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Abstract

:

Shale gas energy is the most prominent and dominating source of power across the globe. The processes for the extraction of shale gas from shale rocks are very complex. In this study, a multiobjective optimization framework is presented for an overall water management system that includes the allocation of freshwater for hydraulic fracturing and optimal management of the resulting wastewater with different techniques. The generated wastewater from the shale fracking process contains highly toxic chemicals. The optimal control of a massive amount of contaminated water is quite a challenging task. Therefore, an on-site treatment plant, underground disposal facility, and treatment plant with expansion capacity were designed to overcome environmental issues. A multiobjective trade-off between socio-economic and environmental concerns was established under a set of conflicting constraints. A solution method—the neutrosophic goal programming approach—is suggested, inspired by independent, neutral/indeterminacy thoughts of the decision-maker(s). A theoretical computational study is presented to show the validity and applicability of the proposed multiobjective shale gas water management optimization model and solution procedure. The obtained results and conclusions, along with the significant contributions, are discussed in the context of shale gas supply chain planning policies over different time horizons.
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1. Introduction


Energy sources play a dynamic role in the development, nourishment, and enrichment reputation of any country. Presently, many conventional sources of energy are being used for energy production, but shale gas energy is booming among different energy sources [1,2,3]. Apart from conventional sources of energy, shale gas—which is located within shale rocks—is the most promising source of natural gas. Recently, shale gas has become an emerging source of natural gas across the world [4,5]. The United States is the second-richest country after China in terms of the abundance of shale gas resources. Since the start of this century, significant interest has been shown in the potential extraction of shale gas across the world [6,7,8]. In 2000, only 1% of the US natural gas production was contributed by shale gas energy; by 2010, it was more than 20%, and according to predictions of the US government’s Energy Information Administration (EIA), by 2035 more than 46% of the US’ natural gas supply will be from shale gas [9]. The first extraction of shale gas from shale rocks was done in Fredonia (New York) in 1821 by using shallow and low-pressure fractures. However, horizontal drilling started in the 1930s, and the first well was fractured in the US in 1947. Presently, shale gas potential extraction and enriched abundance in many nations are being investigated. According to Sieminski et al. [10], in 2013, only a few countries (e.g., the US, Canada, and China) have sufficient shale gas enrichment, and future production is planned at commercial scale [10]. China has an apparent strategy to dramatically grow its shale gas production and investment, which has been restricted by its insufficient approach to water, land, and the latest technology. Shale hosts rocks trapping potential shale gas quantities that have numerous common properties, namely, being composed of organic material, a mature petroleum source, containing a high amount of natural gas in the thermogenic gas window spread inside the Earth’s crust where there is high heat and pressure being applied to convert petroleum into natural gas. Most commonly, hydraulic fracturing (also known as fracking) and horizontal drilling are two dominant methods that are being used in the process of shale gas extraction across the world. The high concentration of released toxic and contaminated wastewater from the extraction and use of shale gas affects the environment. A challenge in the shale gas extraction process is preventing environmental pollution. This depends on drilling wells and their capacity, which varies with shale use. Water cannot be reused until a well is fractured and the water starts to withdraw from the well. A study was published by Kerr [11] in May 2011 that strongly suggested shale gas wells contain a rigorous abundance of toxic surface groundwater flows with flammable methane in North-Eastern Pennsylvania. Although the presented study was confined to the contamination of water, the impact in other areas that would be dug out for shale extraction purposes was not discussed.



Over the past few years, various research works have been published suggesting, in the context of optimal production policies, a selection area, supply chain network, and socio-economic balancing during shale gas extraction at the commercial level. Lutz et al. [12] presented a theoretical overview of shale gas development in the context of a more prominent resource-producing country such as the United States. The quantification of shale gas energy and wastewater generation throughout Pennsylvania was revealed with consolidated data obtained from 2189 wells. The concluding remarks were contrary to the current perception regarding the shale gas extraction-to-wastewater evulsion ratio, transportation, disposal facilities, treatment strategies, and the associated factors in the shale gas extraction processes. Yang et al. [13] presented the optimum usage of the water life cycle for drilled well-peds through a discontinuous-time bi-stage stochastic mixed-integer linear programming (SMILP) optimization framework under uncertainty. The model was optimized with a set of long-term historical data. The discussed approach was applied to two Marcellus shale gas uses, which showed the effectiveness of the addressed study. Yang et al. [14] discussed the optimal usage of water in the fracking and drilling mechanism during shale gas extraction processes at commercial scale, and also formulated a new mixed-integer linear programming (MILP) problem that inherently optimizes the capital investment for an optimal shale gas yielding scheme. A case study was implemented in the proposed optimization scenario. Li and Peng [15] investigated a new solution scheme based on interval-valued hesitant fuzzy information for the selection of promising shale gas areas, and discussed the applicability of the proposed approach by selecting the shale gas areas using multi-criteria decision making (MCDM). Although shale gas extraction has been done for over 100 years in two different prominent basins of the United States (i.e., the Appalachian Basin and the Illinois Basin), the wells seldom result in profitable production. The current shale gas extraction process, consisting of horizontal drilling and hydraulic fracturing, has made shale gas synthesis more advantageous.



In April 2012 [16], the cost of extraction incurred over shale gas in different coastal parts of the UK was approximated to be much higher than $200 per barrel, which was compared to oil prices of about $120 per barrel in the UK North Sea. North America has emerged as one of the potential leaders in developing and producing shale energy. In the US and Canada, after the successful economic accomplishment of the Barnett Shale use in Texas, the exploration of promising new sources of shale gas is being made. Gao and You [17] designed an active water cycle configuration for the shale gas extraction process and re-formulated it as a mixed-integer linear fractional programming (MILFP) optimization model under different objectives and sets of constraints. The models were globally optimized using various approaches such as the parametric method, a reformulation linearization approach, the branch and bound method, and the Charnes–Cooper transformation technique. The addressed mathematical models were applied to two case studies based on Marcellus shale play, in which on-site treatment techniques of wastewater gained importance in generating freshwater storage. Sang et al. [18] discussed a numerical optimization model of desorption and adsorption processes for hydraulic fracturing stimulations that was optimized by assuming polar co-ordinate and balance space, respectively. To estimate the receptacle volume of drilled horizontal shale well reservoirs, Gao and You [19] addressed a practical framework for the optimal flow of shale energy networks. The designed configuration comprises various coherent components such as freshwater, shale energy, wastewater management, transportation, and disposal facility with treatment plant options. The formulated models were built in the form of a mixed-integer nonlinear programming (MINLP) problem. The obtained results revealed the trade-off between economic and environmental objectives. Furthermore, Guerra et al. [20] also discussed the mathematical formulation and implementation of a comprehensive shale gas production framework with the integration of the water supply chain management system. The proposed optimization framework was illustrated with two case studies with different leading components of the shale gas production systems. Bartholomew and Mauter [21] also developed a multiobjective mixed-integer linear programming framework to highlight the trade-off between financial cost and human health & environment (HHE) costs in the overall shale gas water management system. The system’s objectives were defined effectively, inherently representing different financial aspects of the shale gas production planning problem. Zhang et al. [22] presented a specific study on shale gas wastewater management systems under uncertainty. The presented optimization framework for shale gas wastewater management system corresponds to the disposal and treatment facilities under the expansion of treatment capacity. The proposed model has been designed by considering fuzzy and stochastic parameters with feasibility degree and probability distribution function at the different significance level. The concluding remarks revealed the optimal wastewater management in cases where underground disposal capacity is scarce. The uncertainty involved in the parameter reduced the reliability risk factor in shale gas production. In the present competitive epoch, different shale-gas-producing countries have motivated the wholesome and challenging study of shale gas production policies and the optimal supply chain network configuration. Lira-Barragán et al. [23] investigated a mathematical programming formulation for integrating water networks consumed for hydraulic fracturing processes in shale gas extraction. The proposed uncertainty pertained to the use of water for a different purpose and highlighted probabilistic aspects. Moreover, the developed models also cover the scheduling problem associated with the whole modeling framework for shale gas extraction. The different expected objective functions were incorporated, which led to the existence of uncertainty in the modeling approach. Interested researchers can find recent publications on shale gas development and future research scope in Chen et al. [24], Knee and Masker [25], Lan et al. [26], Ren et al. [27], Zhang et al. [28], Denham et al. [29], Al-Aboosi and El-Halwagi [30], Jin et al. [31], Ren and Zhang [32], and Wang et al. [33].



Research Gaps and Contribution


Shale gas extraction planning models and optimal strategic implementation inherently depend on various parametric factors that are actively indulged in the decision-making process. The requirement of a tremendous amount of freshwater for hydraulic fracturing (i.e., between 7000 and 40,000 m3 per well) becomes challenging. The assessment of different freshwater sources is somewhat uneconomic, but other extractions can fulfill freshwater demand. The produced wastewater management system is also an indispensable issue and is very important in shale gas production planning models.



Many recent publications, such as Guo et al. [34], Gao et al. [35], Chebeir et al. [36], Chen et al. [37], Drouven and Grossmann [38], He et al. [39], and Wang et al. [40] have discussed different optimal modeling approaches for shale gas water management systems with socio-economic and environmental concerns. All of the above studies are confined to only uncertain modeling approaches, and have not discussed uncertainty among parameters’ values; however, Zhang et al. [22] incorporated vagueness among parameters and represented it by fuzzy and stochastic quantification methodology. However, the study proposed by Zhang et al. [22] is lagging in two more practical aspects. First, it may not always be possible to have historical data for to the stochastic technique can be applied; additionally, due to some hesitation regarding imprecise parameters, the fuzzy number may not be an appropriate representative of uncertain parameters. Hence, better representation of the degree of hesitation under vagueness or imprecision can be made by using the intuitionistic fuzzy number, which considers the degree of belongingness as well as non-belongingness of the element in the possible set. Second, Zhang et al. [22] only designed the optimization framework for the optimal management of wastewater throughout the shale gas extraction processes, and did not consider the management of freshwater, which is also an integrated part of the whole shale gas extraction over time horizons. Thus, in this study we propose the unification of the two aspects discussed above. The proposed multiobjective shale gas water management system optimization model was designed after considering the most critical aspects of overall water management planning and optimization epoch. Furthermore, the concept of a neutrosophic goal programming approach is new and has not yet been applied in the field of such an emerging source of energy. The proposed model also ensures the trade-off between the socio-economic and environmental effects of shale gas production policies more realistically. The proposed shale gas optimization model also provides an opportunity to adopt the available on-site treatment technology along with the option of expanding the treatment plant, which would be beneficial for Pennsylvania because underground disposal facilities are scarce and most often wastewater is supplied to nearby cities in Ohio. The rest of the paper is summarized as follows:



In Section 2, the methodologies and technical definitions regarding intuitionistic fuzzy parameters and the neutrosophic goal programming approach (NGPA) are discussed, while Section 3 represents the multiobjective shale gas water management optimization model and implementation of the NGPA algorithm. A hypothetical case study is examined in Section 4 that shows the applicability and validity of the proposed approach. Finally, concluding remarks and findings are highlighted based on the present work in Section 5.





2. Methodology


The shale gas optimization and modeling framework discussed in this paper enviably involve significant work-flow procedures. The involvement of various critical terminological aspects in the proposed modeling and computational approach makes the shale gas optimization problem more pervasive. In order to represent these aspects, we have used some technical terminology which is able to define each and every aspect of the proposed model effectively and efficiently. The mathematical technical terminologies used in this study are intuitionistic fuzzy parameters [41,42,43] and those from multiobjective optimization problems [44,45,46] and the neutrosophic goal programming approach, which is based on the neutrosophic decision set (see [47,48,49]). On the basis of these mathematical technical terminologies, we developed an effective modeling and optimization framework for a shale gas water management system that dynamically characterizes the freshwater requirement and the dispensation of the generated wastewater from shale gas wells. The proposed model for shale gas water management systems contemplates different kinds of cost parameters (e.g., acquisition cost, transportation cost, treatment cost, disposal cost, and capital investment) involved in the accumulation process of freshwater and the dispensation of the generated wastewater from the shale gas extraction process. Apart from the cost, different parameters such as the freshwater storage capacity, underground injection disposal capacity of wastewater, wastewater treatment capacity, and the capacity for the expansion of wastewater treatment plants were considered in this study. Moreover, these parameters are not always in deterministic/crisp form, despite containing some kind of ambiguity and vagueness. This ambiguousness and vagueness can be represented by different uncertain parameters, such as fuzzy Zhang et al. [22], intuitionistic fuzzy, stochastic Zhang et al. [22], and other uncertain forms. The fuzzy parameters are only concerned with the maximization of membership degree (belongingness), whereas an intuitionistic fuzzy set is based on more intuition than a fuzzy set, as it deals with the maximization of membership (belongingness) and the minimization of non-membership degree (non-belongingness) of the element in the set. A stochastic parameter involves a probability distribution function with known mean and variances based on the randomly occurring events.



