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ABSTRACT 

 

 

This work is aimed at developing a systematic approach for designing treatment 

systems for wastewater streams resulting from upstream production and downstream 

processing of oil and gas systems. The approach will provide an optimum and integrated 

design to address the problem of the huge amounts of wastewater produced through either 

producing or processing the hydrocarbons using Thermal membrane distillation (TMD). 

Thermal membrane distillation (TMD) is an emerging technology which is gaining 

an increasing level of interest in the area of high-purity separation especially in water 

treatment. It is driven primarily by heat which creates a vapor-pressure difference across 

a porous hydrophobic membrane. Hot produced water and excess low-level heat from 

industrial processes can be integrated with TMD and used to drive it. This transfer of heat 

also reduces the cooling utility load for the process. Therefore, dual heat-reduction 

benefits accrue as a result of this heat integration. Additionally, process wastewater and 

utility water may be treated using TMD then recycle/reused in the process and/or sold to 

external users. 

In this work we introduce a process integration framework from the thermal 

coupling of TMD networks and industrial processes. First, a three-parameter model is 

developed to quantify the water flux through the membranes as a function of heat and 

temperature. The model is validated using experimental data for direct-contact membrane 

distillation (DCMD). Next, the transshipment model for heat integration is extended to 
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account for the coupling of the process and the TMD network and the need to optimize 

the extent of heating for the TMD feed. A discretization approach is used to linearize the 

thermal-coupling constraints. The mathematical-programming formulation is solved to 

identify the optimal heat integration strategies within the process and with the TMD 

network. The program also determines the optimal temperature to which the TMD feed 

should be heated and the system design and specification. 

Three different applications are introduced including three case studies. Each case 

study is solved to show the performance of the TMD when applied as standalone 

technology and when thermally coupled with the main process. For the case of standalone 

TMD the consumption of heating utilities is highly increased and affects the total cost of 

TMD and accordingly the decision of the treatment option. For the other case when all the 

heat needed by the TMD is provided by excess process heat or free source of heating, an 

interesting reduction is achieved in the total annualized cost of the TMD network. This 

reflects the significant value of thermal coupling. The results also demonstrate reducing 

of cooling load of the process and the creation of recycle/reuse opportunities for the treated 

wastewater. 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

 

1.1 Overview 

Over the last few decades, the notable decrease in the global freshwater resources 

and the escalating demand for fresh water have led to water-supply problems around the 

world. In addition to water demand for drinking, urban, and agricultural purposes, water 

is an essential commodity in many industries. Sustainable industrial development must 

involve cost-effective strategies for managing water usage and discharge to conserve 

water resources and reduce the negative environmental impact associated with discharging 

wastewater into the environment. Wastewater treatment enables providing water with 

specifications suitable for either recycle in the same process or reuse in other ways within 

the process or outside the process. Therefore, water treatment and recycle/reuse contribute 

to addressing both of the aforementioned water problems: fresh water sacristy and 

environmental impact of wastewater discharge. Desalination is also another important 

source for industrial water in areas that have scarce fresh water resources. Removal the 

total dissolved solids (TDS) may be achieved using various technologies including 

evaporation, distillation, membrane filtration, electric separation, and chemical treatment. 

The selection of the desalination method depends on several factors: TDS content in the 

feed water, the operating conditions, the flexibility of the used technology, the required 

extension of TDS removal, and cost.  
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Thermal membrane distillation (TMD) is an emerging technology which has 

significant potential for industrial water recycle/reuse and desalination. It is a non-

isothermal separation process which is based on heating up the feed solution to be distilled 

to some moderate temperature and allowing vapor liquid equilibrium to take place. The 

produced water vapor passes through a hydrophobic, micro-porous membrane to ensure 

no condensation takes place within the membrane pores. The travelling vapor is condensed 

and collected as a highly-pure liquid on the permeate side.  The driving force in this 

process is the difference in chemical potential across the membrane which is strongly 

dependent on the vapor pressure difference between the feed and the permeate sides. In 

the case of water treatment, the contaminants should be mostly non-volatile solutes to 

produce virtually pure water. Due to the hydrophobic nature of the membrane, which 

prevents the liquid solution from entering the membrane pores, a layer of liquid and vapor 

is formed at the membrane entrance. Although this layer is thin in width, it has a major 

effect on permeation.  

Thermal membrane distillation offers several advantages in the areas of water 

recycle/reuse and desalination. These include: 

 Low-level heating and moderate operating temperature and pressure: The feed is 

preheated to temperatures below the bubble point. In the case of water-treatment 

applications, this usually corresponds to temperatures in the range of 323 to 363 

K. This enables the use of waste/excess process heat. 
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 High-purity permeate products: Theoretically, ideal TMD offers a complete 

rejection of non-volatile compounds and ions. Actual performance can approach 

this theoretical limit. 

 Ability to treat highly concentrated feeds (TMD can even treat the brine produced 

by other desalination technologies with relatively no fouling problems and modest 

pretreatment needs (e.g., Adham et al., 2013; Sirkar and Song, 2009; Mariah et al., 

2006) 

 Compact size: Compared to the large vapor space in distillation columns, the 

membrane pores provide an effective volume for the vapor and for permeation 

 Modular nature: Capacity can be readily increased by adding more modules and 

maintenance can be carried out without completely shutting down the plant. 

Although TMD was first developed in the 1960s (Weyl, 1967; Findley, 1967), it 

initially suffered from relatively high cost and low performance of the membranes. Recent 

advances in membrane development in membrane development have led to improved 

performance and enhanced mass- and heat-transfer rates (e.g., Camacho et al., 2013; 

Khayet and Matsuura, 2011; Song et al., 2008; Srisurichan et al., 2006; Alklaibi and Lior, 

2004) and have paved the way for the potential of cost-effective commercialization.  

There are several configurations of TMD that primarily differ in the way the vapor 

is collected on the permeate side and the way the driving force is enhanced across the 

membrane. The configurations include direct contact membrane distillation (DCMD), 

vacuum membrane distillation, air gap membrane distillation (AGMD), and sweep gas 

membrane distillation (SGMD).  Reviews of the different configurations can be found in 
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literature (e.g., Camacho et al., 2013; Alkhudhiri et al., 2012; Khayet and Matsuura, 2011, 

Khayet, 2011, Song et al., 2006). In this chapter, focus is given to the DCMD which 

considered the most commonly used configuration. Figure 1.1 is a representation of a 

DCMD module. The wastewater or saline water is first preheated. The extent of preheating 

is an optimization variable. Enough heat should be provided to induce some evaporation 

but not to completely evaporate the feed. The water vapor preferentially travels through 

the membrane and is condensed on the permeate side using a recirculating permeate-

sweeping liquid which colder than the feed. One of the DCMD drawbacks is that the heat 

is lost by conduction through the membrane in higher rates than other configurations and 

the feed and permeate must be kept circulating or stirred. On the other hand, DCMC offers 

advantages of simplicity of construction, operation, and maintenance as well as consistent 

performance. 

 
 

 

Fig. 1.1 DCMD Configuration 
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1.2 Objectives 

The overall goal of the research is to develop systematic modeling and design 

approach for the use of TMD in managing wastewater streams associated with upstream 

production and downstream processing of oil and gas industry. The following are the 

specific objectives of the dissertations: 

1. Development of a mathematical model to predict the performance of TMD for 

various feed streams. The model should be capable of evaluating the permeate flux 

through the TMD as a function of the feed characteristics as well as the design and 

operating variables of the TMD system. The model should be validated using 

published experimental data. 

2. Development of an optimal design approach of the TMD network based on the 

developed mathematical model and an optimization formulation that can address 

various objectives and constraints. 

3. Thermal coupling of the TMD system with heat sources from upstream production 

and downstream processing 

4. Applications to case studies on water management for upstream production and 

downstream processing. 

 

1.3. Summary of the Dissertation Chapters 

Chapter II includes three main parts as well as an application from the downstream 

industry. First, a TMD model is developed and validated. The model is based on a three-

parameter approach to quantify the water flux through the membranes as a function of 
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heat and temperature. Various sets of experimental data for direct-contact membrane 

distillation (DCMD) are used for model validation. The second part of Chapter II is an 

optimization formulation for heat integration between the process and the TMD. The 

transshipment model for heat integration is extended to account for the coupling of the 

process and the TMD network and the need to optimize the extent of heating for the TMD 

feed. A discretization approach is used to linearize the optimization formulation. This 

mathematical-programming formulation is solved to identify the optimal heat integration 

strategies within the process and with the TMD network. The program also determines the 

optimal temperature to which the TMD feed should be heated and the system design and 

specification. 

Chapter III focuses on treating the produced water associated with bitumen 

production using steam-assisted gravity drainage (SAGD) technology. The chapter 

examines the use of TMD as an integral part of water treatment for SAGD. Synergistic 

effects are exploited from heat and mass integration of SAGD and TMD. Specifically, the 

hot produced water and blowdown water are evaluated for treatment using TMD because 

of their thermal content and because of the need for high levels of purity which can be 

achieved by TMD.  Several design configurations and scenarios are proposed and 

evaluated to assess the technical and economic viability of including TMD as a process in 

water-management systems for SAGD. 

In Chapter IV, the use TMD is assessed for treating flowback wastewater 

associated with the shale gas. A multi-period optimization formulation is developed to 

account for the time-based variation in the flowrate and concentration of the flowback 
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water. Modeling equations are used to relate design and operating variables to 

performance and cost. The optimization formulation also accounts for the period-based 

changes in the required design and operating variables and reconciles them over the 

selected periods. Other constraints include quality and recovery. The optimization 

formulation and design approach are applied to a case study for the treatment of flowback 

water for the Marcellus Shale Play. The results are reported using a Pareto chart that trades 

off recovery objectives with cost of treated water. Chapter V provides overall conclusions 

of this work and recommendations for future research. 
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CHAPTER II  

INTEGRATION OF THERMAL MEMBRANE DISTILLATION NETWORKS 

WITH PROCESSING FACILITIES 

 

 

2.1 Introduction 

In this chapter a model is developed to simulate the performance of a TMD 

network by predicting the permeate flow rate, the required membrane area and associated 

cost. The model is validated using different experimental published data. 

Because TMD is primarily driven by heat, there is a unique opportunity for 

synergism with industrial processing facilities where there is typically surplus heat. 

Indeed, two benefits can accrue as a result of proper thermal coupling of TMD and 

processing facilities: reduction in heating utility needed to run the TMD and an equivalent 

reduction in the cooling utility for the processing facility. Additionally, water can be 

integrated between the process and the TMD by treating and recycling wastewater and/or 

providing fresh water to the industrial facility after desalination. The purpose of this 

chapter is to provide a conceptual framework along with the design and optimization tools 

for integrating TMD with industrial facilities. Special emphasis is given to the thermal 

                                                 

 Reprinted (adapted) with permission from (Elsayed, N. A., Barrufet, M. A., & El-Halwagi, M. M. 
Integration of Thermal Membrane Distillation Networks with Processing Facilities. Industrial & 
Engineering Chemistry Research, 53(13), 5284-5298). Copyright (2013) American 
Chemical Society. 
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coupling between the two systems because of the unique opportunities for integration and 

potential savings in energy and cost for TMD and the industrial processes. 

 

2.2 Problem Statement 

The problem to be addressed in this chapter is stated as follows: 

Consider an industrial process which discharges a wastewater stream of known flowrate and 

characteristics. The process also has a number NH of process hot streams (to be cooled) and 

a number NC of process cold streams (to be heated).  Given also are the heat capacity (flowrate 

x specific heat) of each process hot stream, FCP,u ; its supply (inlet) temperature, Tu
s; and  its 

target (outlet) temperature, Tu
t, where u = 1,2,...,NH.  In addition, the heat capacity, fcP,v , 

supply and target temperatures, tvs and tvt, are given for each process cold stream, where v = 

1,2,.,NC .  Available for service are NHU heating utilities and NCU cooling utilities whose 

supply and target temperatures (but not flowrates) are known.  Consider also a raw-water 

stream to be treated. The total flowrate of the raw water to be treated ( Raw

fW ), its 

concentration of impurities ( Raw

fy ), and supply temperature (tfs) are known. A network of 

TMD modules is to be used. The total area, number of modules, and design specifications 

for the TMD network are to be determined. Additionally, the temperature to which the TMD 

should be heated is unknown. In addition to heat integration within the industrial process, 

thermal coupling is also to be used between the industrial process and the TMD network. The 

objective is to develop a systematic and generally applicable procedure that maximizes the 

benefits for integrating the process and the TMD network. Figure 2.1 is a schematic 

representation of the problem statement. 
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Fig. 2.1 Schematic Representation of the Problem Statement for Integrating the TMD 
Network with the Processing Facility 

 
 
 

The design challenges for the problem include answering the following questions: 

 What is the optimal thermal coupling within the process and between the process 

and the TMD network (how much heat should be transferred from which hot to 

which cold streams? how much heating and cooling utilities should be used?, 

where)? 

 To what temperature should the TMD-feed be heated? 

 What is the optimal area required for the membrane? 

 What is the optimal system configuration? 

The next section describes the proposed design approach to be used in solving this 

problem. 
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2.3 Design Approach 

Because of the numerous possible interactions among the process hot and cold 

streams, the TMD feed, and the design and operating variables for the TMD network, it is 

useful to develop an optimization approach as the basis for solving the aforementioned 

problem statement.  First, the input data should be extracted for the process (heating and 

cooling requirements) and for the TMD network (raw/waste-water flow and 

characteristics, permeate requirements). The optimization model involves three building 

blocks: 

1. TMD Simulation Model: A mathematical model should be developed to simulate 

the performance of the TMD network. Specifically, this model should be capable 

of predicting water flux, membrane area, and design and operating variables that 

impact the cost of the TMD network. The model should be developed in terms of 

variables that are conducive to thermal coupling with the industrial process. 

