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ABSTRACT

The intensive use of water in refineries and proccss plants was the object of
several studies starting in the early eighties. All these studies have aimed at the
reduction of the water consumption as well as the allocation of wastewater to
treatment units. Two major problems have been proposed and solved to various
degrees of detail. On one hand, the fresh water allocation wastewater reuse problem
has been addressed by various researchers. The first line of work started mostly as
graphical and evolved lately towards mathematical programming. On the other hand,
the problem of designing wastewater treatment units has been also studied using
semi-empirical as well as mathematical programming. Some connections between the
two problems have also been studied. This thesis focuses on the optimal solution of
the single component water/wastewater allocation-planning problem. First, a robust
methodology to obtain an optimal design is presented. The method uses a
concentration grid water allocation procedure to obtain preliminary optimal
structures. A merging procedure provides the final structures. In addition, the use of
different water allocation strategies shows that the problem has several alternative
solutions. Secondly, this work shows the existence of necessary conditions of
optimum for single component for the aforementioned problem. Furthermore, it is
shown that using these necessary conditions in combination with some sufficient
conditions, the single component problem can be efficiently solved by hand through a

simple and systematic algorithm. Moreover, it is also shown that using the necessary

ix



conditions of optimality, the water allocation-planning problem can be reduced to one
sing!e LP for the single component case. The solutions are rigorous and global, even
when compulsory and forbidden connections are imposed. Finally, the intricacies of
the heat integration of these systems as well as differeni aspects of design and retrofit

of these systems are explored.



CHAPTER1

Background

1.1 Overview

The chemical and petrochemical industries make an intensive usage of water.
The spent water contains several contaminants (phenols, sulfides, ammonia, benzene,
oil, etc.) which cannot be discharged directly without creating an environmental
pollution problem. Water cleanup has been the object of several retrofit programs in
industry, and several legislation exist that regulate and establish goals for these efforts
(e.g. Clean Water Act).

Wastewater has several contaminants that make it unsuitable for discharge.
For example, the total organic carbon (TOC), the biochemical oxygen demand (BOD)
and the chemical oxygen demands (COD) indicate the organic matter content. Oil and
grease (O&G) and total petroleum hydrocarbons (TPH) give a measure of the
presence of oil, grease and other hydrocarbons. The physical characteristics of the
wastewater are also adjusted before disposal. These characteristics include the total
suspended solids (TSS), pH, temperature, color, and odor.

For these reasons and in compliance with the EPA Clean Water Act of 1977,
wastewater must be treated before discharge (that is, end of pipe treatment). Several
treatment options are taken into account depending on the sludge characterization. In
other words: wastewater treatment procedures are based on the type and

concentration of its contaminants.



Treatment is divided in four levels: primary treatment involves physical
treatment processes, secondary treatment comprises operations where soluble matter
is removed, and tertiary and quaternary treatments “polish” the effluent even more.
Regardless of the treatment level, the unit operations for wastcwater treatment are
classified as physical, chemical, thermal, and biological.

- Physical Treatment Processes. Separation is obtained by taking advantage and/or
manipulating physical properties of the pollutants. These processes are. gravity
separation, air flotation, oil coalescing, evaporation, filtration, activated carbon
adsorption, air or stream stripping, liquid-liquid extraction, and reverse osmosis.
Gravity separation is a primary treatment to remove suspended solids as well as
oil and grease, whereas air flotation is a secondary treatment process to enhance
the oil and grease removal not attained in the gravity separation process. Qil
coalescence might be used as a primary or a secondary treatment process.
Evaporation is used when the concentration of contaminants is very high. It also
reduces the amount of disposed sludge. The other treatments range from the
secondary to the quaternary wastewater treatment processes.

- Chemical Treatment. These operations involve chemical changes in the
constituents to facilitate the removal of pollutants or to decompose them to
innocuous compounds. Chemical treatment processes typically employed in
industry are chemical precipitation and coagulation, electrolytic recovery and ion
exchange. Precipitation and coagulation are primary or secondary treatment

processes that remove metals or other settling materials. Electrolytic recovery, ion



exchange, reverse osmosis are employed for secondaiy, tertiary or even
quaternary treatment of wastewater. Oxidation and reduction are secondary or
tertiary processes that degrade or alter the contaminant based on its specific
chemistry in order to reduce its toxicity.

- Thermal Treatment Processes. These processes employ elevated temperatures to
decompose contaminants. Metallic species are decomposed to their elemental
form as ash or pure gases, while organic species are decomposed to carbon
dioxide, water and halides or halogen gases.

- Biological Treatment. These treatments employ biological or biochemical
mechanisms to change the chemical properties of certain contaminants. In this
way, the organic matter susceptible to biodegradation is stabilized so that no
further biological degradation occurs downstream. This is done to protect the
receiving stream both from depletion of oxygen or other critical nutrients, and

from the build-up of waste products.

Several procedures have been proposed to design economical wastewater
treatment. With a few exceptions, these procedures rely on the application of certain
rules of thumb. The current installations usually merge several waste streams and use
appropriate technologies to clean them before disposal. These are therefore, end-of-pipe
wastewater cleanup solutions. Several papers discuss these options. Belhateche (1995)

offers a complete discussion of these technologies.



To attack the problem at its roots, i.e. the generation of pollutants, process
simulation was proposed as a tool to perform pollution balances on processes and
calculates pollution indices (Sowa, 1994; Hilaly and Sikdar, 1996). One of tie main
results of this line of work is the WAR algorithm developed by the EPA Risk Reduction
Engineering Laboratory. However, for many processes the reduction of the generation
of many pollutants is not possible. The petroleum processing industry is such an
example. The major pollutants in refinery wastewater are part of the crude and are not
generated in the plant. Many other pollutants are by-products that are difficult to reduce.

Finally, starting in the eighties and increasingly in the nineties water re-use
started to become popular as means of reducing the total amount of water intake. This,
in turn, not only saves upstream treatment but also saves wastewater treatment. Industry
and the EPA in the United States is now seriously considering and discussing the
advantages and disadvantages of zero-liquid discharge solutions as the ultimate goal of

green chemistry.