Furthermore, the proposed modeling approach was designed and incorporated with socio-economic and environmental facts. The potential production and distribution of shale gas energy at the commercial level is not a boon unless and until the proper pertinent initiatives are undertaken in order to overcome the by-products released by the shale gas extraction processes. Therefore, the proposed modeling and optimization approach inherently involves more than one objective (known as a multiobjective optimization problem), which is sufficient to justify the trade-off among different critical socio-economic and environmental aspects of shale gas energy. The mathematical formulation of multiple objectives ensures the economic and environmental aspects of shale gas extraction procedures. To deal with the proposed multiobjective shale gas water management optimization model, a neutrosophic goal programming approach was developed that reveals the actual situation more appropriately. The proposed NGPA considers the independent indeterminacy/neutral degree, which is the area of incognizance of a proposition’s value. The selection of the proposed NGPA technique is quite effective, explanatory, and a good representative of real-life situations.



2.1. Intuitionistic Fuzzy Set


Definition 1

([50]). (Intuitionistic fuzzy set (IFS)) Let there be a universal set Y; then, an IFS W˜ in Y is given by the ordered triplets as follows:


W˜={y,μW˜(y),νW˜(y)|y∈Y},








where


μW˜(y):Y→[0,1];νW˜(y):Y→[0,1],








with conditions


0≤μW˜(y)+νW˜(y)≤1,








where μW˜(y) and νW˜(y) denote the membership and non-membership functions of the element y∈Y into the set W˜.





Definition 2

([51] (Intuitionistic fuzzy number)). An intuitionistic fuzzy set W˜={y,μW˜(y),νW˜(y)|y∈Y} of the real number R is said to be an intuitionistic fuzzy number if the following condition holds:

	(i) 

	
W˜ should be intuitionistic fuzzy normal and convex.




	(ii) 

	
μW˜(y) and νW˜(y) should be upper and lower semi-continuous functions.




	(iii) 

	
SuppW˜={y∈R;νW(y)<1} should be bounded.











Definition 3

([43]). (Triangular intuitionistic fuzzy number) An intuitionistic fuzzy number W˜ is said to be a triangular intuitionistic fuzzy number if the membership function μW˜(y) and non-membership function νW˜(y) are given by:


μW˜(y)=y−a1b−a1,ifa1≤y≤b,1,ify=b,a2−ya2−b,ifb≤y≤a2








and


νW˜(y)=b−yb−a3,ifa3≤y≤b,0,ify=b,y−ba4−b,ifb≤y≤a4,








where a3≤a1≤b≤a2≤a4 and is denoted by W˜={(a1,b,a2;μW˜),(a3,b,a4;νW˜)}.





Definition 4

([42]). (Expected interval for intuitionistic fuzzy number) Let us consider that there exists an intuitionistic fuzzy number W˜ which belongs to the set of real numbers R with (a1,a2,a3,a4;b1,b2,b3,b4)∈IR such that a1≤a2≤a3≤a4≤b1≤b2≤b3≤b4. The four functions fW˜(y),gW˜(y),hW˜(y),kW˜(y):IR→[0,1] such that fW˜(y) and gW˜(y) are non-decreasing and hW˜(y) and kA˜(y) are non-increasing functions, then the intuitionistic fuzzy number W˜={y,μW˜(y),νW˜(y):y∈Y} can be represented by membership and non-membership functions stated as follows:


μW˜(y)=0,ify≤a1ory≥a4,fW˜(y),ifa1≤y≤a2,gW˜(y),ifa3≤y≤a4,1,ifa2≤y≤a3








and


νW˜(y)=1,ify≤b1ory≥b4,hW˜(y),ifb1≤y≤b2,kW˜(y),ifb3≤y≤b4,0,ifb2≤y≤b3.











Furthermore, Grzegrorzewski [52] discussed the expected interval for the intuitionistic fuzzy number W˜={a1,a2,a3,a4;b1,b2,b3,b4} as a crisp interval and presented it as follows:


EI(W˜)=[E1(W˜),E2(W˜)].



(1)







The lower and upper values of the expected interval for the intuitionistic fuzzy number W˜ is defined as given below:


E1(W˜)=b1+a22+∫b1b2hW˜(y)−∫a1a2fW˜(y),










E2(W˜)=a3+b42+∫a3a4gW˜(y)−∫b3b4kW˜(y),








where


hW˜(y)=y−b1b2−b1,fW˜(y)=y−a1a2−a1,










kW˜(y)=y−b4b3−b4,gW˜(y)=y−a4a3−a4.













Definition 5

([42]). (Expected interval and value for triangular intuitionistic fuzzy number) Suppose that W˜={(a1,b,a2;μW˜),(a3,b,a4;νW˜)} is a triangular intuitionistic fuzzy number with membership and non-membership functions μW˜(y) and νW˜(y); then, the expected interval of the triangular intuitionistic fuzzy number by using the above definition can be obtained as follows:


E1(W˜)=b1+a22+∫b1b2hW˜(y)−∫a1a2fW˜(y)=3a+b1+(a−b1)νW˜−(a−a1)μW˜4



(2)




and


E2(W˜)=a3+b42+∫a3a4gW˜(y)−∫b3b4kW˜(y)=3a+b2+(a2−a)μW˜+(a−b2)νW˜2.



(3)







Grzegrorzewski [52] also suggested the expected value for the intuitionistic fuzzy number with the help of lower and upper values of the expected interval. Therefore, the expected value for the triangular intuitionistic fuzzy number is obtained as follows:


EV(W˜)=E1(W˜)+E2(W˜)2.



(4)









Definition 6.

The general mathematical programming formulation of a multiobjective optimization problem with k objectives, j constraints, and q variables can be stated as follows:


Optimize(Z1,Z2,⋯,Zk)k=1,2,⋯,Ks·t·gj(x)≤dj,j=1,2,⋯,j1;gj(x)≥dj,j=j1+1,j1+2,⋯,j2;gj(x)=dj,j=j2+1,j2+2,⋯,J;xq≥0,q=1,2,3,⋯,Q;xq∈X,



(5)




where Zk are a set of k different conflicting objectives, gj are real-valued functions, and dj are real numbers. xq is a q-dimensional decision variable vector and X is a feasible solution set.






2.2. Neutrosophic Goal Programming Approach (NGPA)


In the past few decades, the extended version of the fuzzy set (FS) and intuitionistic fuzzy set (IFS) have been introduced. In order to reflect the insightful concept of indeterminacy or neutral thoughts in decision making, a new set called the neutrosophic set was introduced by Smarandache [47]. The technical erm neutrosophic holds two different words, which are neutre derived from French and meaning “neutral”, and sophia, adopted from Greek and meaning “skill” or “wisdom”. Therefore, the word “neutrosophic” concretely means “knowledge of neutral thoughts”. The FS is mainly concerned with the maximization of the degree of belongingness (membership function) of an element in the set, whereas the IFS deals with two aspects, namely, the degree of belongingness (membership function) and the degree of non-belongingness (non-membership function) of the element in the set. The incorporation of the independent neutral/indeterminacy concept in the neutrosophic set differentiates itself from FS and IFS, providing more strength to decision-making processes.



Moreover, many real-life circumstances may not be easy to tackle with only the degree of belongingness and non-belongingness of the element in the set. However, the degree up to some level of belongingness and non-belongingness would be a significant touchstone in the decision-making process. For example, if we take the opinion about the victory of team X in a cricket match, and supposing they have the possible chance of winning equalling 0.8, the chance team X has of losing would be 0.4 and the chance that match would be a tie would be 0.5 (see [53]). All the possibilities are independent of each other and can take any value between 0 and 1. Therefore, this sort of decision-making problem is outside of the domain of FS and IFS, and consequently beyond the periphery of fuzzy programming and intuitionistic fuzzy programming approaches, respectively. Hence, independent indeterminacy conditions under the uncertainty domain are a more technical perspective in real-life optimization problems (see [48,49,53]).



An efficient approach called the neutrosophic goal programming approach (NGPA) based on the neutrosophic decision set [47] was designed in order to reach the best compromise solution of multiobjective optimization problems. The NGPA inherently comprises three membership functions, namely, the maximization of truth and indeterminacy degrees and the minimization of the falsity degree present in any optimization problem. It permits policymakers to manifest independent neutral inferences about decision-making processes and provides an opportunity to effectively reach goals using the NGPA technique.



Definition 7

([47] (Neutrosophic Set)). Let there be a universal discourse Y such that y∈Y, then a neutrosophic set W in Y is defined by three membership functions, namely, truth TW(y), indeterminacy IW(y), and falsity FW(y), denoted by the following form:


W={<y,TW(y),IW(y),FW(y)>|y∈Y},








where TW(y),IW(y), and FW(y) are real standard or non-standard subsets belonging to ]0−,1+[, also given as, TW(y):y→]0−,1+[, IW(y):Y→]0−,1+[, and FW(y):Y→]0−,1+[. There is no restriction on the sum of TW(y),IW(y) and FW(y), so we have


0−≤supTW(y)+IW(y)+supFW(y)≤3+.













Definition 8

([47]). Let there be two single-valued neutrosophic sets A and B, then C=(A∪B) with truth TC(y), indeterminacy IC(y), and falsity FC(y) membership functions are given by:

	
TC(y)=max(TA(y),TB(y)),



	
IC(y)=min(IA(y),IB(y)),



	
FC(y)=min(FA(y),FB(y)) for each y∈Y.










Definition 9

([47]). Let there be two single-valued neutrosophic sets A and B, then C=(A∩B) with truth TC(y), indeterminacy IC(y), and falsity FC(y) membership functions are given by

	
TC(y)=min(TA(y),TB(y)),



	
IC(y)=max(IA(y),IB(y)),



	
FC(y)=max(FA(y),FB(y)) for each y∈Y.










The concept of fuzzy decision (D), fuzzy goal (G), and fuzzy constraint (C) was first discussed by [44] and extensively used in many real-life decision-making problems under fuzziness. Therefore, a fuzzy decision set can be defined as follows:


D=G∩C.











Equivalently, the neutrosophic decision set DN, with the set of neutrosophic goals and constraints, can be defined as:


DN=(∩k=1KGk)(∩j=1JCj)=(y,TD(y),ID(y),FD(y)),








where


TD(y)=minTG1(y),TG2(y),…,TGK(y)TC1(y),TC2(y),…,TCJ(y)∀y∈Y,










ID(y)=maxIG1(y),IG2(y),…,IGK(y)IC1(y),IC2(y),…,ICJ(y)∀y∈Y,










FD(y)=maxFG1(y),FG2(y),…,FGK(y)FC1(y),FC2(y),…,FCJ(y)∀y∈Y,








where TD(y),ID(y), and FD(y) are the truth, indeterminacy, and falsity membership functions of neutrosophic decision set DN, respectively.



In order to formulate the different membership functions for multiobjective optimization problems (MOOPs), we defined the bounds for each objective function. The lower and upper bounds for each objective function are represented by Lk and Uk which can be obtained as follows:



First, we solved each objective function as a single objective under the given constraints of the problem. After solving k objectives individually, we have the k solutions set, X1,X2,…,Xk. After that, the obtained solutions are substituted for each objective function to provide the lower and upper bounds for each objective, as given below:


Uk=max[Zk(Xk)]andLk=min[Zk(Xk)]∀k=1,2,3,…,K.