2. Heat Integration Optimization Model: A mathematical program is to be employed 

to simultaneously optimize the exchange of heat among the process hot and cold 

streams as well as the TMD feed. 

3. Cost Optimization Model: An optimization program should be used to optimize an 

economic objective function that is connected to the heat-integration system and 

the TMD network. 

It is worth noting that the three foregoing building blocks are to be solved 

simultaneously to obtain the optimal solution for the coupled systems. Figure 2.2 is an 

overview of the proposed design approach  
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  Fig. 2.2 Overview of the Design Approach 
 
 
 

2.4 Mathematical Modeling of TMD 

 As mentioned in the Introduction section, the driving force for TMD is the 

difference of chemical potential across the membrane which is largely influenced by the 

difference in vapor pressure. In the case of water treatment, water vapor permeates through 

the membrane pores from the feed side to the membrane side and is then collected by 

condensation either inside or outside the membrane module. Both mass and heat transfer 

from the feed side to the permeate side must be considered. Mass transfer occurs over 

three zones: the membrane boundary layer on the feed side, through the membrane itself, 

and in the boundary layer on the permeate side (e.g., Srisurichan et al, 2006). Under good 

mixing conditions, the feed boundary layer causes little resistance to the vapor flow and, 
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therefore, does not lead to much reduction in the flux (e.g., El-Bourawi et al, 2006). The 

flux across the membrane is proportional to the trans-membrane difference in chemical 

potentials which in turn can be related to the trans-membrane vapor-pressure difference 

(Darcy’s law). Although different models have been used to describe the diffusion through 

the membrane, two primary models have been found to provide good results: Knudsen 

diffusion and molecular diffusion or a combination (e.g., Alkhudhiri et al., 2012; Khayet 

and Matsuura, 2011; Srisurichan et al., 2006). Similar to mass transfer, heat transfer occurs 

over three zones: from the bulk of the feed to the interface of the membrane through a 

boundary layer via convection, across the membrane via conduction and latent heat 

associated with the vaporized flux, and through the boundary layer from the interface of 

the membrane to the bulk of the permeate via convection (e.g., Khayet, 2011; Qtaishat et 

al., 2008; Srisurichan et al., 2006). 

 Although several complex models have been developed to simulate TMD, it is 

important for the model to be used in process integration and optimization to have the 

following characteristics: 

 Right level of complexity: The model is to be used in an optimization formulation. 

Therefore, it is useful to have an explicit model with computatationally-efficient 

features (e.g., convex, linear, etc.). It is also beneficial to develop a model with the 

appropriate level of details commensurate with the purposes of conceptual design.  

 Linkage to optimization variables: The model is to serve as a building block for 

process integration with the thermal coupling between the process and the TMD 

network. 
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Water flux across the membrane is a proprtional to the chemical potential 

difference. Relating chemical potential to process integration optimization variables is 

laborious. The adoption of Darcy’s law (which converts the chemical potential difference 

to vapor pressure difference) is useful but insufficient. The vapor pressure difference is 

that across the membrane. Because of thermal polarization (resulting from the boundary 

layers on both sides of the membrane), the vapor pressures are dependent on the interfacial 

temperatures on both sides of the membrane. These temperatures are not directly related 

to the process integration variables linking the process and the TMD network. A key 

insight stems from the nature of heat integration between the TMD feed and the process. 

Because of the thermal coupling between the TMD network and the processing facility, it 

is important to employ mathematical models that capture the dependence of the water flux 

across the membrane on temperature (especially the temperature to which the TMD feed 

is to be heated). It is worht noting that the trans-membrane water flux depends on 

temperature in three primary ways: 

1. Driving force: The driving force for the water flux across the membrane, Jw, is the 

difference in pressure of the water vapor, wp . Therefore, 

www pKJ           (2.1) 

where wK is the membrane permeability. When relatively pure water is collected 

as the permeate, the flux expression can be written as (Khayet and Matsuura, 

2011): 

)( ,,,,
o

pwfwfw

o

fwww pxpKJ         (2.2) 
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where o

pwfwfw

o

fw pxp ,,,, and,,  are the water vapor pressure of the feed, the activity 

coefficient of the water in the feed, the mole fraction of the water in the feed, and 

the water vapor pressure of the permeate, respectively. In turn, the water vapor 

pressure of the feed and the permeate are dependent on temperature through 

Antoine equation: 

)
13.46

44.38161964.23exp(
,

,



fm

o

fw
T

p       (2.3) 

)
13.46

44.38161964.23exp(
,

,



pm

o

pw
T

p       (2.4) 

where the pressure is in Pa and the temperature is in K. 

In addition to the temperature dependence, it is also important to note the 

dependence on the concentration of salts. The molar concentration of salts in the 

feed is explicitly shown in the flux equation. Furthermore, the activity coefficient 

is also a function of concentration. For instance, in the case of NaCl as the solute 

(Lawson and Lloyd, 1997): 

2105.01 NaClNaClw xx         (2.5) 

where NaClx is the molar concentration of NaCl. 

2. Temperature polarization: One of the rate limiting steps for TMD permeation is 

heat transfer through the boundary layers on the two sides of the membrane. The 

result is a temperature gradient between the bulk and the membrane temperatures 

for the feed and the permeate. The temperature polarization coefficient (Schofield 

et al., 1987) is defined as: 
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pbfb

pmfm

TT

TT

,,

,,




         (2.6) 

where Tm,f, Tm,p, Tb,f, and Tb,p are respectively the temperatures of the feed at the 

membrane, the permeate at the membrane, the feed in the bulk, and the permeate 

in the bulk. Figure 2.3 is a schematic representation of the temperature profiles in 

the boundary layers and through the membrane. As   approaches the theoretical 

limit of unity, the trans-membrane driving force approaches its maximum value.. 

Khayet and Matsuura (2011) have shown experimental results for different types 

of membranes which exhibit linear dependence on the bulk temperature of the 

feed. Therefore, we will use the following linear expression to represent the 

temerpature polarization coefficient: 

fbT ,           (2.7) 

Another important observation is based on the experimental data report by 

Srisurichan et al. (2006) that for TMD with laminar flows and comparable flows of the 

feed and the sweeping liquid, the absolute value of the temperature difference between the 

bulk and the membrane on each side of the membrane is roughly the same, i.e. 

pbpmfmfb TTTT ,,,,         (2.8) 
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Fig 2.3 Temperature Profile for the Boundary Layers and the Membrane 
 
 
 

3. Membrane permeability: The membrane permeability is a function of the 

membrane temperature. This functional form varies depending on the type of 

diffusion. If it is molecular diffusion (e.g., Khayet and Matsuura, 2011), then 

TpR

rPD
K

a

w

w

1.
2




         (2.9) 

where P is the total pressure inside the membrane pores, Dw is the diffusion 

coefficient for water in air, r is the pore radius, R is the universal gas constant, pa 

is the air pressure in the membrane pors,  is the pore tortuosity,  is the thickness 

of the membrane, and T is the abolsute temperature.  

Nonetheless, the diffusion coefficient Dw is also a function of temperature. For 

molecualr diffusion of water/air, the follwing expression (Lawson and Lloyd, 

1996) may be used: 

334.262 10*46.4/s)Pa.min ( TPDw

       (2.10) 

with T in K. 

Combining Eqs. (1.9) and (1.10), we get: 
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334.1
2610*46.4

T
pR

r
K

a

w




                  (2.11a) 

Therefore, we introduce the term 

 




a

wB
pR

r
K

2610*46.4 

                  (2.11b) 

which we will refer to as the “temperature-indenependet base value for the 

permeability.” This term will be useful in developing the permeability dependence 

on temperature and linking it to the process integration variables. Therefore, 

combining Eqs. (1.11a) and (1.11b), we obtain the following expression for 

molecular diffusion: 

334.1TKK wBw                           (2.11c) 

Similarly, for Knudsen diffusion, the functional dependence (e.g., Khayet and 

Matsuura, 2011) is given by: 



 35.0
8

3
2 r

M

RT

RT
K

w

w 







                  (2.12a) 

where Mw is the moelcualr weight of water. Therefore, for Knudsen diffusion, the 

following expression is obtained:  

5.0 TKK wBw                   (2.12b) 

where 



 35.0
8

3
2 r

M

R

R
K

w

wB 







                 (2.12c) 
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4. Heat Losses: Ideally, it is desired that all the heat added to the TMD feed is 

effectively used in vaporizing the flux to form the permeate. In reality, there are 

always temperature-dependent heat losses that reduce the efficiency of TMD. 

Several models have been proposed to explain the heat-transfer mechanisms. A 

common model is based on the concept of resistance to heat transfer (e.g., Khayet 

and Matsuura, 2011; Lawson and Lloyd, 1997). The basic idea is that heat is first 

transferred from the bulk of the feed through a boundary layer to the membrane 

interface. Within the membrane, there are two primary resistances due to conduction 

losses to the membrane and heat lost to vaporize the liquid (and thereby creating the 

flux). Finally, heat is transferred across a boundary layer on the permeate side. A 

sketch of this model is shown by Figure 2.4. 

 
 
 

 

Fig. 2.4 Resistances to Heat Transfer 
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At steady state, the convective heat transfer in the feed-side boundary layer is equal 

to the conduction through the membrane and the latent heat of vaporization associated with 

vaporized flux. Ideally, it is desired to have all the heat added to the feed pass through the 

boundary layer on the feed side and then all it used in vaporization of the flux. Unfortunately, 

conduction losses in the membrane are inevitable. These conduction losses have been 

reported to be around 10-50% (Fane et al., 1987) although modern membrane materials are 

expected to show conduction losses in the order of 10-30% (Camacho et al., 2013). 

Therefore, the thermal efficiency for vaporization in TMD may be defined as: 

feed TMD  toprovidedHeat 
izationflux vaporin  usedHeat 

Thermal

                       (2.13a) 

Hence, 

vwPermeate

s

ffbfp

Raw

fThermal HWtTCW  )(* ,,                       (2.13b) 

where vwH  is the latent heat of vaporization for water. Both vwH and Thermal depend on 

temperature. 

 By using published data for latent heat of vaporization of water (Beaton and Hewitt, 

1989), we have performed a regression analysis for the data over the typical operating range 

for TMD temperature from 323 to 373 K. The result was the following correlation: 

THvw 5009.2190,3     R² = 0.9998                     (2.14a) 
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where vwH  is the latent heat of vaporization for water in kJ/kg and T is the temperature in 

K. Since the vaporization starts at the feed-side membrane temperature, Eq. (2.14a) for TMD 

can be expressed as: 

fmvw TH ,5009.2190,3                                    (2.14b) 

 Additionally, Thermal also depends on temperature. For instance, the rate of heat lost 

due membrane conduction per unit area of the membrane (i.e., conductive heat flux) is given 

by (e.g., Schofield et al., 1987): 

)( ,, pmfm
m

Conduction TT
k

q 


        (2.15) 

where mk is the thermal conductivity of the membrane and  is the membrane thickness. In 

addition to the explicit dependence of the conductive heat loss on pmfm TT ,,  and , mk is also a 

function of the membrane temperature. Experimental data and models have been reported for 

the evaluation of mk (e.g., Al-Obaidani et al., 2008; Khayet and Matsuura, 2011). Typically, 

higher membrane temperatures give higher thermal conductivities and, consequently, lead to 

more heat losses. Therefore, although the driving force for TMD increases with temperature, 

the heat losses also increase with temperature. In this context, it is useful to consider the 

thermal efficiency of the membrane, m ,  which is defined as (e.g., Khayet and Matsuura, 

2011): 

Condutionv

v
m

qq

q


          (2.16) 
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where vq is the rate of heat used in vaporizing the flux per unit area of the membrane and is 

given by: 

vwwv HJq            (2.17) 

Combining Eqs. (2.15) – (2.17), we get 

)( ,, pmfm
m

vww

vww
m

TT
k

HJ

HJ







        (2.18) 

Considering the concept of conductive losses: 

mConduction  1                    (2.19a) 

or 

)(

)(

,,

,,

pmfm
m

vww

pmfm
m

Conduction

TT
k

HJ

TT
k









              (2.19b) 

Figure 2.5 is a flowchart representation of the proposed model to estimate the water 

flux. First, the membrane type and properties are provided as input data. If the permeability 

is not know, then at least one data point (from experiments, manufacturer’s specifications, 

or published information) should be used to determine the temperature-independent 

permeability basis (KwB). If the thermal polarization characteristics are not given, then at 

least two data points are needed to estimate the parameters  and   of Eq. (2.7). Next, 

the above-mentioned model (primarily Eqs. (2.2)-(2.8), (2.11c), and (2.12b)) are used to 



 

23 

 

evaluate the flux of the permeate. It is worth noting that the membrane area is calculated 

by dividing the desired permeate flowrate by the water flux, i.e.: 

w

Permeate
m

J

W
A          (2.20) 

 
 
 

 

Fig. 2.5  Summary of the Water-Flux Model Calculations 
 
 

 

2.5 Model Validation 

In this section, the model validity is tested using several sets of experimental data. 