1.2 Roadmap for Improved Process Solutions

Until a few years ago, the problem of water treatment was considered as a set
of sequential treatment operations of a single wastewater stream consisting of the
wastewater from all unit operations (desalters. strippers, etc.). At the same time,
without the concept of wastewater re-use, processes are fed by freshwater only. Such
a system is depicted for three water user processes (£,) and three treatment units (7;)

in Figure 1-1 (a). One way of obtaining improved designs is the reuse of wastewater



from one process to feed another without sending it to treatment. This reduces the
cost because the overall water intake is smaller (Figure 1-1 (b)). The ncxt step is to
introduce a series/parallel designs of the wastewater treatment unit avoiding at the
same time the merging of all the wastewater streams into a single feed stream (Figure
I-1 (c)). Finally, treatment can be decentralized in such a way that some potiutants
are removed from wastewater of selected processes allowing the reuse of these waters

(Figure 1-1 (d)).
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Figure 1-1
The water/wastewater allocation problem: (a) No wastewater reuse and centralized
treatment with units in scries. (b) Wastewater reuse and centralized treatment with
units in series. (¢) Wastewater reuse and centralized treatment. {d) Wastewater reuse

and decentralized treatment.
The concept of zero discharge applies zlternatively to the total elimination of
the disposal of environmentally hazardous substances or to the concept of a closed

circuit of water, such that water disposal is eliminated altogether, that is zero "liquid"



discharge. Closed circuits are appealing because end-of-pipe regeneration does not
have to be conducted to the full extent required for disposal as water can be reused
with higher level of contaminants (Figure !-2). Addiiionally, the absence of a
discharge eliminates internal administrative costs associated with the enforcement of
environmental protection agencies (EPA in the United States) and local limits as well

as the interface with other government agencies.

L B T

Fresh Water
Makeup : :

th_; Yy 7, 7

Figure 1-2
Wastewater reuse and/or treatment and recycle for a zero discharge cycle.

These zero discharge process solutions have never been attempted, neither in
case studies, nor in practice. They constitute the burning challenge for both academia
and practice. There are however, a few issues than can readily be pointed out. First,
many units require steam, that is, pure fresh water of very good quality. Thus, in
order for these zero discharge cycles to exists, wastewater cleanup should be

thorough, something that could be too expensive to be realistic. Second, some water



make-up and disposal should take place, as a cycle will tend to accumulate certain
spccies not being removed normally.

The analysis made in this section suggests that in reality the problem one
wishes to solve is the one depicted in Figure 1-2, which has all the previous
alternatives embedded. Diepolder (1992) and Goldblatt ef al. (1993) discussed how
realistic is this concept from the practical point of view, addressing issues such as the
disposal of solids, and the possible sizable revenues obtained for the selling of low
grade salts and avoiding their disposal (close to a million dollar per year for a typical
refinery), or the costs of disposal of groundwater solids, etc.

There have been traditionally two approaches used to obtain good designs of
these systems:

- Conceptual Approach
- Mathematical Programming

It is interesting and ironic that the seminal paper of this area (Takama ef al.,
1980) proposed a mathematical programming approach to design a structure similar
to the one in Figure 1-1 (d). However, the conceptual approach that dominated the
early work of the area focused mostly on structures like the one in Figure 1-1 (b) or -
1 (c). It is only in the last few years that the conceptual design paradigm is showing
limitations to address the complexity of the problem. Despite this limitation, the
conceptual approach has provided a simplified description of the problem that has
been of great value to build effective mathematical programming solutions. On the

other hand, mathematical programming using superstructures also faces several



limitations, as it cannot sometimes guarantee optimality, or simply generates mixed
integer problems that are too difficult to solve. Recent work, some of it still
unpublished, is proving that a synergistic combination of both approaches, that is, the
use of conceptual insights to help formulating better tractable models for
mathematical programming (good initial points, heuristics to help in branch an bound
procedures, use of necessary conditions of optimality, etc.) is at this point in time the
most effective alternative. With computer power doubling every year, with the
expectation that this frequency of doubling will increase, and the amount of
innovations in optimization methods being produced, it is not audacious to forecast
that the mathematical programming part of the effort will increasingly dominate.

The process systems engineering community has not however addressed the
problem of optimizing the structure of problem of Figure 1-1 (d) directly. It has
instead focused in the solution of either the minimization of freshwater usage through
re-use and proper allocation of wastewater, or the series/parallel clean-up structure.
That is, it has partitioned the problem of Figure -1 (c) into two sub-problems.
Despite some encouraging conceptual analysis of the interaction between these two
parts, very little additional work has been performed lately. We now review the work

performed in each of these sub-problems separately.

1.3  Optimal Water/Wastewater Allocation

The search for optimal wastewater reuse solutions was addressed by industry

itself more than twenty years ago (Carnes et al, 1973; Skylov and Stenzel, 1974,



Hospondarec and Thompson, 1974; Mishra et al, 1975; Sane and Atkins, 1977).
Takama et al. (1980) used mathematical prugramming to solve a refinery example. A
superstructure of all water-using operations and cleanup processes was set up and an
optimization was then carried out to reduce the system structure by removing irrelevant
and uneconomical connections. The authors made an important contribution by
addressing the problem of water management as a combination of water/wastewater
allocation among processes and wastewater distribution to cleanup units. 7his can be
considered as the seminal paper of all this area.

After the paper by Takama et al. (1980), several papers followed addressing the
problem as a single contaminant problem and later as a muilti-contaminant or
multicomponent problem. [t was not until very recently when the issue of energy

efficient utilization was researched.