(6)







The bounds for k objective functions under the neutrosophic environment can be obtained as follows:


UkT=Uk,LkT=Lkfortruthmembership,










UkI=LkT+sk,LkI=LkTforindeterminacymembership,










UkF=UkT,LkF=LkT+tkforfalsitymembership,








where sk and tk∈(0,1) are predetermined real numbers assigned by decision maker(s) (DM(s)). By using the above lower and upper bounds, we defined the linear membership functions under a neutrosophic environment:


Tk(Zk(x))=1ifZk(x)<LkTUkT−Zk(x)UkT−LkTifLkT≤Zk(x)≤UkT0ifZk(x)>UkT,



(7)






Ik(Zk(x))=1ifZk(x)<LkIUkI−Zk(x)UkI−LkIifLkI≤Zk(x)≤UkI0ifZk(x)>UkI,



(8)






Fk(Zk(x))=1ifZk(x)>UkFZk(x)−LkFUkF−LkFifLkF≤Zk(x)≤UkF0ifZk(x)<LkF.



(9)







In the above case, Lk(.)≠Uk(.) for all k objective functions. If for any membership Lk(.)=Uk(.), then the value of these memberships will be equal to 1. The diagrammatic representation of the objective function with different components of membership functions under a neutrosophic environment is shown in Figure 1.



Moreover all the above three discussed membership degrees can be transformed into membership goals according to their respective degrees of attainment. The highest degree of truth membership function that can be achieved is unity (1), the indeterminacy membership function is neutral and independent with the highest attainment degree half (0.5), and the falsity membership function can be achieved with the highest attainment degree zero (0). Now the transformed membership goals under a neutrosophic environment can be expressed as follows:


Tk(Zk(x))+dkT−−dkT+=1,



(10)






Ik(Zk(x))+dkI−−dkI+=0.5,



(11)






Fk(Zk(x))+dkF−−dkF+=0,



(12)




where dkT−,dkT+,dkI−,dkI+,dkF−, and dkF+ are the over and under deviations such that dkT−·dkT+=0, dkF−·dkF+=0, and dkF−·dkF+=0 for truth membership, indeterminacy membership, and falsity membership goals under a neutrosophic environment.



Intuitionally, the aims are to maximize the truth and indeterminacy membership degrees of neutrosophic objectives and constraints, and minimize the falsity membership degree of neutrosophic objectives and constraints. The general formulation of the neutrosophic goal programming (NGP) model for multiobjective optimization problem (5) is represented as follows:


MinimizeZ=∑k=1KwkT·dkT−+∑k=1KwkI·dkI−+∑k=1KwkF·dkF+,subjecttoTk(Zk(x))+dkT−−dkT+≥1;Ik(Zk(x))+dkI−−dkI+≥0.5;Fk(Zk(x))+dkF−−dkF+≤0;Tk(Zk(x))≥Ik(Zk(x));Tk(Zk(x))≥Fk(Zk(x));Fk(Zk(x))≥0,dkT−·dkT+=0;dkI−·dkI+=0,dkF−·dkF+=0;gj(x)≤dj,j=1,2,⋯,m1;gj(x)≥dj,j=m1+1,m1+2,⋯,m2;gj(x)=dj,j=m2+1,m2+2,⋯,m;xi≥0,i=1,2,3,⋯,q;xi∈X;dkT−,dkT+,dkI−,dkI+dkF−,dkF+≥0∀k,



(13)




where wkT, wkI, and wkF are the weights assigned to deviations of the truth, indeterminacy, and falsity membership goals of each objective function, respectively. Now the assignment of corresponding weighting schemes of different weights can be obtained as follows: wkT=1UkT−LkT, wkI=1UkI−LkI, and wkF=1UkF−LkF.



Hence, the optimum evaluation of multiobjective optimization problems by using the NGP approach is a very useful technique as it involves the degree of indeterminacy, which is independent and certainly ensures the achievement of marginal evaluation of each membership goal by reducing the deviational values under a neutrosophic environment.





3. Shale Gas Water Management System: Modeling and Optimization under Uncertainty


Shale gas is a rapidly emerging and unconventional source of energy found trapped in shale rocks. The extraction process at the wholesale level is very complicated. Since shales usually possess low permeability to permit significant fluid inflow to a well-bore, most shale wells are not adequate sources of natural gas for commercial production. Other sources of natural gases include coal bed methane, methane hydrates, and tight sandstones. Most commonly, the area in which shale gases are trapped are known as resource plays. Shale has comparatively low matrix permeability, which affects gas production at the commercial level and requires the fracturing process to supply permeability. In the past few decades, shale gas has been produced from shale rocks with natural fractures. Shale gas production seems to be booming in recent years due to the latest potential technology in hydraulic fracturing (fracking), which has led in the direction of pervasive artificial fractures around good bores. Horizontal drilling is often used in the shale gas extraction process. Lateral lengths up to 10,000 feet (3000 m) within shale wells are dug out to create maximum borehole surface area in contact with the shale. While injecting water with high pressure into shale rocks, chemicals are added to facilitate the underground fracturing process, which releases natural gas. The fracturing fluid is primarily water and contains approximately 0.5% chemical additives that are fully dissolved into the water. Depending on the size of the area, millions of liters of water are used for fracking, which signifies that thousands of liters of chemicals are injected into the subsurface.



The massive amount of contaminated surface water and groundwater with fracking fluids has emerged as a problematic issue. Generally, accrued shale gas is usually trapped several thousand feet below ground. Different challenging environmental concerns are often observed. For example, methane migration, improper treatment of produced wastewater, and lack of an underground injection disposal site. About 50% to 70% of the injected volume of contaminated water is generated after fracking, and sufficient storage capacity for wastewater management is required. The remaining volume of water remains in the subsurface. The hydraulic fracturing process leads to the perception that it can lead to the contamination of groundwater aquifers. However, foul odors and very toxic local water supply above-ground are also unavoidable truths about shale gas. Acid mine wastewater can be released into groundwater, but it might cause significant contamination of underground freshwater. Usually, the harmful impact and water pollution associated with wastewater and coal production can be reduced to a certain extent in shale gas production. Apart from using water and industrial chemicals, it may also be feasible to frack shale gas with only liquefied propane gas. This extraction option simultaneously reduces water and environmental degradation. It can be implemented in regions like Pennsylvania that have experienced a marginal increment in the freshwater requirement for energy production. More explicitly, shale gas development in the United States represents less than half a percent of total domestic freshwater consumption, although this quantity can reach as high as 25% in particularly arid regions.



Therefore, the proposed shale gas water management strategy has been designed to optimize the allocation of water requirement for different purposes. The designed water supply chain network configuration contains various components, such as the acquisition of freshwater and its transportation, on-site treatment with different technology, underground injection disposal sites, and treatment plants for wastewater with an option for expansion with a to and fro transportation network. Different potential objectives addressing the project planning strategy were also considered in this present study. A well-defined set of dynamic constraints were imposed to represent the modeling approach more realistically. The integrated water flow supply chain network within shale gas planning periods is shown in Figure 2. In Figure 2, the different echelons are presented to highlight the proposed shale gas water management design. The flow of freshwater initiates from different freshwater sources S and is then shipped to various shale sites I. After fracking processes, a possible part of the generated toxic water would be treated by on-site treatment technology O, and the remaining wastewater would be used to dispatch for further management to different treatment plants or disposal sites J, respectively. To enhance the treatment capacity of sewage treatment plants, an opportunity to adopt the different expansion options M was incorporated along with the associated capital investment. Hence, the treated wastewater can be reused for household purposes and in turn can yield significant revenues from the reuse of water. The whole integrated water cycle continues to flow over different time horizons T. Therefore, to assure the optimal flow of water among different echelons, the proposed water flow network captures the actual behavior of flow-back and produced water during shale gas extraction processes. The shale gas project planning model explicitly includes different indices’ set, decision variables, and values of parameters shown in Table 1, which presents the significant characteristic features during the shale gas synthesis process.



The proposed shale gas water flow network configuration is based on the following assumptions:

	
There is no scope for the transportation of water using pipelines throughout the planning horizons.



	
The expansion options of underground injection disposal sites have not been considered due to the financial crisis or uneconomic aspects throughout the planning horizons.



	
The expansion of the treatment plant has been considered in order to avoid excess wastewater at the subsurface level of underground water during all the planning periods.



	
An absolute option of on-site treatment technology has been included that enables the reuse of wastewater within the shale sites throughout the planning horizons.



	
The restrictive margin was designed for the minimum and maximum capacity of wastewater treatment by using different on-site treatment technologies throughout the planning horizons.



	
The overall produced wastewater volume was successfully managed by the proposed system during all the planning horizons.








3.1. Objective Function


The first objective function is concerned with a different kind of cost incurred over the freshwater. It is quite a challenging task to collect the optimal amount of freshwater directly from natural freshwater sources; however, the option exists to acquire the freshwater from nearby the shale gas plant, which results in a lower acquisition cost. The transportation of freshwater is also required, which again appears as a transportation cost from source s to shale site i over period t, and both are of minimization type. Therefore, the cost function (14) related to freshwater can be furnished as follows:


MinimizeZ1=∑s=1S∑i=1I∑t=1T(caqs,t+ctfs,i,t)FWs,i,t.



(14)







The second objective mainly focuses on a different kinds of cost levied over the wastewater. It is crucial to manage the huge amount of contaminated or toxic wastewater released during the shale gas energy generation process. The produced amount of wastewater can be handled by either sending it to the treatment plants or by dumping into underground wastewater disposal sites. Both techniques are associated with some cost known as treatment and disposal facility costs, respectively. The transportation of wastewater from shale sites to different treatment plants and disposal sites results in additional transportation costs associated with the wastewater. The total revenues from the reuse of wastewater with some reuse rate are also associated with wastewater from shale site i to disposal and treatment plant j over period t. Therefore, the cost function (15) related to wastewater can be presented as follows:


MinimizeZ2=∑i=1I∑j=1J∑t=1T(ctrj,t+cdj,t+ctwi,j,t−rrj,t·rej,t)WWi,j,t.



(15)







The third objective function provides the facility of proliferation at treatment plants and underground disposal sites with some predetermined expansion option. The different expansion options require capital investment, which is to be minimized with binary variable taking value 1 if the expansion option m is adopted at treatment plant j over time period t; otherwise 0. Therefore the total capital investment (16) for the expansion of wastewater treatment plant capacity can be summarized as follows:


MinimizeZ3=∑j=1J∑m=1M∑t=1T(cexj,m,t)·Yj,m,t.



(16)








3.2. Constraints


The constraint given by (17) is related to freshwater demand at shale sites:



At each shale site, a certain quantity of freshwater is required for the hydraulic fracturing process. The total amount of freshwater obtained from different sources is not sufficient to meet the demand at shale sites, but it is indispensable to build up the other sources or by developing other techniques to obtain the freshwater. Therefore on-site treatment technology with a recovery factor for treating wastewater is also an important option to fulfill the demand of such a tremendous amount of freshwater. Hence, the sum of the total amount freshwater acquired from different freshwater sources s and freshwater obtained from various on-site treatment technologies o with the recovery factor for treating wastewater must be greater than or equal to its total requirement at each shale site i over period t:


∑s=1SFWs,i,t+∑o=1Oloo∗WTOi,o,t≥fdwi,t∀i,t.



(17)







The constraint has given in (18) is related to the freshwater capacity at each source:



The total amount of freshwater obtained from different sources has some limitations in terms of storage capacity at different sources. The optimal stock of freshwater at different sources may differ marginally. It is necessary to ensure that the total amount of freshwater can be obtained without substantially affecting the storage capacity of each freshwater source. Therefore, the total amount of freshwater acquired from different sources s with the consumption at each shale site i must be less than or equal to its storage capacity at source s over period t:


∑i=1IFWs,i,t≤fcas,t∀s,t.