Let us start with the GVHP membrane. Khayet and Matsuura (2011) provided functional 
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dependence of thermal polarization on temperature (in K) of the feed. Regression of these 

data yields: 

fbT ,0026.0362.1          (2.21) 

Yun et al. (2006) conducted pure water experiments using GVHP membrane with 

permeate temperature 295 K. One data point was taken to estimate KWB to be 0.38*10-9 

334.12 ... KPasm

kg . The rest of the data points were compared with the model prediction. 

The results are shown by Figure 2.6.  

 
 
 

 
 

Fig. 2.6 Comparison of the Model Results with the Experimental Data for Pure Water 
Permeation 
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Similarly, the model is tested for another set of GVHP membrane data (Srisurichan et 

al., 2006). The results are shown by Figure 2.7. 

 
 
 
 

 
Fig. 2.7 Comparison of the Model Results with the Experimental Data for GVHP 

Membrane 
 

 

 

Next, the model is tested using high-salt concentration experimental data. The data 

reported by Yun et al. (2006) for GVHP, 17.76 wt% NaCl feed solution and a permeate 

temperature of 294 K. Figure 2.8 shows the results. 
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Fig. 2.8 Comparison of the Model Results with the Experimental Data for 17.76 wt.% 
NaCl Solution 

 
 
 

The model is also used to evaluate the performance of hollow-fiber TMD modules. 

The experimental data were taken from Song et al. (2008) for the commercial hollow fiber 

membrane Accurel Membrana supported on polypropylene with surface coating of 

silicone fluoropolumer. Figure 2.9 illustrates a comparison between the experimental data 

and the model results. 
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Fig. 2.9 Comparison of the Model Results with the Experimental Data for Accurel 
Membrane Hollow Fiber Modules 

 
 

 

Next, the model is used to evaluate the performance of another hollow-fiber TMD 

module. The experimental data were taken from Al-Obaidani et al. (2008) for the 

polypropylene hollow fiber membrane MD020CP2N manufactured by Microdyn. The 

data reported by Al-Obaidani et al. (2008) 3.5 wt% NaCl feed solution and a permeate 

temperature of 288 K.  First, three data points are used for parameter estimation to give 

the following expressions for the thermal polarization coefficient: 

fbT ,00086.0104.1          (2.22) 
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 KWB =  7.5*10-11 334.12 ... KPasm

kg . The rest of the data points were compared with the model 

prediction. Figure 2.10 illustrates a comparison between the experimental data and the 

model results. 

 

 

 

 

Fig. 2.10 Comparison of the Model Results with the Experimental Data for Microdyn 
Hollow Fiber Modules 

 
 
 
 

The model with the abovementioned parameters can also be used to estimate the 
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model results are compared with the experimental data of Al-Obaidani et al. (2008) as 

shown by Figure 2.11. 

 
 
 

 

Fig. 2.11 Comparison of the Model Results with the Experimental Data for Microdyn 
Hollow Fiber Modules over Different Feed Concentrations 

 
 
 
 
2.6 Optimization Formulation 

 In network synthesis for membrane technologies, a key question is system 

configuration. For some membrane technologies, this tends to be rather complex as it 

involves modules arranged in series and in parallel to meet concentration and flowrate 

requirements for the permeate (e.g., Khor et al., 2011; El-Halwagi, 1992). In the case of 

TMD, the high-purity permeate, alleviates the need for further permeate processing for most 

water applications. Therefore, the key concern is the separation of the desired flowrate of 

permeate which corresponds to a water-recovery target. Since the process is driven primarily 
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by heat, it is important to ensure that sufficient heat is provided to achieve the desired 

permeate flowrate. Let us consider the case of heating 1 kg of seawater with from 293 to 363 

K prior to entering the TMD. If the specific heat of seawater is 4.0 kJ/kg.K, then the heat 

added to the feed is 280 kJ. Suppose that the feed-side membrane temperature, Tm,f, where 

evaporation starts is 353 K. Based on Eq. (2.14b), the value of vwH  at that temperature is 

2,308 kJ/kg. According to Eq. (2.13b) and using the definition of water recovery, we get 

%100*
)(*

%100*  ,,

vw

s

ffbfpThermal

Raw

f

Permeate

H

tTC

W

W









    (2.23) 

where   is the water recovery of the system. 

 For the abovementioned data, the value of water recovery is 9.7% which is very poor. 

Therefore, it is necessary to provide enough heat to the feed to enable much higher water 

recoveries. One way of achieving this to reheat a portion of the reject leaving the TMD and 

recycle it back by mixing with the feed (e.g., Camacho et al., 2013). This is shown by Figure 

2.12. The net effect is that enough heat must be provided to the feed to induce the vaporization 

of the desired flowrate of the permeate. Let   be the ratio of the recycled flowrate to the raw 

flowrate. Therefore, the TMD-feed flowrate is given by: 

Raw

f

TMD

f WW )1(           (2.24) 

 With the recycle stream, Eq. (2.16b) should be revised to account for the total 

flowrate of the TMD. If the reject temperature is roughly the same as the supply temperature 

of the raw water (to maximize heat extraction in the TMD module), then:  
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vwPermeate

s

ffbfp

TMD

fThermal HWtTCW  )(* ,,       (2.25) 

Therefore, by combing Eqs. (2.13a) and (2.25), the heat to be provide the TMD feed is given 

by: 

Thermal

vwPermeates

ffbfp

TMD

ff

HW
tTCWQ




 )( ,,

      (2.26) 

For a desired value of permeate flowrate, TMD

fW can be calculated from Eq. (2.26) and the 

recycle ratio can be calculated from Eq. (2.24). 

For the case of a highly-rejecting membrane (i.e., permeate is virtually pure water), the reject 

concentration can be calculated through a solute material balance for the whole system: 
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       (2.27) 

Additionally, by carrying out a solute balance around the mixing point of the raw feed and 

the recycled stream, we get: 










1
Rejectyy
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Raw

fTMD

f          (2.28) 
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Fig. 2.12 TMD with Reject Recycle 

 
 
 
 Next, we focus on the thermal-coupling problem. An efficient optimization 

formulation for optimizing heat-integration systems is transshipment model developed by 

Papoulias and Grossmann (1983). According to this formulation, the hot and cold streams 

are represented as vertical arrows extending from the supply to the target temperatures. Two 

temperature scales are created: one for hot (TH) and one for cold (TC). The two scales are 

separated by a minimum driving force ( minT )  to ensure thermodynamic feasibility, i.e. 

minTTT HC           (2.29) 

This representation is referred to as the temperature-interval diagram (TID) as shown by 

Figure 2.13a. The temperature span between each two horizontal lines is called a temperature 
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interval within which heat may be transferred (transshipped) from the hot to the cold streams. 

Heat can also be passed downwards to a lower interval.  

 
 
 

 

Fig. 2.13a The TID for the Transshipment Model 

 

 

  

 The challenge is adopting the transshipment model to the case of thermally coupling 

the process with the TMD network is that the temperature to which the feed to the TMD is 

to be heated is unknown and is yet to be optimized. Without a numerical value for that 

temperature, the TMD feed cannot be represented on the TID and proper heat balances cannot 

be carried out for the temperature intervals. Therefore, we propose an extension of the model 

HT minTTT HC 
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by using a discretization technique. It is important to note that the optimal value of 

temperature to which the TMD feed should be heated is bounded by the following constraint: 

max
,, mfbfs TTT           (2.30) 

where max
,,  and ,, mfbfs TTT are the temperature of supplied water feed to be treated, the 

temperature of to which the feed to TMD is heated, and the maximum allowable operating 

temperature of the membrane, respectively.  The temperature range between max
,  and, mfs TT

is discretized into a number (NDisc) of temperatures. The flowrate of the TMD feed ( TMD

fW ) 

is split into a number of “substreams”  (El-Halwagi, 2012; Al-Mutairi). Each substream has 

a supply temperature of ts,f  and a target temperature of one of the discretized temperatures. 

The flowrate of each substream is unknown and is referred to as Wsub,f. Hence, 





DiscN

sub

fsub

TMD

f WW
1

,          (2.31) 

These substreams can now be represented on the TID  (as shown by Figure 2.13b) with 

specific target temperatures that enable the construction of temperature intervals. 
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Fig. 2.13b The TID with TMD-Feed Substreams 

 
 
 

 Next, the analysis is carried out for the TMD network along with an industrial 

processing facility with NH process hot streams, NC process cold streams, NHU heating 

utilities, and NCU cooling utilities. The index u is used for process hot streams and heating 

utilities while the index v is used for process cold streams and cooling utilities. The index z 

is used for temperature intervals. In the case of sensible heat, the heat that can be removed 

from the uth process hot stream in the zth interval (which is bounded by temperatures Tz-1 and 

Tz)  is given by: 

)( 1,, zz

H

up

H

uzu TTCFHH                      (2.32a) 
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By summing up the heating loads, we get: 

zu

where
z interval through passesu 

Total

z HH  =  HH ,

 N ......, 2, 1,=u H

                   (2.32b) 

Similarly, the heat that can be added to the vth  process cold stream over the zth interval is 

expressed as: 

)( 1,, zz

C

up

C

uzv ttCFHC           (2.33)    

where tz-1 and tz are the cold-scale temperatures at the top and the bottom lines defining the 

zth interval. Additionally, for the TMD-feed substreams: 

If the substream passes through interval z: 

)(_ 1,, zz

C

subpsubzsub ttCWTMDHC          

 (2.34) 

and, if the substream does not pass through interval z: 

0_ , zsubTMDHC          (2.35) 

By summing up the cooling capacities of the process cold streams and the TMD substreams, 

we get: 

zsub

Nsuband
z interval through passes sub

zv

Nvand
z interval through passes v

Total

z TMDHCHC  =  HC

DiscC

,

,....,2,1

,

,....,2,1

_


                (2.36)

     The heat load of the uth heating utility is given by: 

HHUu,z  =  FUu  Cp,u (Tz-1 - Tz)  where     u = NH +1, NH +2, ..., NH + NHU      (2.37)    
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where FUu  is the flowrate of the uth heating utility.  

For multiple heating utilities, the total heating load  over interval z is given by: 

HHU   =   HUUz

Total

u passes through interval z
where u

u z

N  +1, N  +2, ......,  N  + N  H H H HU

 ,                                                        (2.38)        

Summing over intervals for all the heating utilities: 

zu

z

u HHUQH ,               (2.39) 

Similarly, the cooling capacities of the vth cooling utility in the zth interval is calculated as 

follows: 

HCUv,z  =  fUv  cp,v (tz-1 - tz),                         (2.40) 

where      

 v = NC +1, NC +2, ..., NC + NCU                                             

and where fUv  is the flowrate of the vth cooling utility.  

The sum of all cooling capacities of the cooling utilities is expressed as: 

HCU   =   HCUz

Total

v passes through interval z
where v

v z

N  +1, N  +2, ......,  N  + NC C C CU

 ,      (2.41)

     

Summing over intervals for all the cooling utilities: 
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zv

z

v HCUQC ,          (2.42) 

For the zth temperature interval, one can write the following heat-balance equation: 

zz

Total

z

Total

z

Total

z

Total

z rr HHCHHU =HC HH  1  z = 1,2,... nint.   (2.43)                                                                           

where   

r rn0 0 
int

          (2.44) 

rz  0 ,      z n 1 2 1, ,...., int    (2.45)

  

FUu 0,  u = NH +1, NH +2, ..., NH + NHU         (2.46)   

fUv 0   v = NC +1, NC +2, ..., NC + NCU     (2.47)  

 Different forms of the objective function may be used. If the objective is to maximize 

heat integration (by minimizing the heating and cooling utilities for the process and the TMD 

network), then the objective function is given by: 

Minimize 
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     (2.48) 

 where CHu designate the cost of the uth heating utility and CCv designate the cost of the vth 

cooling utility.  

If the objective is to minimize the total annualized cost of the TMD network while 

maximizing heat integration between the process and the TMD network and accounting for 
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the credit from the sales of the treated/desalinated water, then the objective function is given 

by: 

Minimize 




u

NN

Nu

u QHCH
HUH

H

*
1

v

NN

Nv

v QCCC
CUC

C

*
1






+ TACTMD – Vw*WPermeate  (2.49) 

where TACTMD is the total annualized cost of the TMD network which is the sum of the 

annualized fixed cost of the TMD network and the annual operating cost of the TMD network 

(excluding the heating utility which is already accounted for in the first term of the objective 

function), Vw is the unit selling price (value) of the permeate, and WPermeate is the annual 

flowrate of the permeate. 