1.3.1 Conceptual Design Procedures

Conceptual Design is a term coined in the eighties in which process insights are
used to make decisions about a flowsheet. In general, the method proposes to start with
some critical equipment (usually the reactor) of the flowsheet and continue building the
flowsheet from the inside out going through the separation system and later through the
heat recovery system. As applied to water/wastewater re-use systems the conceptual
design approach was initiated by Prof. R. Smith from UMIST. In this approach,
guidelines are given to obtain a good flowsheet. However, sometimes no algorithm is

given to solve the problems, leaving the design to the hands of experienced



professionals. Despite this limitation, this approach has produced significant advances in
the solution of these problems, and has been instrumental in popularizing simplified
solutions to the problem. In particular, a targeting procedure that allows the calculation
of the minimum fresh water usage without the need to construct a network should be
mentioned as the most important contribution. Several researchers, including Dr. Smith,
have used these pioneering contributions to solve more realistic versions of the problem

using mathematical programming. We describe some of these advances now.

1.3.1.1 Targeting for Fresh Water Usage

The targeting graphical method exploits the idea of plotting the cumulative
exchanged mass vs. composition for a set of reach and lean streams, a concept first
presented by El-Halwagi and Manousiouthakis (1989) for synthesizing Mass
Exchanger Networks. Wang and Smith (1994a) proposed a methodology that can
effectively pick optimal reuse solutions. Dhole et al. (1996) popularized this
methodology calling it the “water pinch”. Limiting water profiles for each operation
can be obtained from plotting water maximum inlet and outlet concentrations vs.
mass load (Figure 1-3 (a)). The method is based on assuming;:

- Constant pollutant load picked up in each process. This is a fair simplifying
assumption.
- Maximum inlet and outlet concentrations on each process. These are dictated by

solubility, flowrate limitations, fouling, corrosion, etc.

10



By combining all these streams in one unique profile, a water limiting profile
can be obtained, as it is shown in Figure 1-3 {b) for four processes. The fresh water
line touches the composite curve at the pinch point and determines the overall water
consumption.

Concentration Concentration

Process 3 :
Process 4!

Composite Curve,

Y

Water Supply Line:

— ® pinch .
! Mass load ) Mass load
(a) (b)

Figure 1-3
(a) Limiting profiles of four water-using units. (b) Composite curve of the entire water

network and its pinch point.

Once the target flowrate is obtained, a preliminary network is developed using a
matching procedure. The procedure is briefly illustrated next. Consider the data given in

Table 1-1.

Table 1-1: Example data from Wang and Smith (1994a)

Process Mass Load of cr cr=
Number Contaminant
(kg/h) (ppm) (ppm)
l 20 0 100
2 5.0 50 100
3 30.0 50 800
4 40 400 800

11



Wang and Smith (1994a) proposed two techniques: "Maximum Driving Fources"
and "Minimum Number of Water Sources”. The first one showed some limitations and
will not be discussed further. The first step of the Minimum Number of Water Sources
method is the construction of the design grid, as shown in Figure 1-4 (b) from which a
network can be obtained (Figure 1-4 (c)). The basis of the procedure is rooted in the

work of Linnhoff and Hindmarsh (1983) and Wood ef a/. (1985).

4 C (ppm) 1
800 PP A T : —
/’ P3
/ P4
/ /
+44.2 ton/h )2
// £3 44.2 torvh
400 [T N> SUNTOWINSESNRIY W gursreul SR S |
) Pl P2
100 . t - - . .- 4 - [ = Ce- - . T F .
3
50 . . B = Pi
> - L 20.0 ton/h
()\luss load (kg'h H 20.0 8500 @
) & ; W t 20.0 ton/h 50.0 tonvh
resh Water ¢
90.0 tor'h 90.0 ton/h
(a) (b) (c)
Figure 1-4

(a) Composite curve. (b) Concentrations grid diagram. (c) Preliminary design. (All
diagrams were performed following the guidelines given by Wang and Smith. 1994a)

This design grid contains mixing in the middle of processes, a solution that is
clearly not acceptable. To overcome this difficulty, Wang and Smith (1994a) propose a
loop breaking technique, which eliminates bypassing and mixing. Figure 1-5 shows the
loop and the result of the breaking procedure. We omit further explanation of this

method as it is well known.
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Figure 1-5
(a) Identification of loops. (b) Design grid after breaking all the loops. (¢) Final realizing
network, (All diagrams were performed following the guidelines given by Wang and
Smith. 1994a)

In a follow-up paper, Wang and Smith (1995), showed how the above method
can be adapted to consider constraints on the flowrate used for each process as well as
water losses. The loop breaking proposed by Wang and Smith (1994a) was proven
rather difficult, especially for large systems. The difficulty stems from the fact that
there is no clear criterion to identify the loop that needs to be broken at each step.

To overcome this difficulty, Olesen and Polley (1997) proposed a simplified
design procedure for single contaminant. The authors used the water pinch to obtain
the minimum flowrate target and then modeled the realizing network by inspection.
However, as stated by the authors, because it is based on a special ad-hoc inspection

procedure, this approach cannot handle more than four or five operations.

13



Kuo and Smith (1998) also recognized the complexity of the evolutionary design
procedure proposed earlier by Wang and Smith (1994a). In an effort to simplify the
previous method, the authors introduced a new graphical approach. In additicn, they
addressed the optimal allocation of fresh water in combination with the distribution of
quality of the wastewater that is to be treated. To illustrate their procedure, consider the
problem of Table 1-2.

Table 1-2: Example from Kuo and Smith (1998)

Process Mass Load of cm cr
Number Contaminant
(kg/h) (ppm) (ppm)
| 10.0 0 200
2 10.0 100 300
3 12.0 100 500
4 12.0 300 500

The grand composite curve of this system is shown in Figure 1-6. The method
consists in identifying the pockets that can be created by successively bending the
water supply line upwards. Thus, as seen in Figure 1-6, two pockets exist for this
example. The first pocket always runs up to the pinch. The second pocket has an
effective water flowrate of 86.7 ton/h, a little lower than the minimum freshwater

intake of 90 ton/h.
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Figure 1-6
Identification of pockets of the limiting composite curve.

The next step is to create a water "main” at the end of each pocket and identify

processes that should be fed by these mains. This is shown in Figure 1-7.

90 tonh
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Figure 1-7

Design grid for the Water Mains procedure.
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Since some processes exist in different regionis, a merging needs to take place.