(18)







The constraint given in (19) is related to wastewater capacity at underground disposal sites:



The amount of wastewater generated after the fracturing process contains various toxic chemicals dissolved in it. A proper disposal system with its associated available capacity must be built to overcome fatal environmental effects. Therefore, it must be assured that the amount of wastewater received at different disposal sites can be fully tackled. Thus, the amount of wastewater released from shale site i and received at each disposal site j must be less than or equal to the presumable capacity of each disposal site j over period t:


∑i=1IWWDi,j,t≤wwdsj,tj,t.



(19)







The constraint given in (20) is related to the wastewater capacity at each treatment plant with its prevalence:



The wastewater treatment facility leads to the option of reusing wastewater. The amount of wastewater liberated from different shale sites restrains the tremendous amount of harmful chemicals that must be treated at the water treatment plant to ensure its reuse for different household purposes. Thus, the amount of wastewater released from different shale sites i and dispatched to different treatment plants j must be less than or equal to the sum of the total capacity of each treatment plant with its several expansion options m over period t:


∑i=1IWWTi,j,t≤wwtpj,t+∑m=1Meoj,m,t·Yj,m,t∀j,t.



(20)







The constraint given in (21) is related to the overall wastewater capacity at the treatment plant and disposal site:



The total amount of wastewater generated during the shale gas extraction process must be confronted with proper cautionary measures. The option of the treatment plant and disposal site for dealing with wastewater must be sufficient to conquer its harmful effects. Therefore it must be ensured that the total amount of wastewater generated from the hydraulic fracturing process at shale site i is less than or equal to its total capacity at the treatment plant and disposal site j over period t:


∑i=1IWWi,j,t≤wdwj,t∀j,t.



(21)







The constraint given in (22) is related to different wastewater capacities at the treatment plant and disposal site:



This constraint ensures that regardless of what the excess amount of wastewater released from shale sites is, it must be fully managed by expanding the treatment plant capacity. Therefore, the different treatment plants have a potential storage capacity increment option within the investment costs. Thus, the sum of total wastewater capacity enhanced by expanding treatment plant j with expansion option m, the total capacity of underground disposal and treatment plant j must be less than or equal to the assorted capacity of disposal site and treatment plant j over time period t:


∑m=1Meoj,m,t·Yj,m,t+wwdsj,t+wwtpj,t≤wdwj,t∀i,j,t.



(22)







The constraint given in (23) is related to the different wastewater capacities at the treatment plant and disposal site:



The necessity and utilization of a huge amount of freshwater in the whole process of shale gas extraction requires thought regarding its acquisition. Various techniques are used to recycle freshwater. Therefore, one of the most trending techniques is on-site treatment with different technologies. Thus, the reuse specification for hydraulic fracturing with the blending ratio of freshwater to wastewater after the treatment of on-site treatment technology o must be less than or equal to the total amount of freshwater acquired at source s transported to shale site i over period t:


∑o=1Orfo·loo·WTOi,o,t≤FWs,i,t∀s,i,t.



(23)







The constraint given in (24) is related to the minimum capacity of the ton-site treatment of wastewater:



This restriction was imposed with the fact that a minimal amount of freshwater must be obtained by using on-site treatment technology. The capital investment towards the setup of on-site treatment plant steers the utilization of on-site treatment technology. Thus, the minimum capacity of on-site wastewater treatment with technology o along with the binary variable taking value one if the certain technology is used (and otherwise 0) at shale site i must be less than or equal to the amount of wastewater treated by on-site treatment technology o over period t:


∑o=1Ooclo·YOi,o≤WTOi,o,t∀i,t.



(24)







The constraint given in (25) is related to the maximum capacity of on-site wastewater treatment:



This restriction ensures that the maximal amount of freshwater is acquired by using on-site treatment technology. The upper limit for the on-site treatment of wastewater restricts the excessive holding of wastewater at the on-site treatment plant. Thus, this constraint provides the surety that the minimum capacity of on-site treatment of wastewater with technology o along with the binary variable taking value 1 if the certain technology is used (otherwise 0) at shale site i is greater than or equal to the amount of wastewater treated by on-site treatment technology o over time period t:


∑o=1Oocuo·YOi,o≥WTOi,o,t∀i,t.



(25)







The constraint given in (26) is related to the total wastewater produced during the shale gas extraction process:



It must be ensured that the total amount of wastewater generated during the fracking procedures is strictly equal to the sum of different amounts of wastewater distributed to the treatment plant and disposal site. Therefore, the sum of the total amount of wastewater at the treatment plant and disposal site j dispatched from shale site i must be equal to the assorted wastewater capacity at disposal site and treatment plant j over time period t:


∑i=1I∑j=1J∑t=1TWWDi,j,t+∑i=1I∑j=1J∑t=1TWWTi,j,t=∑i=1I∑j=1J∑t=1TWWi,j,t∀i,j,t.



(26)







The proposed multiobjective shale gas optimization model under uncertainty is presented in model M1 with the fact that parameter values inherently contain vagueness and ambiguousness in the real-life decision-making process. The decision maker(s) or policy maker(s) is(are) not very sure about the exact parameter values due to a lack of proper information, relatively little experience, environmental issues, and other humanitarian logical perception. To overcome these issues, the settings are taken as the triangular intuitionistic fuzzy number and are more elaborately discussed in Section 3.3.


M1:MinimizeZ1=∑s=1S∑i=1I∑t=1T{caq˜s,t+ctf˜s,i,t}FWs,i,tMinimizeZ2=∑i=1I∑j=1J∑t=1T{ctr˜j,t+cd˜j,t+ctw˜i,j,t−rrj,t·rej,t}WWi,j,tMinimizeZ3=∑j=1J∑m=1M∑t=1T{cex˜j,m,t}·Yj,m,t








subject to:


∑s=1SFWs,i,t+∑o=1Oloo·WTOi,o,t≥fdw˜i,t∀i,t∑i=1IFWs,i,t≤fca˜s,t∀s,t∑i=1IWWDi,j,t≤wwds˜j,t∀j,t∑i=1IWWTi,j,t≤wwtp˜j,t+∑m=1Meoj,m,t·Yj,m,t∀j,t∑i=1IWWi,j,t≤wdw˜j,t∀j,t∑m=1Meoj,m,t·Yj,m,t+wwds˜j,t+wwtp˜j,t≤wdw˜j,t∀i,j,t∑o=1Orfo·loo·WTOi,o,t≤FWs,i,t∀s,i,t∑o=1Ooclo·YOi,o≤WTOi,o,t∀i,t∑o=1Oocuo·YOi,o≥WTOi,o,t∀i,t∑i=1I∑j=1J∑t=1TWWDi,j,t+∑i=1I∑j=1J∑t=1TWWTi,j,t=∑i=1I∑j=1J∑t=1TWWi,j,t∀i,j,tFWs,i,t≥0,WWi,j,t≥0∀s,i,j,tWTOi,o,t≥0,WWDi,j,t≥0,WWTi,j,t≥0∀i,o,jandt0≤Yj,m,t,YOi,o≤1,Yj,m,tandYOi,o=integer,∀i,o,j,mandt,








where the notation (.˜) over different parameters represents the triangular intuitionistic fuzzy number for the indices’ whole set.




3.3. Intuitionistic Fuzzy Parameters


The proposed multiobjective shale gas water management optimization model discussed in Section 3 inherently involves uncertainty or impreciseness. The existence of ambiguity among parameters makes it uncertain. It is not always feasible for decision maker(s) or project manager(s) to assign crisp/exact parameter values. Actual perceptions behind the uncertainty involve a lack of proper information, environmental conditions, the condition of roads, natural calamities, abrupt changes in the prices of fuel, different routes of transportation, shortages of freshwater on sunny days, etc. In such cases, only some vague and inconsistent pieces of information are available regarding the parameter values. Therefore, uncertainty can take different forms, such as fuzzy numbers, stochastic random variables, and other forms of change. Based on this confluent information, one may assume imprecise parameters and easily overcome uncertainty by applying the different techniques to obtain the best estimates of the parameters. In brief, we may distinguish between stochastic and fuzzy methods while dealing with the uncertain dataset. The uncertainty involved in the data due to randomness can be handled with a stochastic programming approach while it can be dealt with using fuzzy techniques due to vagueness or ambiguousness. In the present study, all the parameters were assumed to be triangular intuitionistic fuzzy numbers, which is more realistic as compared to fuzzy numbers as it simultaneously reveals both the degree of belongingness and the degree of non-belongingness. The defuzzification/ranking method of triangular intuitionistic fuzzy parameters is based on the expected interval and expected values of a lower and upper member of the set. Imprecise parameters involved in the different objective functions were converted to their crisp forms by using expected values, whereas uncertain parameters present in constraints were transformed into their deterministic forms using expected intervals. All the pieces of information regarding triangular intuitionistic fuzzy settings used in THE shale gas optimization model are summarized in Table 2.



Therefore, the crisp/deterministic version of the proposed multiobjective shale gas water management system optimization model M1 based on the different crisp values of the parameters can be represented in the model M2 as follows:


M2:MinimizeZ1=∑s=1S∑i=1I∑t=1T{EV(caq˜s,t)+EV(ctf˜s,i,t)}FWs,i,t,MinimizeZ2=∑i=1I∑j=1J∑t=1T{EV(ctr˜j,t)+EV(cd˜j,t)+EV(ctw˜i,j,t)−rrj,t·rej,t}WWi,j,t,MinimizeZ3=∑j=1J∑m=1M∑t=1T{EV(cex˜j,m,t)}Yj,m,t,








subject to:


∑s=1SFWs,i,t+∑o=1Oloo·WTOi,o,t≥E1fdwi,t∀i,t∑i=1IFWs,i,t≤E2fcas,t∀s,t∑i=1IWWDi,j,t≤E2wwdsj,t∀j,t∑i=1IWWTi,j,t≤E2wwtpj,t+∑m=1Meoj,m,t·Yj,m,t∀j,t∑i=1IWWi,j,t≤E2wdwj,t∀j,t∑m=1Meoj,m,t·Yj,m,t+E1wwdsj,t+E1wwtpj,t≤E2wdwj,t∀j,t∑o=1Orfo·loo·WTOi,o,t≤FWs,i,t∀s,i,t∑o=1Ooclo·YOi,o≤WTOi,o,t∀i,t∑o=1Oocuo·YOi,o≥WTOi,o,t∀i,t∑i=1I∑j=1J∑t=1TWWDi,j,t+∑i=1I∑j=1J∑t=1TWWTi,j,t=∑i=1I∑j=1J∑t=1TWWi,j,t∀i,j,tFWs,i,t≥0,WWi,j,t≥0∀s,i,j,tWTOi,o,t≥0,WWDi,j,t≥0,WWTi,j,t≥0∀i,o,jandt0≤Yj,m,t,YOi,o≤1,Yj,m,tandYOi,o=integer,∀i,o,j,mandt,








where EV(.), E1(.), and E2(.) are the expected value and lower and upper intervals of triangular intuitionistic fuzzy numbers for the entire indices’ set, respectively.



The discussed solution technique (i.e., the neutrosophic goal programming approach (NGPA)) is based on the neutrosophic decision set, which ensures the efficient implementation of the independent neutral thoughts of the decision maker(s). The obtained crisp model M2 can be transformed into M3 to achieve the globally optimal solution of the proposed multiobjective shale gas water management system optimization model.