 

2.7 Case Study 

The data for this case study are taken from the process of converting shale gas (156 

MMSCF/d) to methanol (5,000 tonne/d) described by Ehlinger et al. (2013). A schematic 

process flow diagram is shown by Figure 2.14. Shale gas is treated then converted to 

syngas via the exothermic partial oxidation (POX) reaction: 

CH₄ + ½O₂ = CO + 2H₂ 

Oxygen is obtained from a cryogenic air-separation system which has a high level of 

energy integration. The external cooling duty for the cryogenic unit is required to reduce 

the temperature from 95 to 90 K. The condensed streams are used within the cryogenic 

system for heat integration and the oxygen stream leaving the air-separation unit 

ultimately leaves at 299 K. The oxygen fed to POX is preheated to 473 K. Although the 
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ideal molar ratio of hydrogen to carbon monoxide is 2.0, the actual ration in the syngas 

leaving the POX unit contains hydrogen and carbon monoxide in a molar ratio of 1.8. Heat 

is recovered from the syngas leaving POX through a heat-recovery (Heat-Rec) exchanger 

to reduce the temperature from 1544 to 313 K.  The cooled syngas is fed to a vapor-liquid 

separator to remove water. The gaseous stream leaving the vapor-liquid separator is heated 

prior to entering the water-gas shift (WGS) reactor where the molar ratio of hydrogen to 

carbon monoxide is increased to 2.0 using the following reaction: 

CO + H2O = CO2 + H2 

The stream leaving the WGS unit is cooled from 597 to 313 K then the water is separated 

in a vapor-liquid separator. Next, carbon dioxide and water are separated from the syngas 

which is compressed to 75 atm and fed to the methanol reactor where it reacts at 513 K to 

form methanol vapor according to the reaction: 

CO + 2H2 = CH3OH 

The vapor leaving the reactor is cooled to 423 K then exchanges heat with a syngas recycle 

stream (which is sent back to the methanol reactor), then cooled further using two cooling 

units (Recycle Cool 1 and 2) to reduce the product-stream temperature to 318. The cooled 

methanol product is separated using a flash unit.  The heat-exchange data for the process 

are given by Table 2.1.   
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Table 2.1 Heat Exchanger Data for the Gas-to-Methanol Process (Ehlinger et al., 2013) 

Heat exchanger Supply 
Temperature (K) 

Target 
Temperature 

(K) 

Heat Duty 
(kW) 

O2-Heat 299 473 7,614 

WGS-Heat 313 573 45,129 

Air-Sep 95 90 -2,459 

Heat-Rec 1,544 313 -283,206 

Cool 597 313 -51,008 

MeOH Cool 513 423 -42,389 

Recycle Cool (1 and 2) 420 318 -37,093 
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The gas-to-methanol process is to be located next to a planned TMD desalination 

plan. The TMD desalination plan is to handle a raw feed flowrate of 174.0 kg/s. The feed 

is predominantly brakish water (162.0 kg/s) which is mixed with a small wastewater 

stream from the methanol plant (12.0 kg/s). The primary solute in the raw feed stream is 

NaCl (0.77 wt%). The following are characteristics for the TMD-desalination feed stream: 

 Specific heat: 4.0 kJ/kg K 

Supply temperature: 293 K 

A water recovery from the raw feed ( ) of 0.8 is required (i.e., WPermeate = 139.2 

kg/s). The value of the produced permeate is $8.00/m3. The TMD network also receives 

$5.00/m3 of the wastewater from the methanol plant to account for the avoided wastewater 

treatment cost for the methanol plant. 

A permeate-sweeping liquid (of the stored permeate at 293 K) is recirculated 

through the DCMD system. The TMD to be used in desalination uses the polypropylene 

hollow-fiber membrane MD020CP2N (manufactured by Microdyn). The fibers have an 

inside diameter of 1.5 mm, an outside diameter of 2.8 mm, and a length of 0.45 m. Details 

of these modules are given by Al-Obaidani et al. (2008).  The maximum allowable 

temperature for heating the feed is 363 K.  

As mentioned earlier in the model validation section, following expressions are 

used for the thermal polarization coefficient (with Tb,f in K): 

fbT ,00086.0104.1          (2.22) 
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And for the permeability: 

KW=KWB*Tm
1.334                       (2.11c) 

where 

KWB =  7.5*10-11 334.12 ... KPasm

kg  and Tm is the average membrane temperature in K. 

The heat loss due to conduction in the membrane is given by: 
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                   (2.19b) 

The thermal conductivity of the membrane is correlated based on the data of Khayet and 

Matsuura (2011) to be: 

57 10*0.4*10*7.1   mm Tk        (2.50) 

where km is in 
Km

kW

.
. The heat losses in this TMD module are primarily due to conductive 

losses. This is typically the case in a well-designed, well-insulated module. Assuming that 

the rest of the losses are 50% of the conduction losses and recalling that the membrane 

thickness is 0.65 mm, the thermal efficiency of the module can be calculated as follows: 
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The following data are used for cost estimation: 

Because of the modular nature of TMD, it is reasonable to consider a linear 

function of membrane area for the fixed cost of the modules for large-scale installations. 

Al-Obaidani et al. (2008) estimated the cost of the membranes to be $90/m2. Therefore, 

by using a Lang factor of 5.0 (e.g., Peters et al., 2003; El-Halwagi, 2012), the fixed cost 

of the membrane modules is estimated to be: 

Fixed cost of membrane modules ($) = 450*Am      (2.52) 

where the membrane area (Am) is in m2. 

The non-membrane fixed capital investment includes heat exchangers, pumps, 

pipes, instrumentation, electrical subsystems and installation. When the TMD network 

handles large flows of water, multiple units of identical sizes are used while distributing 

the flow in parallel. This is intended to keep a reasonable size of each unit and to enhance 

the reliability of the system in case of unit failure. In such cases, the fixed-cost functions 

tend to be linear in capacity. For the heat exchangers, pumps, ancillary equipment, and 

installation, the fixed costs of those non-membrane units were estimated based on the 

economic data provided by El-Halwagi (2012) and Peters et al. (2003) to be: 

Non-membrane fixed capital investment ($): 11,150*WTMD     (2.53) 

where WTMD is in kg/s. 

To calculate the annualized fixed cost (AFC), a 10-year linear depreciation scheme 

with no salvage value is used for the non-membrane fixed capital investment. Assuming 
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that the membrane lifetime is 4 years (Sirkar and Song, 2009), the annual replacement cost 

of the membrane is equivalent to depreciating the $90/m2 portion (the membrane itself) 

using a 4-year linear depreciation scheme with no salvage value. The rest of the fixed cost 

of the membrane modules is depreciated using a 10-year linear depreciation scheme with 

no salvage value. Therefore, the annualized fixed cost of the TMD network, AFCTMD, is 

given by:  

AFCTMD = TMDm WA *115,1*5.58          (2.54) 

where Am is the area of the membrane in m2 and WTMD is in kg/s. 

The non-heating/cooling operating cost data are summarized in Table 2.2. 

Based on the data presented in Table 2.2, for an annual operation of 8,000 hours, the 

annual operating cost of the TMD network excluding heating (AOCTMD-NH in $/yr) is given 

by: 

Raw

fNHTMD WAOC *))1(*613,1)1(*43411,1(_                             (2.55) 

where Wf is the flowrate (kg/s) of the feed to the TMD network. 

The following cost data are used for the heating and cooling utilities: 

Heating utility I (heating fluid at 590 K): $6.0/109 J  

Low pressure steam at 420 K: $2.5/109 J  

Cooling water at 293 K: $4.0/109 J 

Refrigerant (for air separation): $30.0/109 J  
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Table 2.2 Key Operating Costs 

Cost Item Value Unit Reference 

Pretreatment 0.0190 $/ m3 of raw feed Kesieme et al. (2013) 

Labor 0.0300 $/ m3 of raw feed Kesieme et al. (2013) 

Brine Disposal 0.0015 $/ m3 of brine Al-Obaidani et al. (2008) 

Pumping 0.0560 

$/m3 of total feed 

(raw feed and 

recycled reject) 

to the TMD 

Song et al. (2009) 

  

 

 

2.8 Results and Discussion 

The case study is solved for three scenarios: 

2.8.1 Scenario I: No heat integration and no optimization of feed 

temperature 

In this case, the TMD network and the gas-to-methanol plant are treated as separate 

entities. To highlight the impact of thermal coupling, this scenario addresses the case when 

the TMD network is operated with no thermal coupling with the gas-to-methanol process. 

All the heating utility to the TMD is provided through low-pressure steam. Heat 

integration is performed within the gas-to-methanol process. Additionally, the TMD feed 
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is heated to the maximum allowable temperature (363 K) to maximize the water flux and 

minimize the membrane area (and consequently fixed cost). Figure 2.15a is a 

representation of this scenario. 

 
 
 

 

Fig. 2.15a Scenario I: Uncoupled TMD and Process 

 
 

 

2.8.2 Scenario II: Industrial symbiosis with heat integration and TMD 
 
optimization 

In this scenario, the TMD network is considered to belong to an operating company 

that is different from the methanol plant. Heat integration for the methanol plant is 



 

49 

 

performed first. Excess process heat (after process heat integration) is available for use by 

the TMD network for free (because transfer of this excess heat to preheat the TMD feed 

saves the methanol plant cooling cost while providing free heating to TMD). Any 

additional heating needed for the TMD feed is provided through low-pressure steam. The 

TMD network treats the methanol-plant wastewater and receives an income for such a 

service. In this regard, the methanol plant and the TMD network employ the principle of 

industrial symbiosis that can be part of an eco-industrial park (e.g., Lovelady and El-

Halwagi, 2009). Additionally, the TMD-feed is left as an optimization variable. Figure 

2.15b is a representation of this scenario. The objective of this scenario is to maximize the 

gross profit of the TMD network expressed as the TMD revenue (from sales of the 

produced permeate and charges for treating the methanol-plant wastewater) minus the 

total annualized cost of TMD (annual operating cost of the TMD including heating and 

annualized fixed cost of TMD). A summary of the results is shown by Table 2.3. It is 

worth noting that the thermal coupling of TMD with the process provides synergistic 

benefits to both the TMD network and the gas-to-methanol process. Heat integration 

within the process reduces the heating and cooling utility costs for the gas-to-methanol 

process from $MM 6.93 and 49.78/yr, respectively (for the case of no heat integration 

within the gas-to-methanol process) to $MM 0 and 43.70/yr, respectively (after heat 

integration is implemented within the gas-to-methanol process). Subsequently, the thermal 

coupling with TMD further reduces cooling utility cost for the gas-to-methanol process to 

$MM 2.12/yr. Thermal coupling of TMD with the process also increases the gross profit 

of the TMD network from $MM 3.47 to 29.09/yr.  
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Fig. 2.15b. Scenario II: Industrial Symbiosis (Eco-Industrial Park) for TMD and Process 

 
 
 

2.8.3 Scenario III: Simultaneous process heat integration and TMD 

optimization 

In this scenario, the TMD network is owned by the methanol plant. Therefore, heat 

integration for the process should be carried out simultaneously along with the thermal 

coupling and optimization of the TMD network. Figure 2.15c is a representation of this 

scenario. The objective is to minimize annual cost of the heating and cooling utilities (for 

methanol process and the TMD network) and the total annualized cost of the TMD 

network minus the revenue from selling the permeate. In this case, the optimal TMD-feed 

temperature is 359 K. An important observation is the need to optimize the TMD-feed 
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temperature and not to set it equal to the maximum allowable temperature. Although the 

water flux across the membrane is maximized when the feed temperature is maximized, 

this ultimate performance of the membrane does not necessarily correspond to the optimal 

performance. It minimizes the membrane area and, consequently, the fixed cost of the 

modules but it does not account for the tradeoff between the fixed and the operating costs.  

 
 
 

 

Fig. 2.15c Scenario III: Fully Integrated TMD and Process 
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Table 2.3 Comparison between the Results for the Two Scenarios of the Case Study 

Item Unit Scenario I Scenario  II Scenario III 

TMD-Feed Temperature K 363 363 359 

Required Area of Membrane m2 17,020 17,020 20,357 

Annualized Fixed Cost of TMD $MM/yr 2.41 2.41 2.72 

Annual Operating Cost of TMD 

Excluding Heating Utility 

$MM/yr 2.30 2.30 2.46 

Annual Heating Cost for TMD $MM/yr 25.62 0 0 

Total Annualized Cost of TMD $MM/yr 30.33 4.22  

Gross Revenue of TMD (Value 

of Sold Permeate + Charges for 

Plant-Wastewater Treatment – 

Total Annualized Cost of TMD) 

$MM/yr 3.47 29.09 28.62 

Annual Heating Cost of the Gas-

to-Methanol Process (after heat 

integration within the process) 

$MM/yr 0 0 0 

Annual Cooling Cost of the Gas-

to-Methanol Process (after heat 

integration within the process) 

$MM/yr 43.70 2.71 2.12 
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CHAPTER III  

AN INTEGRATED APPROACH FOR INCORPORATING THERMAL 

MEMBRANE DISTILLATION IN TREATING WATER IN HEAVY OIL 

RECOVERY USING SAGD 

 

 

3.1 Introduction 

Heavy oil and bitumen are counted as major potential resources to supply the 

increasing global energy demand. The estimated reserves of heavy oil and bitumen exceed 

the conventional crude oil reserves by four to five folds. The largest reserves are located 

in Canada and Venezuela, with a daily production of about 1.5 million barrels (Nasr and 

Ayodele 2005). Either heavy oil or bitumen is characterized by having very high viscosity. 

Therefore, they require very complicated and challenging extraction processes with high 

demands of energy and water. In most cases, these requirements have negative impacts on 

the environment. The environmental impacts may include: greenhouse gas emissions 

(GHG) from boilers to produce steam, fresh water consumption and waste generation (Hill 

2012). 

Steam Assisted Gravity Drainage (SAGD) is one of the thermal enhancing 

recovery technologies used for the unconventional production of oil. Steam is injected to 

the crude oil formation producing a steam chamber in which a steam-saturated zone is 

developed and the steam starts delivering its latent heat to the adjacent area. Heat released 

from steam is transferred to the sand formation containing the heavy oil and bitumen and 
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helps reduce the viscosity of the bitumen and consequently mobilizes it. Steam condenses 

due to losing its latent heat and is drained by gravity as produced water along with the 

mobilized bitumen to the production well located parallel and beneath the steam injection 

well. Because the process is driven by gravitational forces and in order to maximize the 

bitumen production, the production well is located at the base of the reservoir (Shen 2013).  