Such merging is shown in Figure 1-8. The final network after merging is shown in

Figure 1-9.
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Figure 1-8
Merging.
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(a) The intermediate water main is removed. (b) Final design network.
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This method has some limitations. Consider the case of several processzs
below the pinch, many of them with maximum inlet concentration larger than zero. In
the same way as it is apparent that process 2 neeas to feed process 4 (Figure 1-7), one
will have to find out which process needs to be fed using {resh water first and to what
process each wastewater has to be sent. This was clarified later by Savelski and
Bagajewicz (1999a, b, c, and d) by introducing the concept of monotonicity in the
process-to-process connections. In addition, Gomez et al. (1999) provided an
algorithmic procedure to address this matter. Both issues are discussed in later

chapters.

1.3.1.2 Multicomponent Systems

In their paper of 1994, Wang and Smith also attempt to address a targeting and
network design procedure for the case of multicomponent systems. Targeting proved to
be very cumbersome, as it required elaborate special shifting of streams in the
concentration-load diagram. Later, Doyle and Smith (1997) presented a mathematical
programming approach, which will be commented below. They also addressed the issue
of partial regeneration of streams. Liu (1999) presented a few heuristic rules, some of
which are incorrect. However, the solution procedure has remarkable simplicity and
provides good sub-optimal (and sometimes optimal) solutions. All this work is proving
the assertions stated at the beginning of this chapter regarding the natural drift towards
mathematical programming methods as means of addressing the increasing complexity

of these problems.
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1.3.2 Mathematical Programming Procedures

After the pioneering work of Takama et al. (1980), we have no knowledge of
any journal publication addressing a mathematical programming formulation of the
problem for several years. However, Doyle et al. (1997) and more recently Alva-
Argaez et al. (1998) as well as Huang ef al. (1999) presented MINLP or NLP models.
Savelski and Bagajewicz (1999e¢), in particular showed that the models can be
linearized even for the multiple contaminant case (Savelski ef al., 1999). Doyle and
Smith (1997) stated that one can construct a linear problem by assuming that all
contaminants are at their maximum outlet concentration. This is obviously not true, so,
to make the problem feasible, they proposed to relax the component balance
constraints. With the solution of such LP problem, they proposed to solve the NLP
multicomponent problem. To aid in the search for such solutions, they proposed to
add several other constraints on maximum flows of wastewater that can go from one
process to another.

Alva-Argaez et ul. (1998) presented a solution approach for multiple
contaminant systems in combination with water treatment, in which they include
piping costs as well as treatment costs. One can however, solve the problem for the
water allocation only. They also relaxed the component mass balances, but in this
case, they solved the problem by adding a penalty function consisting of the
summation of all the slack variables coming from the aforementioned relaxation.

Thus, the linear problem can be solved to obtain a network of flows, which in turn
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can be used to obtain a new set of concentrations. These concentrations were
substituted in the relaxed component mass baiances again, until convergence was
achieved. This is the same procedure that Takama ef al. (1980) used. The sequence of
MILP obtained is a sequence of infeasible problems. At the end, the authors claimed
a) that the sequence converges, and in such case, b) that the solution is near optimal.
Global optimality is, of course, not guaranteed.

Recently, Benko ef al. (1999) modeled the example problem proposed by
Takama et al. (1980) as a non-convex MINLP problem. The authors updated the
concentration limits in the desalter to make the problem more realistic. This approach
cannot guarantee optimality and numerical limitations may limit its use to small-scale
problems.

1.4  Simultaneous Water Minimization and Heat Integration

The importance of simultaneous minimization of utility and fresh water usage
was first addressed by Savelski et al. (1997). More recently, Savulescu and Smith
(1998) proposed a graphical method to solve the minimization of fresh water achieving
at the same time the minimum utility target. The authors' approach is limited to small-
scale problems and considers direct (mixing) heat transfer but only indirect heat
exchange between fresh water inlet and wastewater outlet streams. Moreover, it requires
that all wastewater streams are mixed and it cannot deliver a network featuring
minimum number of heat exchangers. The method is a sequential procedure in which

certain heuristics are used in a first stage to obtain a network of process-to-process

19



interconnections such that the indirect heat exchange structure might feature
minimum utility. However, these rules cannot guarantee that the resulting structure
will be optimal. Moreover, the notion of connecting processes close in temperature
may clash with the fact that monotonicity of outlet concentrations should hold
(Savelski and Bagajewicz, 1999a). Finally, in a second stage, the authors assumed
that there were no process-to-process wastewater connections that require heating or
cooling in a heat exchanger. This allowed them to introduce the so-called separate
systems, which consist in vertically aligning portions of the hot and cold composite

curves (Figure 1-10).
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Figure 1-10

Separate System Method as presented by Savulescu and Smith (1998)

However, there are processes where indirect heating or cooling of process-to-
process streams is needed. The method of separate systems proposed does not address
this case. Finally, to build the heat exchanger network, it was assumed that the

wastewater is merged to be sent as a unique stream to treatment. If one wants to send
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these streams to water treatment separately, the concept of separate systems has to be

re-formulated at the least.

1.5 Optimal Wastewater Treatment Allocation

As it was outlined above, the optimal design of wastewater systems started
with Takama et al. (1980), who solved this problem in conjunction with the water
allocation problem. In this section the contributions to the design of wastewater
treatment systems only is reviewed. The synergy between the two systems and the
efforts to address structures such as those of Figure 1-1 (d), are discussed in the next

section.

1.5.1 Conceptual Design Procedures

Wang and Smith (1994b) approached the design of distributed effluent
treatment by a similar graphical procedure as presented for the water/wastewater
allocation problem. The authors used the same cost functions for the effluent
treatment units as those proposed by Takama et al. (1980). The model is based on the
following assumptions:

- Several streams available for cleaning can be split and sent to different treatment
operations. That is, no merging of these streams is assumed. However, this still
implies end-of-pipe treatment, as in Figure 1-1 (c).

- The flowrate of water through the processes is constant.

- The treatment units have fixed pollutant removal ratio.