M3:MinimizeZ=(w1T·d1T−+w2T·d2T−+w3T·d3T−)+(w1I·d1I−+w2I·d2I−+w3I·d3I−)+(w1F·d1F++w2F·d2F++w3F·d3F+)subjecttoU1T−∑s=1S∑i=1I∑t=1T{EV(caq˜s,t)+EV(ctf˜s,i,t)}FWs,i,tU1T−L1T+d1T−−d1T+=1U1I−∑s=1S∑i=1I∑t=1T{EV(caq˜s,t)+EV(ctf˜s,i,t)}FWs,i,tU1I−L1I+d1I−−d1I+=0.5∑s=1S∑i=1I∑t=1T{EV(caq˜s,t)+EV(ctf˜s,i,t)}FWs,i,t−L1FU1F−L1F+d1F−−d1F+=0U2T−∑i=1I∑j=1J∑t=1T{EV(ctr˜j,t)+EV(cd˜j,t)+EV(ctw˜i,j,t)−rrj,t·rej,t}WWi,j,tU2T−L2T+d2T−−d2T+=1U2I−∑i=1I∑j=1J∑t=1T{EV(ctr˜j,t)+EV(cd˜j,t)+EV(ctw˜i,j,t)−rrj,t·rej,t}WWi,j,tU2I−L2I+d2I−−d2I+=0.5∑i=1I∑j=1J∑t=1T{EV(ctr˜j,t)+EV(cd˜j,t)+EV(ctw˜i,j,t)−rrj,t·rej,t}WWi,j,t−L2FU2F−L2F+d2F−−d2F+=0U3T−∑j=1J∑m=1M∑t=1T{EV(cex˜j,m,t)}Yj,m,tU3T−L3T+d3T−−d3T+=1U3I−∑j=1J∑m=1M∑t=1T{EV(cex˜j,m,t)}Yj,m,tU3I−L3I+d3I−−d3I+=0.5∑j=1J∑m=1M∑t=1T{EV(cex˜j,m,t)}Yj,m,t−L3FU3F−L3F+d3F−−d3F+=0∑s=1SFWs,i,t+∑o=1Oloo·WTOi,o,t≥E1fdwi,t∀i,t∑i=1IFWs,i,t≤E2fcas,t∀s,t∑i=1IWWDi,j,t≤E2wwdsj,t∀j,t∑i=1IWWTi,j,t≤E2wwtpj,t+∑m=1Meoj,m,t·Yj,m,t∀j,t∑i=1IWWi,j,t≤E2wdwj,t∀j,t∑m=1Meoj,m,t·Yj,m,t+E1wwdsj,t+E1wwtpj,t≤E2wdwj,t∀j,t∑o=1Orfo·loo·WTOi,o,t≤FWs,i,t∀s,i,t∑o=1Ooclo·YOi,o≤WTOi,o,t∀i,t∑o=1Oocuo·YOi,o≥WTOi,o,t∀i,t∑i=1I∑j=1J∑t=1TWWDi,j,t+∑i=1I∑j=1J∑t=1TWWTi,j,t=∑i=1I∑j=1J∑t=1TWWi,j,t∀i,j,t










FWs,i,t≥0,WWi,j,t≥0∀s,i,j,tWTOi,o,t≥0,WWDi,j,t≥0,WWTi,j,t≥0∀i,o,jandt0≤Yj,m,t,YOi,o≤1,Yj,m,tandYOi,o=integer,∀i,o,j,mandtdkT−·dkT+=0,dkI−·dkI+=0,dkF−·dkF+=0,








where w1T,w1I,w1F,w2T,w2I,w2F,w3T,w3I, and w3F are the parameter weights assigned to different deviational variables of the neutrosophic membership goals.




3.4. Solution Algorithm


To reformulate the shale gas water management optimization model into the neutrosophic goal programming model, one needs to solve each objective function individually and has to determine the maximum and minimum values of each objective. With the help of these values, the upper and lower bounds for each membership function under a neutrosophic environment were obtained. Then, the truth, indeterminacy, and falsity membership functions for each objective were constructed. The transformation of membership functions into membership goals can be done by using the different deviational variables. The weighting scheme of each aim was designed based on the difference between the best and worst values of the respective objective function. The developed framework for the optimal shale gas water management computational model was transmuted under a neutrosophic environment. The stepwise solution procedures for the proposed neutrosophic goal programming approach can be summarized as follows:

	Step 1. 

	
Design the proposed multiobjective shale gas water management optimization model as given in M1.




	Step 2. 

	
Convert each intuitionistic fuzzy parameter involved in model M1 into its crisp form by using the expected interval and values method as given in Equations (2)–(4) or presented in Table 2.




	Step 3. 

	
Modify model M1 into M2 and solve model M2 for each objective function individually in order to obtain the best and worst solutions.




	Step 4. 

	
Determine the upper and lower bounds for each objective function by using Equation (6). Using Uk and Lk, define the upper and lower bounds for truth, indeterminacy, and falsity membership as given in Equations (7)–(9).




	Step 5. 

	
Transform the truth, indeterminacy, and falsity membership degrees into their respective membership goals and deviational variables as defined in Equations (10)–(12).




	Step 6. 

	
Formulate the neutrosophic goal programming model defined in M3 and solve the multiobjective shale gas water management optimization model in order to obtain the compromise solution using suitable techniques or some optimization software packages.











4. A Computational Study


The integrated framework representative of the multiobjective shale gas water management optimization model is presented based on a real-life scenario, hypothetical proposition, data, information, and a quick review of the published research (Lutz et al. [12], Rahm and Riha [54], Rahm et al. [55], Zhang et al. [22], Alawattegama [56]). The unified optimal shale gas water planning model was structured to manifest the real-life scenario in the current and future characteristic features of shale gas extraction processes. The proposed model includes the optimal acquisition of freshwater, on-site treatment of wastewater, expansion of treatment plant facility, underground injection disposal site, treatment plant facility, and primary socio-economic concerns and environmental issues with the technical and potential aspects in major shale gas plays in the United States. The acquisition of freshwater from different sources and the inventory holding of freshwater to a certain level for the smooth operation of the shale gas extraction processes is quite a challenging task. Therefore, the acquisition of freshwater is allowed some predetermined budget allocation at the different freshwater sources. The flow-back-produced water from shale play is a matter of grave concern. The privilege of an on-site wastewater treatment facility for reuse purposes at a moderate scale is also feasible and laid down as a base of future technologies. Various burning socio-environmental issues are being raised against the contaminated wastewater generated from shale wells after fracturing processes at the national and international political levels. To overcome these issues, the orientation of wastewater underground disposal sites and treatment facilities with their expansion options have been taken under consideration. There is no scope for pipelines to any extent throughout the shale gas extraction process. All sorts of to and fro flow of freshwater and wastewater have been depicted with roadways. The planning periods are designed in such a way that shale gas production turnover results in an economically profitable scenario.



In this study, the shale gas water management system optimization model comprises one freshwater source, five shale sites with one drilled well at each shale site, and three on-site wastewater treatment facilities. The toxic wastewater management system includes one wastewater underground injection disposal site, two wastewater treatment plants with three expansion options for each treatment plant facility over three planning periods of 5 years each which are capable of representing the whole shale gas production process more realisticallyy. All the summarized parameters were assumed to be a triangular intuitionistic fuzzy number, and their defuzzified version can be obtained from Table 2. The acquisition costs (in $/bbl) of freshwater at source and transportation cost (in $/bbl) of freshwater by road over three planning periods are presented in Table 3. The various costs incurred on account of wastewater, such as transportation cost (in $/bbl) from different shale sites to disposal site and treatment plants, underground injection disposal cost (in $/bbl), and wastewater operational cost at different treatment plants (in $/bbl) over three planning periods are summarized in Table 4. The capital investment costs(in $/bbl) for alternative options for the expansion of treatment plant capacity with the respective enhanced potential volume (in bbl/day) over three planning periods are presented in Table 4. The crisp parameters which include revenues/profits from the reuse of wastewater (in $), reuse rate (in bbl/day), recovery factor for treating wastewater with different treatment technology, and the required ratio of freshwater to sewer for blending after on-site treatment technology, along with the minimum and maximum capacities for on-site treatment with conflicting technology over three time periods are summarized in Table 5. The different restrictive intuitionistic fuzzy parameters (for freshwater and wastewater) were introduced for the optimal allocation of freshwater and wastewater according to their speculated destination. The freshwater acquisition capacity at the source, the requirement of freshwater at different shale sites, the underground wastewater disposal capacity, the wastewater treatment plant capacity, and the overall generated wastewater permitted for managerial purposes are summarized in Table 5. Throughout the project planning scheme, the decision maker(s) or project manager(s) intend to adopt the certainly feasible strategy that ensures the optimal allocation of freshwater and wastewater to their predetermined consumption points. However, during the whole planning periods, the decision maker(s) are confronted with the different multiple conflicting objectives which are to be optimized in order to achieve the global benefits from the production of shale gas energy as well as its commercial distribution. Hence, the proposed multiobjective shale gas water management optimization model experiments with these hypothetical datasets and was applied to tackle the project planning scheme.



Results Analyses


The multiobjective shale gas water management optimization model was written in the AMPL language and solved using the BARON solver through NEOS server version 5.0 in the on-line facility provided by Wisconsin Institutes for Discovery at the University of Wisconsin in Madison for solving optimization problems, see Dolan [57], Drud [58], Server [59], and Gropp, W. Moré [60]. The technical description of the problem is presented as follows: The final multiobjective shale gas water management optimization model along with a set of well-defined multiple objectives comprised 219 variables including 42 binary variables, 27 non-linear variables, 150 linear variables, and 336 constraints, including 15 non-linear constraints and 321 linear constraints, 66 equality, and 270 inequality constraints. The total computational time for obtaining the final solution was 0.095 s (CPU time). The proposed multiobjective shale gas water management optimization model was solved with three weight parameters assigned to deviational variables of each membership goal with respect to their marginal membership degree. The first weight parameter wkT was assigned to the truth deviational variable of each membership goal. The second weight parameter wkI was assigned to the indeterminacy deviational variable of each membership goal, and the third weight parameter wkF was assigned to the falsity deviational variable of each membership goal included in all three objective functions. The obtained optimal results were categorized into five main parts: (i) the optimal acquisition of freshwater from various sources to different shale sites in order to ensure smooth operation of the shale gas energy generation system; (ii) prominent emerging technologies for the on-site treatment of wastewater; (iii) the optimal wastewater management system strategy, which is challenging from the environmental point of view; (iv) the optimal expansion plan to enhance the treatment plant capacity; and (v) the optimal values of different conflicting objectives with their corresponding assigned weights. The optimal amounts of freshwater from source to different shale sites are summarized in Table 6. In planning period 1, the amount of freshwater requirements from source to five shale sites were 700.000, 186.765, 700.000, 300.480, and 74.100 bbl/day, respectively. In planning period 2, the requirements of freshwater at each shale site were obtained as 1125.000, 1125.000, 654.419, 131.542 and 212.553 bbl/day, respectively. In planning period 3, the consumption of freshwater at each shale site was 1275.000, 187.613, 528.153, 131.542, and 212.553 bbl/day in order to ensure smooth operation of the shale gas extraction processes. However, with the exception of shale sites 1 and 5, the requirements for freshwater increased for each planning horizon. The maximum requirement of freshwater was in shale site 5 with a volume 1275.000 bbl/day, whereas the minimum freshwater requirement was observed at shale site 1 during planning period 3, with 74.100 bbl/day due to the low and high cost of acquisition and transportation incurred over the amount of freshwater, respectively.



The most promising characteristic features of on-site wastewater treatment are the different technologies which are being used to reutilize the wastewater within candidate shale sites. The optimal allocation of wastewater for on-site treatment is summarized in Table 7. The on-site treatment of wastewater by different technologies are emerging options for generating freshwater, which was included in the proposed modeling and optimization framework. At shale site 1, the amount of freshwater after treatment by technology 1 was 150 bbl/day in all three planning horizons; the generation of freshwater after treatment by using technology 2 was 200 bbl/day in each planning period; and by applying technology 3 the values were 1551.71, 2401.65, and 2701.62 bbl/day, which was consistently increasing and ensuring the reuse of wastewater in these three planning horizons. At shale site 2, the amount of freshwater generated by the on-site treatment facility using technology 1 was 127.352 bbl/day in each planning period; the generation of freshwater after treatment using technology 2 was 200, 6250, and 200 bbl/day each; and by applying on-site treatment technology 3 they were 525.313, 4554.66, and 527.01 bbl/day in each planning horizon, respectively. At shale site 3, the amount of freshwater after treatment by technology 1 was 150 bbl/day in all three planning horizons; the generation of freshwater after treatment by using technology 2 was 200 bbl/day in the first and second planning periods, which were the same as shale site 1; whereas it was 2865.32 bbl/day in the third planning slot, and unlike by applying technology 3 the obtained amounts were 1551.71, 2060.51, and 2208.04 in all planning horizons, resulting in a significant increase in the freshwater generation pattern by on-site treatment. At shale site 4, the generation of freshwater using on-site treatment technology 1 was 147.779, 2023.26, and 147.779 bbl/day; by implementing on-site treatment technology 2 they were 200, 272.266, and 730.788 bbl/day, revealing the significant increment in the regenerated wastewater volumes in three planning slots. The amount of freshwater by using on-site treatment technology 3 was 751.275, 300.000, and 300.000 bbl/day in each planning horizon respectively. At shale site 5, the generation of freshwater using on-site treatment technology 1 was 150 bbl/day in each planning slot; by applying on-site treatment technology 2 it was 342.801, 861.73, and 861.73 bbl/day; and after implementing on-site treatment technology 3 it was 300, 860.539, and 860.539 bbl/day in each planning horizon, respectively. Therefore, the optimal regeneration of freshwater at each shale sites was effectively designed by implementing the on-site treatment technology component in the proposed shale gas water management study and could be potentially achieved using these technologies in an efficient manner under many adverse circumstances, especially where wastewater managerial issues are often encountered at the political level.