Water is heavily consumed and produced backin SAGD process. In order to produce one 

barrel of bitumen, up to five barrels of boiler feed water (converted to steam) are injected 

(Lightbown 2014a). About 10% of the injected steam is retained in the reservoir and the 

remaining 90% is produced back with the bitumen (Hill 2012). Hence, SAGD is a process 

that is characterized by high consumption of fresh water and high discharge of produced 

water. Therefore, it is very important to better manage the water resources to supply the 

huge water demand needed in energy production including the SAGD process. From an 

integrated and sustainable design perspective, water treatment networks and recycling are 

considered among the most effective strategies for water management within SAGD 

process. 

Water networks are forms of mass integration networks developed to reduce the 

fresh water consumption by treating the wastewater stream and allowing recycle. The 

treatment takes place by different technologies and the choice of technologies depends on 

the characteristics of the wastewater and the required characteristics of the produced 

stream. In SAGD, the produced water is typically characterized by low salinity, high silica 

and hardness content and elevated concentrations of dissolved organic matter (Xie, et al. 

2009). The steam used in SAGD is typically produced through once through steam 
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generator (OTSG) with specific concentration constraints on water quality. Typically the 

produced water from SAGD contains sodium chlorides represented as total dissolved salts 

(TDS), organics represented by total organic compounds (TOC), silica, and hardness. 

Table 3.1 provides some characteristics of a sample of produced water from SAGD and 

the OTSG requirements of the boiler feed water. The produced water is treated and mixed 

with makeup water to be recycled for steam production. 

 
 
 

Table 3.1 Typical SAGD Produced Water Compositions and Feed Requirements for the 
OTSG (Xie, et al. 2009) 

 

Impurities 
Produced water from SAGD 

( mg/L) 

OTSG Feed water requirements 

(mg/L) 

TOC 232 2 

SiO2 150-400 502 

Hardness, CaCO3 150-300 0.1 

 
 
 
 
In this chapter we consider using TMD to deal with hardness, silica, and TDS in the SAGD 

produced water. 

The capacity of TMD can be readily increased by adding more modules and 

maintenance can be carried out without completely shutting down the plant. Recent 

experimental work has demonstrated the lab-scale viability of TMD in treating SAGD 

produced water. Singh and Sirkar (2012) conducted experimental work for a synthesized 

SAGD produced water stream at temperatures ranging from 353 K to 403 K and under 
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pressure ranges of 2-3 atm and provided as feed stream to direct contact membrane for 

treating. The synthesized produced water contained high concentration of NaCl and traces 

of phenol, cresol, and naphthenic acid. As mentioned earlier, TMD is highly effective in 

removing inorganic salts and heavy components (with vapor pressure much less than that 

of water). For other contaminants in water, they are to be treated using additional 

technologies including the following: 

3.1.1 Pretreatment 

- De-oiling 

Typically the produced water associated the production of oil and gas contains 

organic materials that exist in two forms: dispersed oil and dissolved organic material that 

can be classified into four categories (Lightbown 2014b): aliphatic hydrocarbons, phenols, 

carboxylic acids and low molecular weight aromatic compounds 

The physical and chemical characteristics of the produced water vary widely due 

to differences in the type of reservoir formations rock, type of hydrocarbon produced, 

and the life of the well (Plebon 2006).  The SAGD produced water is characterized by 

high content of organic compounds (Xie, et al. 2009). Regardless of the characteristics 

of SAGD produced water, the treated water must meet strict requirements before being 

used in the boilers employed for steam generation. These requirements are needed to the 

various potential problems that may be caused in the boiler drum and tubes including 

corrosion and coking (Xie, et al. 2009). The SAGD process depends on injecting steam 

to the formation to heat up the bitumen zone to help increase its mobility and enhance 

production that causes elevating the temperature of water produced with bitumen from 
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about 283 to ~ 353 K (Kato, et al. 2008; Plebon 2006). Typical technologies used for de-

oiling require cooling the hot produced water, and this cooling would cause an increase 

in the operating cost of treatment. New technologies are emerging in the market for de-

oiling without the need for cooling the produced water effluent. An example of such 

technologies is the Phase Separation method developed by RJ Oil Sands which uses gas 

bubbles to separate oil and oil wet solids from the SAGD produced water (Lightbown 

2014a). These technologies will reduce the operating cost of the treatment and will 

enable utilizing the hot produced SAGD deoiled produced water as a feed to TMD. 

- Suspended Solids Removal 

Suspended solids are among the most common contaminants in the produced 

water. They can be easily removed typically using simple filters. 

- Softening and silica removal 

The produced water is typically characterized by a high content of calcium and 

magnesium ions commonly known by the term “hardness” (Camacho 2013) as well as 

high silica content. Divalent ions must be removed from boiler feed water due to potential 

scaling problems that lead to inefficient heat transfer and equipment breakdown. Silica is 

a major component of the sand formation where bitumen is extracted. It is present in the 

produced water from SAGD in high levels (Pedenaud, et al. 2004). Dissolved silica 

particles precipitate and deposit in the boiler tubes which may lead to tube failure. 

Typically, the water softening technology is selected based on the extent of hardness. For 

low concentrations, less than 200-300 mg/L, ion exchange is more economical while for 

higher concentrations of hardness, lime softening may be included (Xie, et al. 2009). Lime 
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softening is simply a chemical process in which the silica and hardness causing ions are 

precipitated to particles and separated from the water effluent. Hot Lime Softening (HLS) 

and Warm Lime Softening (WLS) are used for removing hardness and silica from the 

produced water from SAGD and produce the boiler feed water (Heins 2010). In some 

cases, the softened water exiting WLS/HLS goes through an ion exchange stage for further 

polishing (Hill 2012) 

 

3.1.2 Steam generators 

Steam injection is required for SAGD in very large volumes. A typical boiler feed 

water (leading to steam) to oil ratio ranges from 2 to 4 on a volume basis. Commonly, 

steam is generated through Once Through Steam Generators (OTSG) with pressure that 

typically ranges from 8,400 to 11,200 kPa (Bridle 2005). The high-pressure steam is 

injected in the formation to mobilize the bitumen content by the effect of the heat to reduce 

the viscosity of the extra heavy oil. The boiler feed water has specific characterization to 

be met in terms of total hardness, organic materials, total dissolved solids (TDS) and silica 

content. The concentrated boiler blowdown (BBD) water from the separator (typically 

around 20% of the boiler feed water) can be treated for further recycle if Zero Liquid 

Discharge (ZLD) is required (Heins and Schooley 2004). Special considerations are 

needed when dealing with the highly concentrated blowdown. Figure 3.1 provides a 

schematic representation of the typical water treatment technologies used in SAGD from 

the reservoir to the steam injection step. 

 



 

59 

 

 
Fig. 3.1 Stages of the Produced Water Recycling from the Reservoir and to the Form of 

Steam Injected to the Reservoir Again 

 
 
 
3.2 Problem Statement 

In this chapter, we consider two wastewater sources associated with SAGD: 

produced water and boiler blowdown. Each wastewater source has a known flowrate, Wi, 

temperature, Tin,i, pressure, Pi, and composition of impurities xik, where i = 1,2,…,Wsource 

and k = 1,2,..., Nimpurities. Treated produced water and/or blowdown may be used to replace 

some of the feed to the boiler. The boiler feed water requires a certain flowrate W, inlet 

and outlet temperatures, Tin and Tout, and maximum allowable composition of impurities, 

xk. Available for service is fresh makeup water resource which can be purchased (flowrate 

W to be determined) to complement the need for the boiler. The temperature of the fresh 

makeup water, TF, and composition, xf,k, are known. Also external heating utilities, NHU, 

where u = 1,2,...,NH and cooling utilities, where NCU, v = 1,2,.,NC are available for service 

for the boiler and the TMD if needed after thermal coupling. A network of TMD modules 

is to be used. The total area, number of modules, and design specifications for the TMD 
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network are to be determined. Available for service are sets of pretreatment technologies to 

be used prior to TMD network for de-oiling and eliminating silica and hardness. Mass and 

heat integration will take place between water sources and sinks. Figure 3.2 is a schematic 

representation of the proposed problem statement. The objective is to develop a systematic 

and generally applicable procedure that maximizes the benefits for heat and mass integration 

between the sources and sinks in increasing the water recycle and reducing the GHG 

emissions and considering an economic objective function as well.  

The design challenges for the problem include different objective functions to 

consider: 

• What is the optimal heat integration within the streams? how much external 

heating and cooling utilities should be used? 

• What is the optimal area required for the membrane? 

The next section describes the proposed design approach to be used in solving this problem. 
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Fig. 3.2 Representation of the Problem Statement 

 

 

 

3.3 Design Scenarios 

In this section, the key scenarios for using TMD are described. As previously 

mentioned, the economic performance of TMD is highly dependent on the thermal energy 

and the availability of no/low-cost heat that needs to be supplied for the feed to assure the 

production of the desired permeate recovery. Since the major wastewater streams within 

SAGD are discharged at high temperatures, there is a unique opportunity for synergizing 

the energy-water nexus by employing TMD treatment technology in the SAGD process. 

Two main water streams are to be treated: the deoiled PW and the BBD.  Since both 

wastewater streams are hot, there is an inherent motivation for considering TMD. The heat 

content of the hot wastewater streams may not be sufficient to achieve the desired recovery 

of the clean permeate. As such, two applications are considered for treating each 
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wastewater: one without external heating and one with external heating. The following is 

a detailed description of the cases for each wastewater. 

 

3.3.1 Treating the deoiled PW steam to produce boiler feedwater 

The water produced along with the bitumen in SAGD is first introduced to skim 

tanks for water/bitumen separation. The separated water is deoiled to meet the 

requirements of the boiler feed water. It is very useful to maintain the high temperature of 

the produced water while deoiling. Therefore it is very useful to consider the emerging 

deoiling technologies designed to work under high temperature and pressure conditions. 

This will eliminate the need for cooling and will save the heating energy needed for TMD. 

Furthermore, TMD may be used to replace or complement PW softening technologies 

such as lime softening. When TMD is used in this context, it reduces the use and discharge 

of softening chemicals and provides high quality permeate. Figure 3.3 is a representation 

of a possible embodiment for the treatment of deoiled PW using TMD. This representation 

involves the extraction of heat from the hot BBD and the use of external heat from the 

combustion of fossil fuel or flared gases to heat the feed to TMD. Later, specific 

implementation scenarios with and without external heating will be presented. 
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Fig. 3.3 A Representative Configuration Involving the Use of TMD in Treating Deoiled 

PW 

 
 
 

3.3.2 Treating the boiler blowdown water 

Thermal membrane distillation is one of very few technologies that can handle 

high-salinity water such as the blowdown water from the OTSG while rendering a 

permeate that satisfies the strict requirements for feed water into OTSG. The high 

temperature of BBD offers a substantial advantage for the use of TMD. Treatment of the 

BBD is particularly important in cases when there are no sufficient fresh water resources 

for OTSG makeup. It is also useful when deep-well injection of BBD is not an option, 

when there is strict regulatory restriction on the disposal of large volumes of high-

temperature, pressure and salinity, or when there is a desire to approach ZLD. It is worth 

noting that TMD does not offer a complete ZLD system but is works as an important stage 

in the system.  
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As shown by Figure 3.4, it is desired to recover clean water along with heat from 

the BBD. The BBD leaves the OTSG at elevated temperature and pressure such as 320 oC 

and 11,000 kPa (Heins 2010). Such heat content, elevated temperature and concentrated 

salt composition of the BBD are advantageous factors for TMD. This scenario is very 

important when the SOR is high in which case the volumes of the BBD will also be high. 

Recycle of this water will reduce the consumption of the required makeup water. Also, it 

is a good starting stage when ZLD is required. Because TMD has been validated to work 

with high concentration feeds (e.g., Adham et al., 2013), it is among the most promising 

desalination technologies to deal with BBD. 

 
 
 

 

Fig.3.4 Process Flow Diagram for the Second Scenario Taregetting Treating the BBD 

Stream  
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The TMD model is adapted from Elsayed, et al. (2013). In this section, focus is 

given to the key governing equations and to the modifications in the modeling equations 

to be able to address the specific case of SAGD wastewater. 

The flux of the permeate (𝐽𝑤) depends on the vapor pressure difference between the feed 

and permeate sides and is calculated from the following equation: 

)( ,,,,
o

pwfwfw

o

fwww pxpKJ                                                                                          (3.1)                           

where  𝐽𝑤 is the permeate flux and 𝐾𝑤 is the membrane permeability which is a function 

in the membrane properities as well as the membrane temperature. The non related 

temperatures parameters are lumped in one term, therefore the membrane permeability 

can be represented as a function in membrane temperature for every membrane type 

(Schofield, et al. 1990). Assuming a moleular diffusion mechanism of water in air as 

proposed by (Lawson and Lloyd 1996): 

5.0
 mwBw TKK                                                                                                               (3.2) 

where 
wBK is temperature-independent base value for the permeability and Tm is 

membrane average temperature. The terms 

o

pw

o

fw pandp ,,

 are the water vapor pressure of 

the feed and permeate. The vapor pressure of the permeate (which is nearly free of salts) 

depends on temperature and can be modeled through an Antoine type equation. The termfw,

is the activity coefficient of the water in the feed. The activity coefficient is a function 

of the salinity concentration. In the case of NaCl removal, it may be calculated from the 

3.4. Modeling TMD Modules 
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following expression valid for concentrations below the salt precipitation limit (Lawson 

and Lloyd 1996): 

2
, 105.01 NaClNaClfw xx                                                                                            (3.3) 

where 
NaClx is the mole fraction of NaCl. 