21



Cost of treatment is assumed proportional to the flowrate of the stream to cleanup.
A concentration-load diagram discussion justifies this simplifying assumption.

Ouce the problem has been put in the framework of concentration-load diagrams,
a composite curve representing all wastewater streams can be constructed. A
minimum treatment flowrate is then obtained by assuming a fixed removal ratio.
This is accomplished by rotating a treatment flowrate line around point O (Figure

1-11).

c |A Concegtrutxon c |A Concentration

Mass load

Mass load Mass load

(b)

Figure 1-11
(a) Wastewater streams and their composite curve. (b) Minimum flowrate targeting.
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When cost does not decrease with flowrate, Wang and Smith identify a
feasible region within which the treatment flowrate line should lie. A classification of
streams then follows and certain design rules are used to obtain the network. For the
case of multiple contaminant, a network for each contaminant is designed and a
merging procedure produces the final unified network. A revised version of this
procedure was presented by Kuo and Smith (1997). A graphical method that utilizes
the pinch concept along with what the authors referred to as the wastewater
degradation concept. The wastewater degradation takes into account the exergy
losses due to the mixing of wastewater streams of different qualities. Then, the
authors explored several flowsheet alternatives and choose the network with lower
exergy losses. This approach cannot be effectively applied to a system with many
contaminants and many wastewater streams. Despite their value in understanding and
dissecting the complexity of the problem, these insights have not been proven useful
in helping mathematical programming formulations to find global optima. In view of
the limitations of this approach, we do not expand on it further.

Very recently, Freitas et al. (1999) illustrated the use of the hierarchical
design approach (Douglas, 1988) to the design of these systems. They constructed a
relational database and an expert system to determine the best sequence of treatment

processes. The method cannot of course, guarantee any optimality.
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1.5.2 Mathematical Programming Procedures

In an effort to systematize a solution procedure of these kind of problems and
moving radically away from conceptual design procedures into mathematical
programming, Alva-Argaez ef al. (1998) modeled the entire water management
problem by means of a superstructure. This approach leads to a MINLP problem that
includes some elements not present in previous models. The model considers the
presence of water losses, it has bounds on water flowrates and it assumes constant
removal ratio in the wastewater treatment units. The objective function is non-linear
and the constraints contain the bilinear constraints that arise from component
balances. No heat integration is included. Although the model does not guarantee
optimality, the authors claim obtaining successful results on 12 processes and 3
treatment units. Galan and Grossmann (1998) also solved the effluent-treatment
distribution problem using mathematical programming. Finally, Huang et al. (1999)
proposed a similar NLP approach. Their contribution has some more realistic
assumptions regarding the outlet concentrations of certain processes and treatment
units. They realized that, in some cases, certain units are better modeled if outlet
concentrations are considered fixed, instead of fixed loads or fixed removal ratios.
Their approach is a simple extension of the one presented by Galan and Grossmann
(1998) and has merit much more in the type of examples solved, rather than in the

solution procedure, which is standard.
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The issue of solvability of these MINLP problems is at the heart of the
challenge. While Alva-Argaez et al. (1998) applied the same procedure outlined by
Doyle and Smith (1997) to solve the multicomponent water allocation problem (see
above), Galan and Grossmann (1998) used tight linear relaxations to obtain good
starting point for an NLP solver. At this point, it can be said that the whole area is
moving towards mathematical programming methods. A few researchers are still
exploiting conceptual insights to simplify solution procedures.

It is important to note that this problem does not have minimum outlet
concentrations in the outlet of the treatment process, although maximum at both inlet
and outlet can be prescribed. In addition, the removal ratio is fixed not the load. Had
the load been fixed, the distributed treatment problem would be an exact mirror image
of the water allocation problem.

Mass Exchanger Network (MEN) technology was proposed by El-Halwagi and
Manousiouthakis (1990) to solve a special case of phenol removal from refinery

wastewater This approach has not yet been used in combination with other techniques.

1.6 Simultaneous Wastewater Treatment and Water Allocation

Takama et al. (1980) already posed the problem as a simultaneous optimization
of the overall usage of water. They proposed a superstructure of the type shown in
Figure 1-1 (c). In other words, although the water treatment is distributed, it is still
centralized. Wang and Smith (1994a) showed the value of decentralized treatment, by

discussing in detail the benefits of partial regeneration of water in the water allocation
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problem. Their approach is summarized in Figure 1-12, where the slope of the target
water line can be increased because regeneration takes place, releasing thus the
constraint imposed Gy the pinch. The figure also targets what is the concentration at

which regeneration has to take place.
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Figure 1-12

Regeneration to the pinch concentration.

Although Wang and Smith were able to identify regeneration opportunities for
these systems, the conceptual design procedure for building the network has the same
problems as the design without regeneration, especially for multicomponent. No attempt
to address decentralized treatment was performed for a while. Kuo and Smith (1998)

discussed briefly the effect of the design of the water allocation problem in the type,
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flowrate and quality of streams that feed the distributed treatment in system of the type
of Figure 1-1 (c).

Alva-Argéez et al. (1998), Benko ef al. (1999), and Huang er al. (1999)
addressed the whole problem with an MINLP or NLP approach, depending of the
case. The advantages of these formulations were discussed above. While it is not
clear to what extent Alva-Argaez (1998) used superstructures of the type shown in
Figure 1-1 (d), it is worth pointing out that the other two papers considered these
structures in their models. For those that consider this issue of paramount importance,
global optimality is not guaranteed by any of these methods, nor is it clear what is the
maximum size of problems that can be solved. It appears however, that realistic sizes

can be achieved by sacrificing some nonlinearities.

1.7  Objectives of Research

To investigate and develop new methodologies to optimally solve the fresh

water allocation /waster reuse planning problem in refineries and process plant.

1.8 Structure of Dissertation

- Chapter 2 presents a robust design procedure that rectifies the shortcoming of
previous methodologies (Wang and Smith, 1994 and 1995; Kuo and Smith,
1998).