The presented wastewater managerial study includes one underground injection disposal site and two treatment plants with its three expansion options which are capable of representing the wastewater management system for the shale plays. Optimal distribution of total wastewater for underground injection disposal and treatment facility is summarized in Table 7. The toxic wastewater produced at shale site 1 was 6.75, 17.25, and 13.25 bbl/day, which is directly transported to the underground injection disposal site; whereas the total volume shipped to the treatment plant was 645, 842.50, and 0 bbl/day in all three time horizons. At shale site 2, the whole volume of wastewater was directly sent to the underground injection disposal site and it was not feasible to facilitate the usage of a treatment plant facility. At shale site 3, a certain volume of wastewater was delivered to an underground injection disposal site and treatment plant 2 without allocating any volume to treatment plant 1. The amount of wastewater shipped to the underground injection disposal site was 6.75, 17.25, and 13.25 bbl/day, and the optimal allocations to treatment plant 1 were 137.71, 675, and 850 bbl/day in the three planning periods. At shale sites 4 and 5, the overall volume of produced wastewater that would be delivered from both shale sites were the same and found to be 6.75, 17.25, and 13.25 bbl/day for underground injection disposal purposes: 645, 842.50, and 937.50 bbl/day towards treatment plant 1 whereas the optimal shipment volumes of wastewater from both shale sites to treatment plant 2 were 137.71, 675, and 850 bbl/day in all three planning horizons, respectively. The optimal allocation strategy for the total wastewater volumes was described in such a fashion that the optimal contribution of each wastewater management system components had equal significance. At all five shale sites, the generated amount of wastewater sent from each shale site to the underground injection disposal site were 6.75, 17.25, and 13.25 bbl/day over the three planning horizons, respectively, revealing the maximum permitted amount at the underground injection disposal site and restraining the subsurface water for a certain period. More elaborately, it could be concluded that during the various time horizons it was not found optimal and feasible to flow the wastewater towards the underground injection disposal site due to the significant cost of transportation and the underground injection disposal facility. At shale site 1, the amount of wastewater that would be shipped to treatment plant 1 was 645 and 842.50 bbl/day for planning horizons 1 and 2, respectively. The shipment of wastewater from shale site 1 to treatment plant 2 was not found to be feasible due to the significant increase in the transportation cost incurred over wastewater. At shale site 2, the allocation of any wastewater amount to treatment plants 1 and 2 was not found to be justified in all three planning periods. At shale site 3, it was not feasible to deliver any amount of wastewater to treatment plant 1 during all three planning periods, although the amount of wastewater that would be shipped to treatment plant 2 was 137.71, 675, and 850 bbl/day in the three planning horizons, respectively. At shale sites 4 and 5, the volume of wastewater that would be delivered from both shale sites were the same and found to be 645, 842.50, and 937.5 bbl/day towards treatment plant 1, whereas the optimal shipment volume of wastewater from both shale sites to treatment plant 2 were 137.71, 675, and 850 bbl/day in all three planning horizons respectively.



During all three planning horizons, treatment plant expansion options played a significant role in dealing with the excess volume of wastewater produced at different shale sites. The vital dominant characteristic of treatment plant expansion was mainly due to limited and rare existence of underground injection disposal site facilities in some places. The limitations imposed on underground injection disposal sites enabled the expanded scope of treatment plant expansions. The optimal strategy for the expansion of treatment plants is presented in Table 7. The optimal expansion results of treatment plant 1 during planning periods 1 and 3 by using expansion option 1 were 600 bbl/day each. By using expansion option 2 in planning periods 1 and 3, the optimal capacity was 750 bbl/day each; and by using expansion option 3 in planning periods 1 and 3, the optimal capacity was 850 bbl/day each. There was no need to expand the treatment capacity of treatment plant 1 in planning period 2. Moreover, the optimal expansion strategy for treatment plant 2 by using all three expansion options during planning horizon 1 were obtained as 550, 650, and 850 bbl/day, whereas in planning period 2, only expansion option 2 was suggested to enhance the treatment capacity. There was no more optimal strategy indicated for the rest of the expansion options. The compromise solution results obtained by solving the proposed multiobjective shale gas water management model are summarized in Table 6. The minimum total cost of acquisition and transportation of freshwater at the source and from different sources to shale sites was USD $525126.00, whereas the net cost incurred over the entire amount of wastewater management during the three planning periods was obtained as USD $4025940.00. The optimal strategy to expand the treatment plant capacity with the predetermined expansion option was presented efficiently and the total capital investment levied on the expansion of the wastewater treatment plant was USD $5548.97, which reveals that there is still adequate opportunity to expand the capacity of the treatment plant. Shale gas water management systems play an important role in the whole process of generating shale gas energy. The acquisition of a huge amount of freshwater for the fracturing process is a challenging task. The wastewater released from shale sites is toxic in nature and contains various harmful dissolved elements. Therefore, a well-organized wastewater management system includes disposal sites (underground injections) and the establishment of different treatment plants with expansion options.



The overall shale gas water modeling approach was presented, inevitably revealing more practical aspects of decision-making scenarios. Uncertainty among parameters due to vagueness and hesitation were addressed with the triangular intuitionistic fuzzy number, which complies over the degree of acceptance and non-acceptance simultaneously. For example, if the decision maker intends to quantify the value of freshwater requirement with some estimated value, such as each shale site requires approximately 54,800 bbl/day for fracking and horizontal drilling purposes, then the most likely estimated interval would be 54,750–54,850 bbl/day, along with some hesitation degree that may be given as 54,700–54900 bbl/day, which ensures less violation of risks with degree of acceptance and non-acceptance. The representation of different constraints imposed over various parameters also reflects the real scenario of Pennsylvania. In Pennsylvania, underground disposal facilities are very rare and most often wastewater is shipped to nearby cities in Ohio. The solution results have shown a similar situation, and less sewage has been allocated to a different underground disposal facility. Furthermore, the scope for on-site treatment technology and expansion capacity options of treatment plants have been optimally utilized. The resulting optimal allocation of wastewater for on-site treatment at different shale sites shows another advantage by reducing the transportation cost incurred over the treatment and disposal facilities. The opportunity for the expansion capacity option of the treatment plant—if needed—was propounded, and results show that some expansion option was adopted due to the lesser capital investment. The determination of the wastewater reuse rate at the treatment plant also yielded a significant amount of freshwater generation and ensured a lesser burden on the underground disposal facility, which again exhibits substantial characteristic features of the shale gas modeling approach of Pennsylvania. Thus, the proposed shale gas water management model can be easily applied to shale gas energy project planning problems that inherently involve uncertain parameters. The decision maker(s) or project manager(s) can conclusively determine the optimal allocation of each water component with a set of multiple conflicting objectives along with a profitable and economic strategy.





5. Conclusions


The multiobjective shale gas water management optimization model addressed within synthesizes the optimum allocation of water resources for shale gas extraction processes. It assures the optimal distribution of freshwater and wastewater, which are the complementary components of shale gas energy production problems. The proposed shale gas modeling outlook is reliable and provides a helpful tool to investigate and analyze the trade-off between socio-economic and environmental concerns globally. The different costs incurred over freshwater, charges levied on wastewater, and capital investment of expanding treatment plant capacity along with the set of shale gas water management system constraints were optimized simultaneously. Uncertainty measures were incorporated among different parameters to demonstrate the actual situations encountered in real-life shale gas optimization frameworks. The accumulation of freshwater from various sources is a crucial task to fulfill commercial needs. However, alternate options were suggested for the generation of freshwater by using on-site treatment technology, which simultaneously reduced the transportation costs for freshwater. Underground injection disposal sites and treatment plant facilities are two major consumption points of generated wastewater from shale sites. A critical factor in the reuse of water in shale gas is the detailed coordination of activities. For greater convenience, auxiliary options have also been introduced to tackle the excess amount of wastewater in the form of on-site treatment technology and different potential expansions of treatment plant capacity at each shale site during each planning horizon. Unlike the various existing conventional solution techniques, the neutrosophic goal programming approach was suggested, which also considers the independent neutral thoughts of decision makers in the decision-making process. Since the proposed approach was applied to a small-scale shale gas extraction process (see Figure 2), it resulted in the globally optimal solution for all objectives simultaneously. However, it may not always be possible to have a globally optimal solution when dealing with large-scale dataset problems. The discussed approach cannot capture the stochastic nature of parameters, which consequently cannot be applied to stochastic optimization problems.



The significant contributions of the proposed multiobjective shale gas water management system are summarized as follows:

	
The proposed study considers the overall shale gas water management system which consists of freshwater acquisition at sources, on-site wastewater treatment facilities at each shale site, underground injection disposal sewage facilities, different treatment plant options for the reuse of wastewater and the total wastewater capacity which are feasible to handle without affecting the environmental issues. The decision maker(s) or project manager(s) may adopt the presented shale gas modeling framework, which has a magnetic orientation concerning the overall water management system. However, pipeline facilities have not been included throughout the shale gas energy extraction due to their uneconomic aspect.



	
Uncertainty among the parameter values is commonly known in the decision-making process. In this shale gas optimization model, the different parameters (e.g., acquisition cost, transportation cost, treatment cost, disposal cost, and capital investment) are taken as the triangular intuitionistic fuzzy number, which is based on more intuition and leads to more realistic uncertainty modeling texture. It also ensures that the system costs the reliability of each component (costs related to freshwater and wastewater) more realistically. The crisp versions of uncertain parameters were determined in terms of expected interval and expected values.



	
A neutrosophic-based computational decision-making algorithm for such a complex and dynamic multiobjective shale gas water management optimization model provides benefits while obtaining globally optimal solutions. The indeterminacy/neutral thought is the region of the propositions’ value uncertainly and originates from the independent and impartial thoughts. Therefore, the proposed NGPA is a dominating and suitable conventional optimization technique that is preferred over others due to the existence of its independent indeterminacy degree.



	
The multiobjective shale gas project planning model was implemented with a possible dataset and the obtained optimal results were analyzed for each component of the shale gas system in a well-organized and efficient manner. Hence, it was concluded that the proposed optimal strategy for shale gas production could be adopted for more sophisticated and quite typical Marcellus shale plays in large-scale long-term scenarios.








Due to manuscript drafting constraints and space limitations, some important aspects remain untouched and may be explored as a future research scope. The presented shale gas water management modeling approach could be extended by considering different essential aspects such as the to and fro movement of water through the pipeline which was not considered in this paper. The presented computational study was demonstrated for small-scale shale-plays, which could be further explored for large-scale and long-term time horizons by enhancing the number of shale sites and different sources of freshwater and various destinations for wastewater.



