 10 51.163268 24.673755 0.318108 7.81803 1

0 11 51.129574 24.703705 0.319716 7.81689 1

0 12 50.867514 24.71868 0.319004 7.81418 7

0 13 51.283066 24.726167 0.316342 7.82074 5

0 14 51.18573 24.737398 0.3203 7.81765 1

0 15 50.998544 24.741142 0.321428 7.81395 1

0 16 50.833821 24.744886 0.319051 7.81374 1

0 17 50.908695 24.744886 0.320272 7.81358 7

0 18 50.95362 24.782323 0.322167 7.81255 9

0 19 51.032238 24.793554 0.324156 7.81252 1

ppendix G. Water requirement and consumption per different 

attle types 

Table G1 

Table G1 

Water Consumption by Dairy Cattle. 

Dairy Cattle Type 

AverageMilk Product

(kg milk/day) 

Dairy calves (1-4 months) - 

Dairy heifers (5-24 months) - 

Milking cows 45.5 

Dry cows - 
14 
el for dairy farm. 

pth Pumping GW 

Cost ($) 

GW Salinity 

(ppm) 

Energy 

consumption 

using RO 

(kWh/m3) 

Desalination 

Cost ($) 

AHP 

Risk 

Value 

32.49835 3144.94 1.3208748 2981.480491 26 

5.190035 3152.38 1.3239996 2995.603783 15 

28.42393 3148.59 1.3224078 2988.405086 25 

43.120945 3157.35 1.326087 3005.056886 30 

50.83324 3169.86 1.3313412 3028.917236 33 

48.941545 3148.05 1.322181 2987.380119 33 

46.37078 3168 1.33056 3025.363683 32 

8.14884 3141.18 1.3192956 2974.355607 17 

7.130235 3180.87 1.3359654 3049.994693 16 

54.665135 3181.08 1.3360536 3050.397425 35 

50.687725 3197.16 1.3428072 3081.314197 33 

36.08772 3190.04 1.3398168 3067.605451 28 

2.473755 3163.42 1.3286364 3016.622426 14 

54.568125 3203 1.34526 3092.581266 35 

52.433905 3214.28 1.3499976 3114.401898 34 

6.645185 3190.51 1.3400142 3068.50944 16 

34.34154 3202.72 1.3451424 3092.040594 27 

44.91563 3221.67 1.3531014 3128.739098 31 

53.3555 3241.56 1.3614552 3167.490876 34 

Water Requirement 

Range(L/day) 

Average Typical Water 

Use(L/day) 

4.9-13.2 9 

14.4-36.3 25 

132-155 115 

34-49 41 
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