 In the case of SAGD, both of PW and BBD contain different types of dissolved 

salts and notable concetration of dissolved silica. In the case of multiple components, two 

assumptions were tested to calculate the activity coefficient of the water: 

1. The vapor pressure of water is reduced by the contribution of the dissolved salts 

through reduction in mole fraction of water, i.e., 

𝛾𝑤,𝑓 = (1 − ∑ 𝑥𝑖,𝑓
𝑛
𝑖 )                                                                                        (3.4) 

Where ∑ 𝑥𝑖,𝑓
𝑛
𝑖  is the summation of mole fractions of the nonvolatile components 

present in the feed water. 

2. A single key component (typically the dominant component) is used to represent 

the nonvolatile components. In the case when NaCl is the dominat component, 

using this assumption renders Eq. (3.3) in the following form: 

2

1
,

1
,, 105.01 








 



n

i

fi

n

i

fifw xx                                                                    (3.5)  

The results of both expressions were tested through the NRTL-RK model using ASPEN 

Plus simulation.  The simulated wastewater stream contains the following concentrations 

(in mg/L): 650, 1,500, of 4,000 of CaCO3, silica, and NaCl, respectively. The wastewater 
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stream is 83 oC. Table 3.2 represents the results of the of calculating the vapor pressure 

using the different expressions for the activity coefficient and vapor pressure. These 

results are quite comparable and would lead to a difference of less than 1% in the flux 

calculation given by Eq. (3.1). 

 Once the flux through the membrane is calculated, the membrane area can be 

calculated by dividing the desired permeate flow rate ( PermeateW ) by the water flux: 

w

Permeate
m

J

W
A                                                                                                                  (3.6) 

 
 
 
Table 3.2 Comparison of Different Models for Activity Coefficient and Vapor Pressure 

 

Reduction in mole 

fraction model, 

Eq. 3.4 

Lumped key 

component model, 

Eq. 3.5 

NRTL-RK model 

using ASPEN Plus 

simulation 

Activity coefficient 

of water 
0.9982 0.9991 1.0002 

Vapor pressure, 

kPa 

52.923 52.372 53.028 
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3.5 Modeling Heat Balance and Recovery for the Cases without and with External 

Heating 

As mentioned earlier, for each of the two wastewater streams (PW or BBD), two 

cases will be considered: without external heating and with external heating. In the no-

external heating case, the hot wastewater stream is fed to the TMD network at its raw 

temperature. If sufficient permeate recovery is not obtained, external heating is provided. 

In the case involving the addition of external heating for PW treatment, we are constrained 

with the targeted permeate recovery of the TMD feed (PW) to assure the water produced 

is adequate to the required water volumes before blending with makeup water. Therefore, 

the water recovery is set and the system is designed to produce this permeate and to 

evaluate the amount of heat required to achieve the desired recovery. A similar observation 

is made for the addition of external heating for BBD treatment. When there are insufficient 

fresh water resources for the makeup water compensating the losses of the BBD or when 

there are strict regulations that limit the disposal of the BBD, it will be necessary to meet 

certain water recovery targets. If such water recovery levels cannot be obtained by using 

the heat content of the hot BBD, then external heating should be provided. Not only does 

the addition of external heating in treating PW or BBD increase the temperature of the 

feed to the TMD but it also allows the heating of a portion of the reject and recycling the 

heated reject to be mixed with the raw feed. The increase in the total feed to the TMD 

increases the amount of the permeate. For more detailed discussion of the aspects of using 

external heating, partial reject recycle, and impact on permeate recovery, the reader is 

referred to Elsayed et al. (2013) and Camacho (2013).  



 

69 

 

3.5.1 Case I: Treatment without external heating of PW or BBD 

In this case, the heat contained in the wastewater streams is used to drive the TMD 

separation. No fuel is burned to provide external heating. As described before, in this case 

there is no recycle of reject because it does not help unless the reject is heated using an 

external source. Figure 3.5 shows the system with key flow and temperature variables.  

Water recovery ( ) is defined as:  

Raw

f

Permeate

W

W                           (3.7) 

where Raw

fW is the flowrate of the produced water raw feed (WPW) for the case of treating 

deoiled PW and it is the flowrate of the blowdown (WBBD) in the case of treating BBD. 
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Fig. 3.5 Representation of the PW or BBD Treatment Systems for Case I (no external 

heating) 

 
 
 
Therefore, the flowrate of the reject stream leaving the TMD is calculated through mass 

balance around the TMD: 

Permeate

Raw

f WWW Reject                                                                                             (3.8) 

Combining Eqs. (3.7) and (3.8), we get: 

Raw

fWW )1(Reject                                                                                                           (3.9) 

The heat removed from the TMD feed (QRemoved)  is the difference in enthalpy of the feed 

entering the TMD and the reject leaving the TMD, i.e., 
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QRemoved  = Reject
Reject

Reject TCWTCW PBF

BF

p

Raw

f                                                                 (3.10) 

Assuming that the specific heats of the feed and reject are roughly the same (Cp) for 

simplification and using the expressions for the flowrate of the feed and the reject (Eq. 3.9), 

we obtain: 

Raw

fPBF WCTTQ ])1([ RejectRemoved                                                                 (3.11) 

The thermal efficiency for heat utilization in the TMD is the fraction of the heat removed 

from the feed which is used for vaporizing the permeate, i.e. 

RemovedQ

HW vwPermeate
Thermal


                                                                                         (3.12) 

where vwH  is the water heat of vaporization at the average membrane temperature. The 

temperature of the reject may be calculated through detailed modeling of heat and mass 

transfer within TMD. To avoid the use of such complex models, we assume that the 

temperature of the reject is the arithmetic average of the temperature of the feed and the 

permeate-sweeping liquid, i.e., 

2Reject
PermeateBF TT

T


                                                                                                   (3.13) 

Using Eqs. (3.11)-(3.13) and rearranging the resulting expression, we get:  

)(2
)(

PermeateBFThermalpvw

PermeateBFThermalp

TTCH

TTC









                                                               (3.14) 

This derived expression enables the calculation of the water recovery for a given set of 

temperature conditions of the feed and permeate as well as thermal properties (specific 

heat, latent heat of vaporization, and thermal efficiency). 
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3.5.2 Case II: Treatment with external heating of PW or BBD 

As discussed earlier, the use of external heating (e.g., combustion of fossil fuel or 

flared gases to provide an additional source of heating) enables the heating of the raw feed 

and the heating and recycle of a portion of the reject. Figure 3.6 is a representation of the 

treatment system with recycle. 

 
 
 

 

Fig.3.6 Representation of the PW or BBD Treatment Systems for Case II (with external 

heating) 
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Let   be the ratio of the recycled flowrate of the reject to the raw flowrate of PW or BBD. 

Therefore, the TMD-feed flowrate is given by: 

Raw

f

TMD

f WW )1(                                                                                                      (3.15) 

The flowrate of the reject stream leaving the TMD is calculated through mass balance around 

the TMD: 

Permeate

TMD

f WWW Reject                                                                                         (3.16) 

The combination of Eqs. (3.7), (3.15), and (3.16) results in the following expression: 

Raw

f

Raw

f WWW   )1(Reject  

or  Raw

fWW )1(Reject                                                                              (3.17) 

As shown before, the heat removed from the TMD feed (QRemoved)  is the difference in 

enthalpy of the feed entering the TMD and the reject leaving the TMD, i.e., 

QRemoved  = Reject
Reject

Reject TCWTCW PBF

BF

p

TMD

f                                                                  (3.10) 

Using the expressions Eqs. (3.15) and (3.17) for the flowrate of the feed and the reject, we 

get: 

Raw

fPBF WCTTQ ])1()1[( RejectRemoved                                                     (3.18) 

Eq. (3.18) can be used in the thermal efficiency expression given by Eq. (3.10).  

A particularly interesting case is when the recycled reject is heated to the same temperature 

as that of raw feed (i.e., TPW). In this case:  

Recycled
RejectTTT Raw

fBF                                                                                                    (3.19) 
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where Raw

fT is TPW for the case of treating deoiled PW and TBBD for the case of treating 

BBD. 

Hence, the external heat to be added to the recycled portion of the reject is given by: 

)( RejectTTCWQ BFP

Raw

fTMD                                                                            (3.20) 

Using Eqs. (3.13) and (3.20), we obtain: 

)
2

( PermeateBF
P

Raw

fTMD

TT
CWQ


                                                                           (3.21) 

A heat balance around the feedside of the membrane, the heating loop, and the feed and 

reject streams gives: 

RemovedReject)1( QTCWTCWQ P

Raw

fBFP

Raw

fTMD                                                     (3.22) 

Substituting for QRemoved and QTMD from Eqs. (3.18) and (3.21) into Eq. (3.22), we get, 

Thermal

vwPermeate
P

Raw

fBFP

Raw

f
PermeateBF

P

Raw

f

HW
TCWTCW

TT
CW








Reject)1()

2
(    (3.23) 

This equation can be used to determine the value of the required recycle ratio .   

 

3.6 Case Study 

Assuming an operating company is using SAGD to produce bitumen from a heavy 

oil reservoir. A pair of horizontal wells configuration is used as well as the assoicated 

steam production and injection facilities. Bitumen separtion and processing facilites are 

located in the site. Located also is a water treatment plant including deoiling and 

desalination sections. The hot produced water is deoiled prior to subjection to desalination 

using TMD. The deoiling technology to be used is characterized by low heat loss during 
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the deoilng (Lightbown 2014a). Therefore, the temperature of the deoiled PW is taken as 

391 oK. If deoiling causes the temperature to go below that level, heat integration with the 

hot BBD can bring it up to this temperature. A deoiled PW stream with a flowrate of 5 

kg/s is to be treated using TMD.  For steam generation, we consider OTSG with steam to 

feed ratio of 80% (i.e., BBD is 20% of the feed).  Table 3.3 shows a representative 

composition for the deoiled produced water and boiler blowdown based on data  from Xie 

et al. (2009). The operating conditions for BBD are shown in Table 3.4. 

 
 
 

Table 3.3 A Sample Composition of a Deoiled Water Stream from SAGD 

 PW BBD 

Component, i Conc. mg/L Conc. mg/L 

Hardness and 

alkalinity, CaCO3 
650 

5400 

Silica, SiO2 1500 90 

TDS, NaCl 4000 17000 

  
 
 

Table 3.4 The Operating Conditions of BBD Stream (Brown and El-Borno 2005) 

Inlet temperature 593 oK 

Outlet temperature 403 oK  

Operating Pressure 11,000 kPa 
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The following data for cost estimation are taken from Elsayed et al. (2013): 

The annualized fixed cost of the TMD network, AFCTMD, is given by: 

𝐴𝐹𝐶𝑇𝑀𝐷 = 58.5 × 𝐴𝑚 + 1,115 × TMD

fW                                                                    (3.24) 

where Am is the area of the membrane in m2 and Wf
TMD is the feed to the TMD in kg/s, 

noting that for the firt case where no external heating is used Wf
TMD is substituted by 

Wf
Raw 

The annual operating cost of the TMD network excluding pretreatment and heating is 

given by: 

Raw

fNHTMD WAOC  ))1(613,1)1(43864(_                                           (3.25) 

The following cost data are used for the heating utilities: 

Cost of heating utility I (heating fluid at 590 K): $9.0/109 J  

Cost of low pressure steam at 420 K: $5.0/109 J  

 

3.7 Results and Discussion 

3.7.1 Application I: Treatment of deoiled PW  

 For this application, the TMD network is employed to treat the deoiled PW. As 

mentioned before, two cases are considered: 

Case I: Treatment with No External Heating 

 In this case, we consider that the only heating source for the TMD feed is the heat 

contained in the PW (or supplemented via heat integration with the BBD). The TMD feed 
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temperature is therefore taken to be 391 oK. The solution of the aforementioned modeling 

equations, heat balances, recovery, and cost estimation provides the necessary design and 

costing results. The key results are shown by Table 3.5. Having a limited heat contained 

in the feed stream limits the attainable permeate recovery to 19.2%. The cost of permeate 

in this case is $0.77/m3.  In order to enhance the permeate recovery to a desirable level 

(e.g., 80%), external heating must be used. This is described by Case II. 

 

Case II: Treatment with External Heating 

 In this case, external heating (using purchased fuel or free flared gases which are 

burned to provide the external heating) is employed to achieve the desired 80% water 

recovery. It was found that to achieve 80% recovery, 3,102 kW of external heating is 

required. This heat increases the temperature of the recycled portion of the reject to 391o 

K.  The value of the recycle ratio, , is 3.2. If the flared gases are offered for free, there is 

no external heating cost and the cost of the permeate is $0.59/m3 which is quite attractive. 

Nonetheless, if the external heating is provided through the combustion of a purchased 

fossil fuel, the associated heating cost will be $489,000/year and the cost of the permeate 

is $4.47/m3. 

 

3.7.2 Application II: Treatment of BBD  

 For this application, the TMD network is used to treat the hot BBD. Because of 

the relatively high temperature of the BBD (593 oK), a significant level of recovery may 

be achieved (greater than 98%). Nonetheless, to avoid precipitation of the salts, the 
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recovery is limited to 60%. Therefore, no external heating is needed and the cost of 

permeate is $0.30/m3 which is quite attractive for treating a high salinity BBD. 