- Chapter 3 introduces necessary conditions of optimality for water networks.
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1.9

[

Chapter 4 presents an algorithmic design procedure to solve the single-
contaminant water-planning problem. This method is based on necessary and
sufficient conditions of optimality of the water system.

In Chapter S, a mathematical programming formulation of the single-
component water-allocation problem is developed. First, an NLP model is
proposed and then it is linearized using the necessary conditions of optimality.
The resulting LP problem is used for targeting. Finally, different solution
alternatives are presented based on an MILP formulation.

In Chapter 6, a model to solve the simultaneous water minimization and heat

integration problem is proposed.

Finally, Chapter 7 addresses the multicomponent water-allocation problem

and some challenges.
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CHAPTER 2
On a Systematic Design Procedure for Water Utilization Systems in

Refineries and Process Plants

2.1 Introduction

As mentioned in Chapter |, several researchers have addressed the water
allocation planning (WAP) problem by means of conceptual design procedures.
Wang and Smith (1994,1995), Olesen and Polley (1997), and Kuo and Smith (1998)
have all proposed different alternative methods for solving this problem. In all this
work, the procedures are either difficult to apply or they are limited to small-scale
network systems.

This chapter presents a robust methodology to obtain an optimal design of the
single component water/wastewater allocation problem in process plants. The method
uses the water pinch targeting method first and a concentration grid water allocation
procedure to obtain preliminary optimal structures. A merging procedure provides the
final structures. The use of different water allocation strategies shows that the
problem has several alternative solutions. The method we present is a systematical
procedure to obtain a water network that realizes the minimum water target regardless
of problem size. A problem statement is presented first, followed by the design

procedure and some examples.
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2.2 Problem Statement

Given a set of water-using/water-disposing processes, it is desired to
determine a network of interconnections of water streams among the processes so that
the overall fresh water consumption is minimized, while the processes receive water
of adequate quality. This is what is referred to as the Water/Wastewater Allocation
Planning (WAP) problem.

A more stringent version of this problem was the one presented by Takama et
al. (1980) and later used by Wang and Smith (1994). In this version, limits on inlet
and outlet concentration of pollutant are imposed a-priori on each process and a fixed
load of contaminants is used. These inlet and outlet concentrations limits account for

corrosion, fouling, maximum solubility, etc.

2.3 New Design Method

The new procedure is based on the construction of a concentration grid,
similar to the one proposed by Wang and Smith (1994). The first step requires
obtaining the target, which can be performed using the same method proposed by
Wang and Smith (1994). After the minimum fresh water is determined, the method
requires that a concentration grid, based on maximum inlet and outlet concentrations
be constructed. All processes are allocated within this grid such that they appear in as
many intervals as their respective inlet and outlet maximum concentrations span

through.
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The second step requires assigning all the available fresh water to all fresh
water users. The amount of water supplied is only the required to reach the outlet
concentration of the first interval. In a third step, wastewater from these processes is
assigned to processes in the subsequent intervals as required. Additional fresh water
is used as needed. Figure 2.1 illustrates the allocation of fresh water at each interval

in each of the processes.
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Initial Allocation of Fresh Water in the “m ' processes involved.

To assign water from one process to another in any subsequent interval it is

necessary to define all the sources available from previous intervals. These sources
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can be either fresh water, or some wastewater coming from other previous
concentration intervals. All processes must reuse their own water.
Three different approaches to perform the wastewater allocation are discussed

next.

2.3.1 Water Assignment Procedures

Consider a set of /m wastewater users in interval k&, and assume wastewater

from m processes is available.

2.3.1.1 Mixers

In this first approach, all available wastewater sources from previous
concentration intervals are mixed to convene into just one source. Then, wastewater is
taken from this mixer to supply all the water requirements at the given concentration
interval. Water moving between concentration intervals and going through the same
operation would not be defined as a water source available so that unnecessary unit
splitting is avoided. Figure 2-2 shows a schematic example where the water moves
within processes | and 2 and a mixer is formed using the outlet streams from
processes 3 through m. Water coming out from the mixer is available to feed water
requirements in the next concentration interval. Operations | and 2 require additional
water to complete the load pick-up and this water is supplied by the mixer. Process n

is new in the concentration interval under study and it receives water from the mixer
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only. Some water in the mixer may not be required and the excess bypassed to the

next concentration interval, to be reused in other downstream processes.
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Figure 2-2
Mixing available water sources to supply water sinks.

2.3.1.2 Use of the Worst Quality Water Available First

In this approach, processes at a certain concentration interval are provided
with the available wastewater at the worst possible concentration. To illustrate this
approach, consider Figure 2-3 where process 3 and process 5 are the only available
wastewater sources to provide processes |, 2 and 4. Assume also that the outlet
concentration of process 3 is larger than of process 5. In this approach, the most
contaminated water, coming from process 3, must be used first. If needed, water from
the other source, process 5, should be also used. Finally, any process can be the first
one served. The required water for each operation can be calculated by a component
mass balance performed at the receiving process. Any wastewater excess is also

bypassed to the next concentration interval, to be used in another downstream
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process. Following this criterion, bypassed water will always be at the lowest possible
concentration. As pointed out by Kuo and Smith (1998}, this may help obtain some

wastewater streams cleaner than others.
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Figure 2-3
Assigning the most contaminated water first.

2.3.1.3 Use of the Cleanest Water Available First

Assigning the cleanest water first maximizes the driving force within the
process. This approach helps reduce the size of the equipment and may also lower the

number of interconnections among processes.

2.3.1.4 Advantages and Disadvantages

- Mixing: The mixing approach provides with a sole wastewater source, which
could be economical from a point of view of the associated piping. This facilitates

calculations when assigning water to receiving processes. It also eliminates the
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necessity of an assignment rule to decide how to order the precursors to be used.
A particular drawback of this rule is that cleaner wastewater can be mixed with
others of higher contaminant concentration degrading the quality of the less
polluted wastewater.