Flow-back water does not exit instantaneously, but follows a decline curve. Most of the water exits in the first 3–4 weeks, but there is small and a continuous flow of produced water during all the shale-sites life. Therefore the presented modeling approach may be extended by capturing the above-discussed behavior of flow-back produced water. On-site treatment technology exerts less pressure on the underground disposal of wastewater and provides an opportunity to reuse the treated wastewater for fracking purposes within the shale sites itself. If there are no NORMs (normally occurring radioactive materials), the most costly part of water treatment is desalination. Therefore, the sort of on-site treatment technologies may be specified along with their actual cost, and the possibility of being used for on-site treatment purposes may be explored as a future study. Most of the water management system (e.g., the water treated in municipal wastewater treatment facilities that are usually not prepared to deal with hypersaline water) are presently forbidden and may be implemented and executed by including them under a good practices scheme in future work. From the decision-making point of view, hierarchical decision-making processes could be adopted, ensuring a decentralized decision-making scenario and providing more flexibility compared to multiobjective optimization techniques with a single decision maker. Apart from conventional solution techniques, some metaheuristic algorithms could be applied to solve such shale gas water management planning problems. Furthermore, the propounded neutrosophic modeling approach could be applied to real-life dataset problems such as supplier selection problems, inventory control problems, supply chain management, humanitarian logistic problems, etc. The proposed approach could be further extended by incorporating the multi-choice and stochastic parameters along with bi-level and multi-level decision-making scenarios.
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Figure 1. Diagrammatic representation of truth, indeterminacy, and falsity membership degree for the objective function. 
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Figure 2. Representation of shale gas integrated water flow optimization network over time. 
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Table 1. Notions and descriptions.






Table 1. Notions and descriptions.









	Indices
	Descriptions



	i
	Denotes the number of shale sites



	j
	Represents the number of disposal sites and treatment plants



	m
	Denotes the available options for the expansion capacity of the treatment plant



	o
	Denotes the on-site treatment technologies



	t
	Represents the time period



	s
	Denotes the source of freshwater



	Decision variables
	



	FWs,i,t
	Amount of freshwater acquired from source s at shale site i in time period t



	WTOi,o,t
	Amount of wastewater treated by on-site treatment technology o at shale site i in time period t



	WWi,j,t
	Total amount of wastewater generated at shale site i and received by disposal site and treatment plant j in time period t



	WWDi,j,t
	Amount of wastewater generated at shale site i and received by disposal site j in time period t



	WWTi,j,t
	Amount of wastewater generated at shale site i and received by treatment plant j in time period t



	Yj,m,t
	Binary variable representing the expansion capacity of the disposal site and treatment plant j by expansion option m in time period t



	YOi,o
	Binary variable representing that on-site technology o is applied at shale site i



	Parameters
	



	loo
	Recovery factor for treating wastewater with on-site treatment technology o



	fdwi,t
	Freshwater demand at shale site i in time period t



	fcas,t
	Freshwater supply capacity at source s in time period t



	rfo
	Ratio of freshwater to wastewater required for blending after treatment with on-site treatment technology o



	wwdsj,t
	Capacity for wastewater at disposal site j in time period t



	wwtpj,t
	Capacity for wastewater at treatment plant j in time period t



	wdwj,t
	Total wastewater capacity at disposal site and treatment plant j in time period t



	eoj,m,t
	Represents increased treatment capacity of wastewater treatment plant j by using available expansion option m in time period t



	caqs,t
	Denotes the unit acquisition cost of freshwater at source s in time period t



	ctfs,i,t
	Denotes the unit transportation cost of freshwater from source s to shale site i in time period t



	ctwi,j,t
	Denotes the unit transportation cost of wastewater from shale site i to disposal site and treatment plant j in time period t



	ctrj,t
	Denotes the unit treatment cost of wastewater at treatment plant j in time period t



	cdj,t
	Denotes the unit disposal cost of wastewater at disposal site j in time period t



	rej,t
	Denotes the revenues from wastewater reuse from treatment plant j in time period t



	rrj,t
	Denotes the reuse rate from wastewater treatment plant j in time period t



	cexj,m,t
	Represents the investment cost of expanding the disposal site and treatment plant j by expansion option m in time period t



	oclo
	Denotes the minimum capacity for the on-site treatment of wastewater



	ocuo
	Denotes the maximum capacity for the on-site treatment of wastewater
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Table 2. Information regarding the triangular intuitionistic fuzzy parameters of the shale gas model.
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	Intuitionistic Fuzzy Parameters
	Triangular Intuitionistic Fuzzy Number
	EI(.)=[E1(.),E2(.)]
	EV(.)





	caq˜s,t
	{(caqs,t(1),caqs,t,caqs,t(2));(caqs,t(3),caqs,t,caqs,t(4))}
	{3·caq+caq(3)+(caq−caq(3))νcaq˜−(caq−caq(1))μcaq˜4,
	E1(caq˜)+E2(caq˜)2



	
	
	3·caq+caq(4)+(caq(2)−caq)μcaq˜+(caq−caq(4))νcaq˜2}
	



	ctf˜s,i,t
	{(ctfs,i,t(1),ctfs,i,t,ctfs,i,t(2));(ctfs,i,t(3),ctfs,i,t,ctfs,i,t(4))}
	{3·ctf+ctf(3)+(ctf−ctf(3))νctf˜−(ctf−ctf(1))μctf˜4,
	E1(ctf˜)+E2(ctf˜)2



	
	
	3·ctf+ctf(4)+(ctf(2)−ctf)μctf˜+(ctf−ctf(4))νctf˜2}
	



	ctr˜j,t
	{(ctrj,t(1),ctrj,t,ctrj,t(2));(ctrj,t(3),ctrj,t,ctrj,t(4))}
	{3·ctr+ctr(3)+(ctr−ctr(3))νctr˜−(ctr−ctr(1))μctr˜4,
	E1(ctr˜)+E2(ctr˜)2



	
	
	3·ctr+ctr(4)+(ctr(2)−ctr)μctr˜+(ctr−ctr(4))νctr˜2}
	



	ctw˜i,j,t
	{(ctwi,j,t(1),ctwi,j,t,ctwi,j,t(2));(ctwi,j,t(3),ctwi,j,t,ctwi,j,t(4))}
	{3·ctw+ctw(3)+(ctw−ctw(3))νctw˜−(ctw−ctw(1))μctw˜4,
	E1(ctw˜)+E2(ctw˜)2



	
	
	3·ctw+ctw(4)+(ctw(2)−ctw)μctw˜+(ctw−ctw(4))νctw˜2}
	



	cd˜j,t
	{(cdj,t(1),cdj,t,cdj,t(2));(cdj,t(3),cdj,t,cdj,t(4))}
	{3·cd+cd(3)+(cd−cd(3))νcd˜−(cd−cd(1))μcd˜4,
	E1(cd˜)+E2(cd˜)2



	
	
	3·cd+cd(4)+(cd(2)−cd)μcd˜+(cd−cd(4))νcd˜2}
	



	cex˜j,m,t
	{(cexj,m,t(1),cexj,m,t,cexj,m,t(2));(cexj,m,t(3),cexj,m,t,cexj,m,t(4))}
	{3·cex+cex(3)+(cex−cex(3))νcex˜−(cex−cex(1))μcex˜4,
	E1(cex˜)+E2(cex˜)2



	
	
	3·cex+cex(4)+(cex(2)−cex)μcex˜+(cex−cex(4))νcex˜2}
	



	fdw˜i,t
	{(fdwi,t(1),fdwi,t,fdwi,t(2));(fdwi,t(3),fdwi,t,fdwi,t(4))}
	{3·fdw+fdw(3)+(fdw−fdw(3))νfdw˜−(fdw−fdw(1))μfdw˜4,
	E1(fdw˜)+E2(fdw˜)2



	
	
	3·fdw+fdw(4)+(fdw(2)−fdw)μfdw˜+(fdw−fdw(4))νfdw˜2}
	



	fca˜s,t
	{(fcas,t(1),fcas,t,fcas,t(2));(fcas,t(3),fcas,t,fcas,t(4))}
	{3·fca+fca(3)+(fca−fca(3))νfca˜−(fca−fca(1))μfca˜4,
	E1(fca˜)+E2(fca˜)2



	
	
	3·fca+fca(4)+(fca(2)−fca)μfca˜+(fca−fca(4))νfca˜2}
	



	wwds˜j,t
	{(wwdsj,t(1),wwdsj,t,wwdsj,t(2));(wwdsj,t(3),wwdsj,t,wwdsj,t(4))}
	{3·wwds+wwds(3)+(wwds−wwds(3))νwwds˜−(wwds−wwds(1))μwwds˜4,
	E1(wwds˜)+E2(wwds˜)2



	
	
	3·wwds+wwds(4)+(wwds(2)−wwds)μwwds˜+(wwds−wwds(4))νwwds˜2}
	



	wwtp˜j,t
	{(wwtpj,t(1),wwtpj,t,wwtpj,t(2));(wwtpj,t(3),wwtpj,t,wwtpj,t(4))}
	{3·wwtp+wwtp(3)+(wwtp−wwtp(3))νwwtp˜−(wwtp−wwtp(1))μwwtp˜4,
	E1(wwtp˜)+E2(wwtp˜)2



	
	
	3·wwtp+wwtp(4)+(wwtp(2)−wwtp)μwwtp˜+(wwtp−wwtp(4))νwwtp˜2}
	



	wdw˜j,t
	{(wdwj,t(1),wdwj,t,wdwj,t(2));(wdwj,t(3),wdwj,t,wdwj,t(4))}
	{3·wdw+wdw(3)+(wdw−wdw(3))νwdw˜−(wdw−wdw(1))μwdw˜4,
	E1(wdw˜)+E2(wdw˜)2



	
	
	3·wdw+wdw(4)+(wdw(2)−wdw)μwdw˜+(wdw−wdw(4))νwdw˜2}
	










[image: Table]





Table 3. Acquisition and transportation costs of freshwater ($/bbl).






Table 3. Acquisition and transportation costs of freshwater ($/bbl).





	
Freshwater Acquisition Cost at Source (ca˜q)

	

	
Time Period

	




	

	
t=1

	
t=2

	
t=3




	
Source

	
(1.9,2.1,2.3;1.8,2.1,2.4)

	
(1.6,1.8,2;1.5,1.8,2.1)

	
(0.9,1.2,1.5;0.8,1.2,1.6)






	
Transportation costs of freshwater from

	

	

	




	
source to shale site (ctf˜)

	

	

	




	
Source to shale site 1

	
(1.2,1.4,1.6;1.1,1.4,1.7)

	
(4.2,4.4,4.6;4.1,4.4,4.7)

	
(4.1,4.3,4.5;4.0,4.3,4.6)




	
Source to shale site 2

	
(2.1,2.3,2.5;1.9,2.3,2.7)

	
(3.2,3.4,3.6;3.1,3.4,3.7)

	
(3.2,3.4,3.6;3.0,3.4,3.8)




	
Source to shale site 3

	
(3.4,3.6,3.8;3.2,3.6,4.0)

	
(2.2,2.4.2.6;2.1,2.4,2.7)

	
(2.2,2.4,2.6;2.0,2.4,2.8)




	
Source to shale site 4

	
(2.2,2.4,2.6;2.1,2.4,2.7)

	
(1.5,1.8,1.9;1.4,1.8,2.1)

	
(1.5,1.7,1.9;1.4,1.7,2.0)




	
Source to shale site 5

	
(1.4,1.6,1.8;1.2,1.6,2)

	
(1.8,2,2.2;1.8,2,2.2)

	
(2.6,2.8,3.0;2.5,2.8,3.1)
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Table 4. Different costs related to wastewater and capital investment for treatment plant expansions ($/bbl).
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Transportation Cost From Shale Site to Facility (ctw˜)

	

	

	
Time Period

	




	
Source

	
Treatment and Disposal Facility

	
t=1

	
t=2

	
t=3






	
Shale site 1

	
Disposal site

	
(1.4,2.4,3.4)

	
(2,3,4)

	
(3.4,3.6,3.8)




	
Shale site 1

	
Treatment plant 1

	
(3.0,3.2,3.4)

	
(3.4,3.6,3.8)

	
(3.8,4.0,4.2)




	
Shale site 1

	
Treatment plant 2

	
(5.2,5.6,6.0)

	
(6.0,6.3,6.6)