 
 
 

Table 3.5. Results of the Case Study 

 
Application I: Treating PW 

Application II: 

Treating BBD 

No external 

heating 

External heating 
No external 

heating 
From flared 

gases 
Purchased 

Recovery of 

treated 

wastewater, % 

19.2 80.0 80.0 60.0 

TMD membrane 

area, m2 
43.7 183.6 183.6 32.0 

Total annualized 

cost of TMD 

network 103$/m3 

23.4 74.6 563.7 5.5 

Cost of permeate 

($/m3) 
0.77 0.59 4.47 0.30 

 

 



 

79 

 

CHAPTER IV  

OPTIMAL DESIGN OF THERMAL MEMBRANE DISTILLATION SYSTEMS 

FOR THE TREATMENT OF SHALE GAS FLOWBACK WATER 

 

 

4.1 Introduction 

The US is witnessing a substantial growth in the production of shale gas. It is 

expected to become one of the most important energy sources in the US. Shale is a 

sedimentary rock characterized by its very tight formation compared with the conventional 

gas basins. Therefore, it requires special techniques for well completion including the 

drilling horizontal wells and the use of hydraulic fracturing for production stimulation. It 

is estimated that over 35,000 wells are hydraulically fractured annually in the largest five 

reserves in the US are the Barnett, Fayetteville, Haynesville, Marcellus, and Woodford 

plays (Zammerilli et al. 2014). 

Water is considered one of the most important and limiting commodities 

associated with shale gas production. Fresh water is heavily consumed in the pre-

production stages including site preparation, drilling, and completing the well. Hydraulic 

fracturing (fracturing) technology is a stimulation technique used for shale gas wells. It 

involves the injection of large volumes of water-based fracturing fluid through the tight 

formation to create artificial pathways through which gas and oil may be produced. The 

volume of water needed for fracturing a well varies based on several factors including 

depth of the well, length and numbers of planned fracks, and the geology of the play 
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formation (Stark et al. 2012). In some cases, water needed for drilling and fracturing was 

estimated to lie between 2-6 million gallons of water per well with about 89% percent of 

this amount used in well fracturing (Zammerilli et al. 2014). Fracturing fluids are typically 

mixtures of water and chemicals with water forming the bulk (e.g., 98%) of the fracturing 

fluid volume (Zammerilli et al. 2014). Generally the main fracturing additives for the 

fracturing fluids are: sand, friction reducers, gelling agent, acids, surfactants and 

proppants.   

The typical resources of the substantial volumes of water needed during shale gas 

fracturing are surface fresh water bodies and underground water. With the increasing 

demand for water resources and the shortage of water supply in several shale-gas 

production areas, there is a critical need to treat and reuse wastewater discharges from 

shale production.  This approach also reduces the negative impact on the environment.  

Wastewater is discharged in large volumes during shale gas production. Flowback 

wastewater is generated during the well completion stages while produced water is 

generated during the production stages. Flowback water is typically recovered within the 

first 30 days after injecting the fracturing fluids (RPSEA report 2012). Typically, 10-40% 

of the total injected water and the rest of the injected fluids remain in the formation (Slutz 

et al. 2012)). For instance, in the Marcellus Shale Play, about 10-15% of the fracturing 

fluid is reproduced as flowback representing about 600,000 gallon per well in the first 10 

days of the fracturing process (Zammerilli et al. 2014). The selection of the management 

option to handle the large volumes of the flowback water involves several factors such as: 
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economics, environmental regulations, volumes and composition of the flowback water, 

and availability of fresh water sources. 

The current management options for the flowback water vary significantly and 

each shale play has its own management strategy. Management options include: 

Disposal: Disposing the flowback water is considered a plausible option if certain criteria 

are met: 

 Availability of discharge outlets 

 Acceptability according to environmental regulations 

 Sufficiency in the supply of fresh or underground water resources 

 Safety of transportation to disposal outlets 

Disposal includes three primary options: underground injection, surface discharge, and 

pond evaporation. There are several environmental regulations governing disposal of 

flowback water. There are also potential public health and safety concerns. Finally, 

disposal does not promote water-reuse strategies. It merely enables the discharge of 

wastewater. 

Treatment: This alternative renders the flowback wastewater in a condition that is 

acceptable for discharge or even reuse in other fracturing jobs. The selection of a treatment 

options depends on the volume of flowback, total dissolved solid (TDS) levels, and the 

relative performance compared to using fresh water and injecting in wells. When the 

volumes of flowback are huge, the underground injection option is either unavailable, 

unsafe or uneconomical. Different treatment levels may applied to the flowback water 
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enabling further reuse. Typically, the first level of treatment “pretreatment” consists of 

removing the organics and total suspended solids (TSS). The flowback water is subjected 

to filters, with pore sizes ranges from 0.04-3.00 microns, to remove TSS and sand 

(Zammerilli et al. 2014). After pretreatment, flowback water containing low to moderate 

levels of TDS may be blended with fresh water and additives then reintroduced as a 

fracturing fluid. For high TDS concentrations, flowback water may require further 

treatment to reach the reuse targets. Typically, the advanced levels of treatment include 

desalination to treat the high levels of TDS. Typically, the content of TDS in the flowback 

water ranges from around 40,000 mg/L in the Barnett Shale Play to 150,000 mg/L in the 

Bakken Shale Play (Slutz et al. 2012)). It may even reach 280,000 mg/L in some of the 

high-salinity flowback water streams in the Marcellus Shale Play. Highly saline flowback 

requires substantial desalination to enable recycle, reuse or even discharge. Such 

desalination is needed for various reasons including the following: 

 Reuse in fracturing fluids requires low salinity to avoid formation damage and 

destruction of drilling equipment (Stark et al. 2012). 

 High levels of salinity can negatively interfere with the performance of some 

friction reducers required in the fracturing fluid (Stark et al. 2012). 

 The quality of the flowback deteriorates progressively over the fracturing period 

which makes it difficult to directly recycle the water or dilute without being 

treatment. This phenomenon occurs because of increasing the contact time 

between the fracturing water and the shale rock and formation water will lead to 

elevated levels of contaminant in the returned flowback (Slutz et al. 2012). 
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 The choice of the desalination technology is subject to: the desired level of 

treatment, economics, mobility, and adjustable configuration of the treatment units. The 

most common contaminants found in flowback water are residual chemicals from 

additives injected with the fracturing fluid including (biocides, scaling inhibitor, and 

friction reducers) as well as salts, metals and organic compounds originally found in the 

formation and formations water which returns back within the flowback. The 

concentration of the flowback water may vary significantly depending on location and 

formation characteristics (Gregory et al., 2011). Another important factor in treating 

flowback is the fluctuation in the rate of collected water. Typically the volume of the 

collected flowback water is initially high then it decreases dramatically until it diminishes 

when the production phase starts and the produced water is generated (Slutz et al. 2012)). 

Therefore, there is a critical need for cost-effective treatment technologies that are highly 

selective and adaptable to varying flowrates and compositions of the flowback water. 

Introducing Thermal membrane distillation (TMD) offers several attractive features for 

flowback desalination including: 

 Mobility and Compactness: the TMD modules have a small footprint because of 

the large surface area to volume ratio of the membrane 

 Very high rejection of salts allowing obtaining the desired permeate quality 

 Ability to handle high concentrations of salts generally found in flowback 

 Modularity with relatively easy addition and removal of TMD modules to adjust 

to the required capacities 
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 The TMD modules can also be skid mounted and moved from application to the 

other. This aspect is important in shale gas production because of the fracturing of 

various well during the exploration phase. 

 Usage of low-level heat to effect the separation. This is a particularly relevant 

factor in shale gas production because of the availability of several sources for 

inexpensive low-level heating such as flaring. After a fracturing job is completed, 

flaring is initiated for well testing purposes. Flaring is a huge source of wasted 

energy that may be utilized for providing a free source of heating to fulfil the TMD 

energy requirement.  

The design studies of TMD have been based on a feed with constant characteristics 

(flowrate and composition). In flowback applications, there is a continuous change of 

flowback flowrate and composition. The objective of this work is to introduce a new 

approach for the design of TMD systems with varying feed characteristics and to apply it 

to the treatment of flowback wastewater. The design approach employs a multi-period 

optimization formulation to handle the variations in flowrate and concentration of the 

flowback and to minimize the overall cost of the system while reconciling operating and 

fixed costs. The approach is also used to tradeoff extent of treatment (recovery) and cost. 

A case study for the Marcellus Shale Play is used to demonstrate the merits and 

applicability of the devised approach. 
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4.2 Problem Statement 

Consider a shale play with planned fracturing activities for multiple wells over a 

certain decision-making time horizon. As a result, flowback wastewater will be generated. 

A mobile TMD system is to be designed to treat the flowbackwater and to be moved from 

one well to the other depending on demand.  The generated flowback wastewater streams 

have known (expected) flow rate and composition profiles over the decision-making time 

horizon. The flowback wastewater is first pretreated to remove oils and organics. The 

inorganic dissolved salts are to be removed using TMD. The pretreated flowback water is 

to be heated to a certain temperature, TFB, and then fed to TMD. The quality of the treated 

water (permeate) must meet specific quality requirement corresponding to reuse or 

discharge. The reject must also satisfy certain constraints on composition (e.g., to avoid 

precipitation or to allow disposal). A minimum amount of the treated water is to be 

collected to attain sustainability requirements.  Available for service is a certain rate of 

heating energy source (Qflare) from the flaring that is associated with the well testing. 

Available for service is also a set of external (purchased) heating utilities to be used as 

needed supply additional energy for TMD. A network of mobile TMD modules is to be 

used for desalinating pretreated FB. The total area, number of modules, design specifications,  

and operating conditions for the TMD network are to be determined so as to minimize the 

cost of the system. Figure 4.1 is a schematic representation to the problem statement. 
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Fig. 4.1 Representation of the Problem Statement for Using TMD in Desalinating and 
Recycling Pretreated FB from a Number of Shale Gas Wells 

 
 
 

4.3 Approach 

In order to streamline the optimization formulation, a multi-period approach is 

developed based on the following considerations: 

 The TMD system is used to treat the flowback water from one well then it is moved 

to the next well and so on. For each well, there is a cycle time, c  , over which the 

flowback water is treated.  
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 The decision-making time horizon for the design of the TMD system is the 

summation of all consecutive cycle times, i.e. 

Decision-making time horizon = 
c

c         (4.1) 

 The decision-making time horizon (e.g., a year) is discretized into Nt periods (e.g., 

each period corresponding to one day). The index t is used to characterize the 

periods and the set of periods within the decision-making time horizon is described 

by PERIODS = {t|t= 1,2, …,NPeriods}. The key characteristic of a period is that 

average flowback characteristics (flowrate tFBW , and composition tFBy , ) are taken 

to be constant during that period.  Figures 4.2a and 4.2b illustrate this 

discretization. First, Figure 4.2a shows the continuous change in flowback flowrate 

over time for the multiple cycles. Then, Figure 4.2b demonstrate the discretization 

over the multiple periods. The multi-period approach enables the tackling of the 

dynamic system through a sequence of steady-state models each corresponding to 

a time period. For the tth period, the vector of TMD modelling equations is given 

by: 

0),,,,( ,,  ttttFBtFBt SODyW      t     (4.2) 

where Dt, Ot, and St are the vectors for the design, operating, and state variables, 

respectively. 
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Fig. 4.2a Flowrate Fluctuation over Cycles 

 
 
 

 

Fig. 4.2b Multi-Period Discretization of Flowrate 

 
 
 

The objective function is aimed at minimizing the total annualized cost of the TMD 

water-management system: 

Minimize total annualized cost  = AFC + 


PeriodsN

t

tt HCostOp
1

*_       (4.3) 

Flowback
Flowrate

Time1 2 c

Flowback
Flowrate

Timet1 t2 t3

WFB,1

WFB,2

WFB,3

t=NPeriods
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where AFC is the annualized fixed cost of the system, Op_Costt is the operating cost per 

hour, and Ht is the number of operating hours in period t. 

The objective function is subject to the following constraints: 

Modeling equations: 

0),,,,( ,,  ttttFBtFBt SODyW                t                              (4.4) 

It is worth noting that the system size as represented by the design vector Dt (e.g., 

membrane area) may vary over the operating periods. When the actual system is 

constructed, it has to be sized to be large enough to handle all the required tasks for all 

periods including the largest required design vector (which is to be determined through 

optimization). Therefore, the design vector to be used, 


D , should satisfy the following 

constraint: 

},...,2,1|max{arg Periodst NtDD 


          (4.5) 

Alternatively, 



 DDt
      t        (4.6) 

The annualized fixed cost of the TMD system is a function of 


D  through a cost function: 

)(


 DAFC              (4.7) 

Additional constraints include: 

Quality constraints of the collected permeate: 

tDesiredtPermeate yy ,,                  t                

    (4.8) 
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Concentration limits on the reject composition to avoid precipitation and scaling: 

tlimit,tReject, yy       t        (4.9) 

Minimum recovery requirement: 

Desired

N

t

ttPermeate PermeateHW
Periods


1

, *         (4.10) 

where WPermeate,t is the flowrate on an hourly basis of the collected permeate during period 

t, Ht is the number of hours during period t, and PermeateDesired is the total desired amount 

of permeate to be collected over the decision-making time horizon. 

 

4.4 Case Study 

The data for the flowback water in this case study are taken from information 

provided by Hayes (2009) for Location E which corresponds to a horizontal well in the 

Marcellus Shale. The data collected on days 1, 5, and 14 from the hydraulic fracturing 

event are reported by Table 4.1. The bulk of the recovered flowback water is recovered 

over the first 14 days. Tracking of the rest of the flowback water up to 90 days confirms 

this observation (Hayes, 2009). 