Higher vs. lower polluted wastewater used first. The water flowrate necessary to
remove a given pollutant load increases as the quality of the used wastewater
decreases. A large flowrate may not be possible to handle by an already existing
unit or the increase in capital investment associated with the design may not be
economical. In addition, operating costs for heat and/or cooling as well as
pumping could increase, as the flowrate needed for the task increases. Therefore,
the utilization of cleaner wastewater may in certain cases present a greater
advantage. The contaminants and the type of cleanup operations available in the
wastewater treatment plant are also of vital consideration when deciding the
quality of wastewater to be used. For example, concentration-difference driven
processes, such as liquid-liquid extraction. may not be able to remove the
contaminant to its final discharge limit. Other treatments, like those having live
microorganisms, can be severely damage due to toxicity of large concentrations of
certain pollutants. Therefore, favoring the bypass of large amount of wastewater
at high/low concentrations of contaminant need to be thoroughly analyzed before

choosing a policy.
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In addition, the use of the above rules of assignment of wastewater policies
varies depending on whether the pinch concentration has been reached or not. This is

discussed next.

2.3.1.5 Use of the Assignment Procedures Below the Pinch

To fulfill the water requirements of each process at concentrations below the
pinch, the total water in use will continuously increase because fresh water is added
until the target value is completely utilized. All the wastewater exits the pinch interval
at pinch concentration. For these reasons, the assignment method used will not alter
the discharge concentration to the subsequent intervals and to the wastewater

treatment plant.

Thus, below the pinch freshwater is assigned until it is depleted. Then a mixer
can be created. When the water from this first mixture is completely consumed, it is
always possible to create another mixer of the sources available in that interval. This
method is very useful and can always be done up to the water pinch. Alternatively,

the two other policies can be used.

Occasionally, a water source is enough to feed a process close to it, therefore
moving this water through a pipeline to a mixer could be unworthy. It is then possible
to use a combination of the three approaches shown before in order to reduce
transportation costs and simplify the water network. Figure 2-4 shows a combined

approach.
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Figure 2-4
Combined design of a water network before the “pinch’.
Sometimes large distances between processes, difficulties to build by-pass
pipelines, heat transfer requirements or any other limitations, can determine the
design criteria rather than a fixed design method. In order to minimize costs and

simplify the water network, adding more fresh water could be considered.

2.3.1.6 Use of the Assignment Procedures Above the Pinch

After the water pinch, there will be more water available than the required
amount to remove the remaining loads. In other words, a surplus of wastewater is
present after crossing the pinch point. Downstream requirements at the water

treatment plant should be emphasized in the decision making process.

2.3.1.7 Determination of Flowrates

A precursor of a process can be another process or a mixer. Consider a

precursor of process j in an interval /i as shown in Figure 2-5. The pollutant
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concentration of the precursoris always lower (C;, , S C;" ) This is a consequence of
).
the grid construction. The values of m), F/", C;', Cjand ( , are known.
2
Therefore, the values of F} , and F, need to be determined. To do this, overall and
2

contaminant mass balances are done. When only fresh water is available,

Fy becomes F,, and C, , will be equal to zero. Regardless whether a precursor is
: 3

’

another process or a mixer the mass balances can be simultaneously solved for

F) and F).

Py

Fl=F"+F,, (2-1)
=1 vl ! [ ' Vv
FJ ¢, +FP1-J P,y T —F/ C/ =0 (2-2)
Fr—l(Cr _Cl—l ) _mr
.I;}J - J ‘VJ' J - J (2_3)
c, ,-C
g,
Ch .
o P T ‘
F/‘ P T F;
— > : ~ >
c! 1 ‘\\\ Process j // C
L — Intel'val [ R— ’
Figure 2-5

Schematic representation of process j through interval i.
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If Fp,>F, , then another source should be added to fulfil the water

requirements of the process. This procedure is repeated until the conditions of process

j have been met. In general, for m precursors providing process j in interval i, (2-1)

and (2-2) can be written as follows:

Fl = F +Zk:FPk_,

m
] [ Al Pali [N Al L.
;fP.»JCP../+[1 (J +tm, FICJ—O

Combining (2-4) and (2-5),

m—1i

2 - )+ C -0 )-m

(2-4)

(2-5)

[
J

Fp =

Crs =€,

(2-6)

The total flowrate through process j can then be calculated from (2-1) or (2-4).

As a result of these steps, a preliminary grid assignment of water is obtained. This is

illustrated next.

2.3.2 Examples

2.3.2.1 Example 2-1

This example is taken from Olesen and Polley (1997). It comprises six water-

using processes. Table 2-1 provides the limiting data and Figure 2-6 shows the design

obtained with our method.
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Table 2-1: Limiting data for Example 2-1

Process Mass Load of l cm cr
Number Contaminant
(kg/h) (ppm) (ppm)
1 20 25 80
2 5.0 25 100
3 40 25 200
4 50 50 100
5 30.0 50 800
6 40 400 800

As illustrated in Figure 2-6, in this problem fresh water is used to supply the
water requirements of processes 1, 2, 3, 4, and 5 up to interval 2. In interval 3, fresh
water is exhausted before process S requirements are completely fulfilled. The only
wastewater available for reuse is from process 1. No other processes are completed in
this interval hence it is not possible to create a mixer. Therefore, wastewater is sent
from process 1 to process 5, the only process that needs additional water. In interval
4, process 3 still needs water. Wastewater is available from processes 2 and 4, both at
100 ppm. No real gain would be obtained from mixing because the resulting
wastewater would have the same concentration. If either process 2 or 4 cannot fulfill
process 3 requirement; then, mixing would reduce the number of interconnections.

Using equation (2-3) the necessary flowrate at 100 ppm is calculated. Since this
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flowrate does not exceed the availability from process 2, no mixing is performed.
Finally, wastewater from process 2 is used to feed process 6.

Pinch
50 ppm 80 ppm 100 ppm 200 ppm 400 ppm 800 ppm
1 ) ) ' ]

. E | 571429

, i ; i
i i i i i
— R — ’ ‘ L '

! ! ! ! v !