	
(6.6,6.7,6.8)




	
Shale site 2

	
Disposal site

	
(6.0,6.5,7.0)

	
(6.6,6.9,7.2)

	
(7.1,7.4,7.7)




	
Shale site 2

	
Treatment plant 1

	
(2.8,2.9,3.0)

	
(3.5,3.7,3.9)

	
(4.2,4.4,4.6)




	
Shale site 2

	
Treatment plant 2

	
(3.2,3.4,3.6)

	
(3.5,3.9,4.3)

	
(4.1,4.2,4.3)




	
Shale site 3

	
Disposal site

	
(4.0,4.2,4.4)

	
(4.5,4.8,5.1)

	
(5.0,5.5,6.0)




	
Shale site 3

	
Treatment plant 1

	
(4.4,4.8,5.2)

	
(5.0,5.3,5.6)

	
(5.5,5.9,6.3)




	
Shale site 3

	
Treatment plant 2

	
(5.0,5.1,5.2)

	
(5.0,5.5,6.0)

	
(6.0,6.3,6.6)




	
Shale site 4

	
Disposal site

	
(2.5,2.7,2.9)

	
(3.0,3.2,3.4)

	
(3.5,3.9,7.3)




	
Shale site 4

	
Treatment plant 1

	
(5.5,6.0,6.5)

	
(6.5,6.7,6.9)

	
(7.1,7.3,7.5)




	
Shale site 4

	
Treatment plant 2

	
(3.3,3.6,3.9)

	
(4.0,4.3,4.6)

	
(4.4,4.9,5.4)




	
Shale site 5

	
Disposal site

	
(6.8,7.1,7.4)

	
(7.3,7.5,7.7)

	
(7.8,7.9,8.0)




	
Shale site 5

	
Treatment plant 1

	
(3.0,3.2,3.4)

	
(3.4,3.6,3.8)

	
(3.8,3.9,4.0)




	
Shale site 5

	
Treatment plant 2

	
(2.8,3.1,3.4)

	
(3.6,3.8,4.0)

	
(4.0,4.3,4.6)




	
Operational costs of treatment facility (ctr˜)

	

	

	

	




	
and disposal facility (cd˜)

	
Disposal site

	
(0.5,0.7,0.9;0.4,0.7,1.0)

	
(0.4,0.6,0.8;0.3,0.6,0.9)

	
(2.1,2.3,2.6;2.1,2.3,2.6)




	

	
Treatment plant 1

	
(3.6,3.8,4.0;3.5,3.8,4.1)

	
(0.5,0.7,0.9;0.4,0.7,1.0)

	
(1.4,1.6,1.8;1.2,1.6,2.0)




	

	
Treatment plant 2

	
(2.5,2.7,2.9;2.4,2.7,3.0)

	
(1.5,1.7,1.9;1.4,1.7,2.0)

	
(1.5,1.7,1.9;1.4,1.7,2.0)




	

	

	

	
Time period

	




	
Capital cost of expanding treatment plant (cex˜)

	
Expansion option m

	
t=1

	
t=2

	
t=3




	
Treatment plant 1

	
1

	
(15.6,15.8,16.0;15.4,15.8,16.2)

	
(17.2,17.4,17.6;17.1,17.4,17.7)

	
(14.3,14.6,14.9;14.2,14.6,15.0)




	
Treatment plant 1

	
2

	
(09.6,09.8,10.0;09.5,09.8,10.1)

	
(16.2,16.4,16.6;16.1,16.4,16.7)

	
(12.2,12.4,12.6;12.1,12.4,12.7)




	
Treatment plant 1

	
3

	
(12.2,12.4,12.6;12.0,12.4,12.8)

	
(13.3,13.5,13.7;13.2,13.5,13.8)

	
(11.2,11.4,11.6;11.1,11.4,11.7)




	
Treatment plant 2

	
1

	
(14.2,14.4,14.6;14.0,14.4,14.8)

	
(12.1,12.3,12.5;12.0,12.3,12.6)

	
(13.1,13.3,13.5;13.0,13.3,13.6)




	
Treatment plant 2

	
2

	
(13.2,13.4,13.6;13.0,13.4,13.8)

	
(11.2,11.4,11.6;11.1,11.4,11.7)

	
(16.2,16.4,16.6;16.1,16.4,16.7)




	
Treatment plant 2

	
3

	
(12.2,12.5,12.8;12.1,12.5,12.9)

	
(11.3,11.5,11.7;11.2,11.5,11.8)

	
(17.2,17.4,17.6;17.1,17.4,17.7)




	
Increased treatment capacity (eo)

	

	

	

	




	
Treatment plant 1

	
1

	
600

	
600

	
600




	
Treatment plant 1

	
2

	
750

	
750

	
750




	
Treatment plant 1

	
3

	
850

	
850

	
850




	
Treatment plant 2

	
1

	
550

	
550

	
550




	
Treatment plant 2

	
2

	
650

	
650

	
650




	
Treatment plant 2

	
3

	
800

	
800

	
800
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Table 5. Capacity restrictions on freshwater and wastewater ( bbl/day).
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Freshwater Acquisition Capacity at Source (fc˜a)

	

	
Time Period

	




	

	
t=1

	
t=2

	
t=3




	

	
(200, 300, 400; 100, 300, 500)

	
(300, 500, 700; 200, 500, 800)

	
(500, 600, 700; 400, 600, 800)






	
Freshwater demand at shale site (fdw˜)

	

	

	




	
Shale site 1

	
(300,000, 500,000, 700,000, 900,000)

	
(500,000, 700,000, 900,000, 1,100,000)

	
(1,300,000, 1,400,000, 1,500,000, 1,600,000)




	
Shale site 2

	
(500,000, 600,000, 700,000, 800,000)

	
(600,000, 700,000, 800,000, 900,000)

	
(1,000,000, 1,100,000, 1,200 000, 1,300,000)




	
Shale site 3

	
(700,000, 900,000, 1,100,000, 1,300,000)

	
(300,000, 400,000, 500,000, 600,000)

	
(600,000, 800,000, 1,000,000, 1,200,000)




	
Shale site 4

	
(800,000, 900,000, 1,000,000, 1,100,000)

	
(1,000,000, 1,100,000, 1,200,000, 1,300,000)

	
(1,000,000, 1,200,000, 1,400,000, 1,600,000)




	
Shale site 5

	
(600,000, 800,000, 1,000,000, 1,200,000)

	
(1,000,000, 1,200,000, 1,400,000, 1,600,000)

	
(1,000,000, 1,500,000, 2,000,000, 2,500,000)




	
Wastewater capacity at disposal site (wwds˜)

	

	

	




	
Disposal site

	
(200, 300, 400; 100, 300, 500)

	
(600, 800, 1000; 500, 800, 1100)

	
(400, 600, 800; 300, 600, 900)




	
Wastewater capacity at treatment plant (wwtp˜)

	

	

	




	
Treatment plant 1

	
(100,000, 200,000, 300,000, 400,000)

	
(200,000, 300,000, 400,000, 500,000)

	
(1,000,000, 1,200,000, 1,400,000, 1,600,000)




	
Treatment plant 2

	
(200,000, 400,000, 600,000, 800,000)

	
(1,300,000, 1,600,000, 1,800,000, 2,200,000)

	
(3,000,000, 3,200,000, 3,400,000, 3,600,000)




	
Overall wastewater capacity (wdw˜)

	

	

	




	
Disposal site

	
(620,000, 630,000, 640,000, 650,000)

	
(2,473,000, 2,474,000, 2,475,000, 2,476,000)

	
(4,460,000, 4,460,000, 4,470,000, 4,480,000)




	
Treatment plant 1

	
(600,000, 700,000, 800,000, 900,000)

	
(2,000,000, 3,000,000, 4,000,000, 5,000,000)

	
(4,070,000, 4,080,000, 4,090,000, 4,500,000)




	
Treatment plant 2

	
(3,002,000, 3,004,000, 3,006,000, 3,008,000)

	
(4,010,000, 4,020,000, 4,030,000, 4,040,000)

	
(5,100,000, 5,200 000, 5,300,000, 5,400,000)




	
Revenues from wastewater reuse (re)

	

	

	




	
Treatment plant 1

	
1.20

	
1.30

	
1.50




	
Treatment plant 2

	
1.00

	
1.20

	
1.40




	
Reuse rate (rr)

	

	

	




	
Treatment plant 1

	
0.75

	
0.85

	
0.95




	
Treatment plant 2

	
0.70

	
0.80

	
0.90




	

	

	
Onsite treatment technology o

	




	

	
1

	
2

	
3




	
Recovery factor (lo)

	
0.15

	
0.45

	
0.65




	
Ratio of freshwater to wastewater for blending (rf)

	
0.43

	
0.40

	
0.38




	
Minimum capacity for on-site treatment (ocl)

	
150

	
200

	
300




	
Maximum capacity for on-site treatment (ocu)

	
5000

	
8000

	
9000
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Table 6. Optimal amount of freshwater and value of objective functions.
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	Amount of Freshwater FWs,i,t





	1 1 1
	700.000



	1 1 2
	1125.000



	1 1 3
	1275.000



	1 2 1
	186.765



	1 2 2
	1125.000



	1 2 3
	187.613



	1 3 1
	700.000



	1 3 2
	654.419



	1 3 3
	528.153



	1 4 1
	300.480



	1 4 2
	131.542



	1 4 3
	131.542



	1 5 1
	74.100



	1 5 2
	212.553



	1 5 3
	212.553



	Optimal objective values
	



	Minimum Z1
	525,126.00



	Minimum Z2
	4,025,940.00



	Minimum Z3
	5548.97
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Table 7. Optimal amount of wastewater allocation and treatment plant expansion strategy.
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Total Amount of

	
Amount of Wastewater

	
Amount of Wastewater

	
Amount of Wastewater for




	

	
wastewater WWi,j,t

	
at Disposal Site WWDi,j,t

	
at Treatment Plant WWTi,j,t

	
on-Site Treatment WTOi,o,t






	
1 1 1

	
6.75

	
6.75

	
0

	
150




	
1 1 2

	
17.25

	
17.25

	
0

	
150




	
1 1 3

	
13.25

	
13.25

	
0

	
150




	
1 2 1

	
645

	
0

	
645

	
200




	
1 2 2

	
842.5

	
0

	
842.5

	
200




	
1 2 3

	
0

	
0

	
0

	
200




	
1 3 1

	
0

	
0

	
0

	
1551.71




	
1 3 2

	
0

	
0

	
0

	
2401.65




	
1 3 3

	
0

	
0

	
0

	
2701.62




	
2 1 1

	
6.75

	
6.75

	
0

	
127.352




	
2 1 2

	
17.25

	
17.25

	
0

	
127.352




	
2 1 3

	
13.25

	
13.25

	
0

	
127.352




	
2 2 1

	
0

	
0

	
0

	
200




	
2 2 2

	
0

	
0

	
0

	
6250




	
2 2 3

	
0

	
0

	
0

	
200




	
2 3 1

	
0

	
0

	
0

	
525.313




	
2 3 2

	
0

	
0

	
0

	
4554.66




	
2 3 3

	
0

	
0

	
0

	
527.01




	
3 1 1

	
6.75

	
6.75

	
0

	
150




	
3 1 2

	
17.25
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0

	
150
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150
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0

	
0

	
200




	
3 2 2

	
0

	
0

	
0

	
200




	
3 2 3

	
0

	
0

	
0

	
2865.32




	
3 3 1

	
137.71

	
0

	
137.71

	
1551.32
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0
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Increased treatment

	
Expansion option

	

	
Time period

	




	
plant capacity (eo)

	
(m)

	
t=1

	
t=2

	
t=3




	
Treatment plant 1

	
1

	
600

	
-

	
600




	
Treatment plant 1

	
2

	
750

	
-

	
750




	
Treatment plant 1

	
3

	
850

	
-

	
850




	
Treatment plant 2

	
1

	
550

	
550

	
-




	
Treatment plant 2

	
2

	
650

	
-

	
-




	
Treatment plant 2

	
3

	
800

	
-

	
-
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