The flowback data were correlated using regression technique to obtain the following 

functions: 

Cumulative flowback water (BBL) = 6,190*ln(t) + 9,067.3   R2 = 0.981    (4.11) 

Later on the flowrate will be taken by getting the difference between 2 consecutive 

cumulative flowrates then dividing by the the time between them.  

TDS in collected flowback water (ppmw) = 7,372.9*t + 20,180 R2 = 0.999  (4.12) 
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where t is in days from the hydraulic fracturing event and t lies between 1 and 14 days. 

Next, the cumulative flowback correlation was used to determine the collected volume 

each day then converted to flowrate over each day. These results along with the TDS 

values predicted by concentration correlation are shown by Table 4.2. 

 
 
 

Table 4.1 Flowback Water Data for the Case Study (Hayes, 2009) 

Day 
Cumulative Volume of Collected 

Flowback Water, BBL 

TDS in Collected Flowback 

Water, ppmw 

1 8,560 28,900 

5 20,330 55,100 

14 24,610 124,000 

 
 
 

 The objective of this case study is to design a mobile TMD system that can treat 

the flowback water of one well for the cycle of 14 days then moved to another well to treat 

its flowback water for the next 14 days and so on. The following constraints and data are 

to be considered: 

 A minimum recovery ratio of 75% is required, i.e. 

75.0
aterFlowback W Collected Cumulative

Permeate) e(Cumulativater Flowback W Treated
                                (4.13) 



 

92 

 

 The flared gases on site are utilized to pre-heat the TMD feed to 363 K 

 The weight fraction of TDS in the reject should not exceed 0.35 (to avoid 

precipitation). A TDS mass balance around the TMD is given by: 

PermeatePermeateFBFB yWyWyW  RejectReject                                                            (4.14) 

Assuming complete TDS rejection in the TMD (i.e., yPermeate=0) and using the definition 

of water recovery,   , as the ratio of the permeate flowrate to the feed flowrate, we get: 

FBWW )1(Reject                                                                                            (4.15) 

we get: 

Reject

1
y

yFB                                                                                                    (4.16) 

Hence, 

max
Reject

max 1
y

yFB                                                                                               (4.17) 

This constraint limits the extent of recovery for the high-TDS feeds (especially towards 

the end of the 14-day cycle). For the case study data and considering a maximum mass 

fraction of TDS in the reject as 0.35, the constraint given by Eq. (4.17) can be used to 

generate the data shown by Table 4.3. 
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Table 4.2 Flowback Water Data Based on Regression Models 

Day 
Flowrate of Flowback 

WFB (kg/s) 

Mass fraction of TDS, 

yFB 

1 16.68 0.028 

2 7.89 0.035 

3 4.62 0.042 

4 3.28 0.050 

5 2.54 0.057 

6 2.08 0.064 

7 1.76 0.072 

8 1.52 0.079 

9 1.34 0.087 

10 1.20 0.094 

11 1.09 0.101 

12 0.99 0.109 

13 0.91 0.116 

14 0.84 0.123 

 

 The TMD model developed by Elsayed et al. (2013) is used in this case study. One 

of the key equations in the model is the permeate flux (𝐽𝑤) equation:  

)( ,,,,
o

pwfwfw

o

fwww pxpKJ                                                                                        (4.18)                           

where  𝐽𝑤 is the permeate flux and 𝐾𝑤 is the membrane permeability which is a function 

in the membrane properities as well as the membrane temperature. The terms 

o

pw

o

fw pandp ,,  are the water vapor pressure of the feed and permeate. The term fw, is the 

activity coefficient of the water in the feed which may be calculated from concentration 
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of the feed. For instance, in the case of NaCl the following expression (Lawson and Lloyd 

1996) may be used to estimate the activity coeffficient: 

2
, 105.01 NaClNaClfw xx                                                                                          (4.19) 

where 
NaClx is the mole fraction of NaCl. 

 
 
 

Table 4.3 Calculated Maximum Allowable Water Recoveries for the Case Study 

Day 
Mass fraction of TDS, 

yFB 

Maximum Allowable 

Recovery 

1 0.028 0.92 

2 0.035 0.90 

3 0.042 0.88 

4 0.050 0.86 

5 0.057 0.84 

6 0.064 0.82 

7 0.072 0.80 

8 0.079 0.77 

9 0.087 0.75 

10 0.094 0.73 

11 0.101 0.71 

12 0.109 0.69 

13 0.116 0.67 

14 0.123 0.65 
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 A direct contact polypropylene hollow-fiber TMD membrane MD020CP2N 

(manufactured by Microdyn) is used in this case study. The characteristics and properties 

of this membrane are reported by Al-Obaidani et al. (2008) and Elsayed et al. (2013).  For 

instance, the permeability is calculated through: 

KW=KWB*Tm
1.334         (4.20) 

where 

 KWB =  7.5*10-11 334.12 ... KPasm

kg         (4.21) 

and Tm is the average membrane temperature in K.        

 The following data for cost estimation are taken from Elsayed et al. (2013): 

The annualized fixed cost of the TMD network, AFCTMD, is given by: 

FBmTMD WAAFC 115,15.58                                                                                      (4.22)                                                          

where Am is the area of the membrane in m2 and WFB is the flowrate of the flowback water 

fed to the TMD in kg/s. 

The annual operating cost of the TMD network excluding heating (AOCTMD in $/yr) is 

given by: 

FBTMD WAOC  ))1(613,1)1(43411,1(                                                   (4.23)                 

where   is the water recovery (ratio of permeate to feed for the TMD) and  is the recycle 

ratio of the reject to feed. 

By solving the multi-period optimization formulation at different recovery levels, the 

minimum cost solutions were obtained. A Pareto chart for the cost of permeate versus the 

percentage recovery of the flowback water as permeate is shown by Figure 4.3. As can be 
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seen, recoveries exceeding the minimum requirement of 75% entail an increase in the cost 

of permeate per m3. This is attributed to the “capital productivity” factor. Initially, the 

whole area of the membrane system is used to treat the larger flowrates. As the flowrate 

of the flowback decreases over time, the needed membrane area becomes smaller. 

Therefore, the TMD system is not fully utilized later in the cycle but the fixed cost of the 

membrane is charged for the full size regardless of what fraction of the membrane area is 

used. The Pareto curve shows the tradeoff between cost and recovery. Depending on the 

relative importance of cost versus extent of water recovery, the decision maker should 

choose a point on the curve which reconciles both objectives. 

 
 
 

 
Fig. 4.3 The Pareto Curve of Cost versus Recovery for the Case Study 
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CHAPTER V  

CONCLUSIONS 

 

 

5.1 Conclusions 

A modeling and design framework has been developed for the treatment of 

wastewater streams from upstream production and downstream processing. Thermal 

coupling opportunities have also been addressed for integrating TMD oil and gas 

production and processing systems. A mathematical model has been developed to provide 

the appropriate level of details for conceptual design and to characterize the water flux 

and membrane area in terms of the same optimization variables used in heat integration 

(heat duty and TMD-feed temperature). The model validity has been shown using a wide 

variety of published experimental data. Next, an extended transshipment models has been 

used to provide heat integration opportunities within the process and with the TMD 

network. The concept of substreams has been used to enable the use of linear constraints 

for heat integration while optimizing the TMD-feed temperature. A case study on coupling 

a desalination plant with shale gas-to-methanol process has been solved for three 

scenarios: a standalone TMD network, TMD as part of an industrial symbiosis system, 

and TMD as part of a processing facility. In the case when all the heat needed by the TMD 

is provided by excess process heat, the total annualized cost of the TMD network is 

reduced by 86%. This reflects the significant value of thermal coupling. The results for 

the three scenarios demonstrate dual benefits for the process and the TMD network such 
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the reduction of cooling load of the process and the creation of recycle/reuse opportunities 

for the treated wastewater. 

 In chapter III, this work has examined the treatment of two primary wastewater 

streams generated in the unconventional production of heavy oil and bitumen using 

SAGD. The use of TMD has been considered to take advantage of the relatively high 

temperature of two wastewater streams: PW and BBD. The modeling, heat-balance, and 

recovery equations have been developed for the two targeted SAGD wastewater streams. 

The cases of using TMD without and with external heating utilities have been considered. 

A case study shows that both PW and BBD can be treated to very high-quality permeate 

streams in a cost-effective manner. The costs for the various scenarios range from $0.30 

– 4.47/m3 of permeate depending on the characteristics of the wastewater, the desired 

recovery, and the availability of heating sources.  

 In chapter IV, a multi-period optimization formulation has been developed for the 

design of TMD systems that treat flowback wastewater in shale gas production. The 

devised approach is capable of handling the time-based fluctuations in flowrate and 

composition of the flowback streams. The TMD system is designed to be used for multiple 

wells. It enjoys flexibility and mobility while taking advantage of inexpensive low-level 

heating that is typically available in shale gas production sites. The optimization 

formulation accounts for operating and fixed costs of the system. It can also be used to 

trade off cost versus permeate recovery. A case study has been solved for wells in the 

Marcellus Shale Play. The results of the case study indicate that flowback water can be 
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treated in a cost-effective way using TMD and that conflicting objectives (such as cost 

and recovery) can be methodically handled using the devised approach. 

 

5.2. Recommendations for Future Work 

The TMD modeling and integration tools developed so far in this work will form 

a strong basis for extending the work to the following future tasks: 

 Inclusion of solar energy in the energy mix used to provide the thermal energy 

required to operate TMD 

 Incorporation of water-storage systems to handle fluctuations in produced and 

flowback water streams 

 Integration of TMD with other wastewater treatment technologies. 

 Modeling of the time-based decline in the performance of membranes (e.g., due 

to fouling and biological growth) 

 Assessment of the quality of discharged reject. Special attention must be given to 

radionuclides exist in the flowbcak water. Additionally the discharge of high 

salinity reject must be investigated. 
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NOMENCLATURE 

 

 

AFCTMD Annual fixed cost of the TMD network, $/yr 

AOCTMD_NH Annual operating cost of the TMD excluding heating, $/yr 

Am Membrane area, m2 

Cp Specific heat of the water stream, kJ/kg 



D  Design vector satisfying design constraints 

Dt, Vector for design variables 

Dw Diffusion coefficient for water in air 

FCP,u Heat capacity of process hot stream, kJ/s 

fcP,v Heat capacity of process cold stream, kJ/s  

Ht Number of operating hours in period t 

wJ  Permeate flux, kg/m2.s 

km Thermal conductivity of the membrane, 
Km

kW

.
 

wK  Membrane permeability, kg/m2.Pa 

wBK  Temperature-indeependent base value for the permeability, 

 334.12 ... KPasm

kg  

NC Number of process cold streams 

NH Number of process hot streams 

Ncu Cooling utilities 
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NHU Heating utilities 

Op_Costt Operating cost per hour 

Ot, Vector for operating variables 

P Total pressure inside the membrane pores, Pa 

pa Air pressure in the membrane pores, Pa 

o

fwp ,  Water vapor pressure of the feed, Pa  

o

pwp ,  Water vapor pressure of the permeate, Pa 

PermeateDesired Total desired permeate collected over the decision making time 
horizon 

 
Qpermeate Heat required to vaporize the desired amount of the permeate, kJ/s 

QRemoved Heat removed from TMD, kJ/s 

r Pore radius, mm 

R Universal gas constant, J/K.mol 

St Vector for state variables 

T Abolsute temperature, K 

TBBDin The inlet temperature of the boiler blowdown, K 

TBBDout The outlet temperature of the boiler blowdown, K 

Tb,f Temperature of the feed in the bulk, K 

Tb,p Temperature of the permeate in the bulk, K 

tf
s Supply temperature of raw water feed stream to TMDN 

Tm,f Temperature of the feed on the membrane, K 

Tmp Temperature of the permeate on the membrane, K 
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Tu
s Hot stream supply temperature, K 

Tu Hot stream target temperature, K 

tv
s Cold stream supply temperature, K 

tv
t Cold stream target temperature, K 

BBDW  Flow rate of the boiler blowdown, kg/s 

Raw

fW  Total flowrate of the raw water to be treated, kg/s 

TMD

fW  TMD-feed flowrate, kg/s 

tFBW ,  Flowrate of returned flowback at t period 

PermeateW  Flow rate of the permeate, kg/s 

WPermeate,t flowrate of the collected permeate during period t, kg/hr  

jectWRe  Flow rate of the reject, kg/s 

fwx ,  Mole fraction of the water in the feed 

Raw

fy  Concentration of impurities in the raw water 

TMD

fy  Concentration of the feed of TMDN 

tFBy ,  Composition of returned flowback at t period 

tReject,y  Composition of reject at cycle t 

tlimit,y  Precipitation limit 

 

Greek 

  A coefficient for thermal polarization coefficient 



 

103 

 

  A coefficient for thermal polarization coefficient, K-1 

  Thickness of the membrane, mm 

vwH  Latent heat of vaporization for water, kJ/kg 

fw,  Activity coefficient of water in the feed to the TMD 

Conduction  Conductive efficiency  

m  Membrane efficiency for vaporization in TMD 

Thermal  Thermal efficiency for vaporization in TMD 

c  Cycle time over which the flowback is treated 

  Ratio of recycled reject to raw feed, kg reject/kg raw feed 

  Water recovery ratio, kg permeate/kg raw feed 

Subscripts 

f Feed stream to TMDN 

u Hot stream 

v Cold stream 

w Water 

t  The set of periods within the decision-making time horizon 

Superscripts 

s  Supply 

t  Target     
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