' 1 ] ] ] ] ]

i i ' ; ; . ;

; ; ' ; i P i 38.57143

—-'——° ; 2 2 = ; —L ;
; - i ' i i i i >
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i . ' i ; i i

SR ea Y. i i i ; 40.0

P = i i i ;

| | z o é
Interval b : 2 : 3 : 4 : 5 : 6 :

Figure 2-6

Preliminary design of the water network.
2.3.2.1.1 Merging

The operations are split at each concentration interval in the preliminary grid
solution. The splitting is a consequence of having to remove a certain mass load at
each concentration interval. These kinds of networks are not real solutions to the
problem because unit operations can not be represented or built in reality as a
collection of smaller processes. Therefore, as a final step, a network merging is done.
Figure 2-7 illustrates the merging procedure. All the individual mass loads of the
process are transferred upstream and a combined feed stream at the entrance of the

operation is obtained. The water sources would be added and used as new feed. This
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merging was proposed by Kuo and Smith (1998) but a proof of its validity was not

presented. Such proof is given next.

F; Fy,
F'
D e mE S
K, B,
) F,
din F/' + F;'_/ +1:2‘.J
Figure 2-7

Opcration merge. The breached process is recombined by adding all water sources.

Consider a process j, which has been split into » parts throughout the

concentration grid. Figure 2-8 shows a schematic representation of the situation. At
each concentration interval i, there is a precursor, P/, providing the necessary water
to remove the partial load m,. The proof that follows shows that the first two

intervals can always be merged into one as shown in Figure 2-9. An overall merging
can then be performed by a sequential repetition of the aforementioned basic merging

process.
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Merging of a split process.

Proof
Consider a merging of the second feed as shown in Figure 2-9. The merge is

feasible if and only if

max
C}.m SC;.m (2'7)
0 1 : 2
F! - Fii F?
: m : m; - —> > > m oem ——
: c i S <
B FiL |
(a) (b)
Figure 2-9

Merging of two scgments of a process.

C,.. can be obtained from a component mass balance at the inlet of (b),
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1 ! 2 2
_Fy Ch v FR Ch

Coum F o+ F @)
Rewriting (2-7) using (2-8) and rearranging, we obtain
ke, -om)e B3, - cr)so 2:9)
which is what needs to be proven.
By grid construction,
m =L €1 -cxm) (2-10)
S G
and m =L c;-c)) @2-11)

) =5 (o o)

J.out " an

max
Jan *

The grid construction also requires that C7 =C
Performing a component mass balance at the outlet conditions of interval 1, we get
! 1 I _ o
Fp ,Cp,+m =F, C (2-12)

Py

Using (2-10) and (2-12) we obtain,

R, =k EE :g’?‘f; @-13)
J s SRy
where ACT* = C 70, —CTF
A component mass balance for the second interval is
FiCh +F2Ch +mi+m?=(F) +F2 )7 (2-14)

Replacing (2-10), (2-11) and (2-13) into (2-14), we can obtain an equation for F, ,,/ S
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. L (o) lem-c)

KT SRl ey

(2-15)

Replacing first the formula for FPI,,, (2-13) and for FP’:J (2-15) into the Lh.s. of (2-9)
and simplifying, we obtain

£ ) B ,(c,: ,-Crm)=

J.an jan

, c-cmles, -cmxle-ci ) @)

. J.in Jan

i ACJmM (CJ _Cf:’,.JE.: (fl’ /)

The left-hand side of (2-16) is the same as the left hand side of (2-9). Now, by grid

construction we know that,

Cl-Cr >0,Cj"—C;',’N >0,C, "CFI',.; >0,C, —C,;’N >0 and Cfl’,l "™ <

Juan Jan

Then, since

) .
— >0, (2-9) is proven correct.

2.3.2.1.2 Example 2-1 (continued)

The final design obtained after merging is the one shown in Figure 2-10.
Process 6 requires 5.71 ton/h of water at 100 ppm to remove the contaminants. In this
case the water has been taken from process 2, but it could has also been taken from
process 4, and even from process 3. Since a lot of sources can be used to supply these
non-fresh water users, decisions of this type should be mainly based on geographical
(distance between processes), preexisting interconnections, equipment volume

limitations or any other additional constraint in the design.
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Figure 2-10

Final design of the water network for Example 2-1.

2.3.2.2 Example 2-2

A ten water-using processes system is proposed. Table 2-2 shows the
corresponding limiting data for this example problem. Targeting is performed
according to Wang and Smith (1994) method. The minimum fresh water target is

166.26667 ton/h.

All three water assignment policies are applied to this example, and three
different solution networks are obtained. The design networks and the tables of

results are presented below.
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Table 2-2: Limiting data for Example 2-2

Process Mass Load of cr Ccra Minimum
Number | Contaminant Fresh Water
(kg/h) (ppm) (ppm) Flowrate
without Reuse
(ton/h)
| 2.0 25 80 25.0
2 2.88 25 90 32.0
3 4.0 25 200 20.0
4 3.0 50 100 30.0
5 30.0 50 800 375
6 5.0 400 800 6.25
7 2.0 200 600 3.3333
8 1.0 0 100 10.0
9 20.0 75 300 66.6667
10 6.5 150 300 21.6667
Total Minimum 252.4167
Flowrate (ton/h)
2.3.2.2.1 CASE A: Solution obtained using mixers.

Fresh water is available to fulfill the needs of the first six intervals and is
depleted before the needs of process 9 can be fulfilled in interval 7. The total number

of interconnections among processes (inciuding the mixer) is 14. Ten of those
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correspond to connections below the pinch. Figures 2-11 and 2-12 show the

preliminary and the final design network respectively.

Table 2-3: Results of CASE A

Process F,; C, Minimum | Wastewater
Number Fresh Watfer Flowrate
Cont) | opm) | Fiowrme it (o
! 0.00000 0.00000 25.00000 0.00000
2 0.00000 0.00000 32.00000 0.00000
3 F; =1.75629 7.72845 19.04762 0.00000
4 0.00000 0.00000 30.00000 0.00000
5 F s =9.59446 50.00000 26.66667 40.00000
Fy s =3.73887
6 F,.s =10.0000 300.00000 0.00000 10.00000
7 F, ; =5.00000 200.00000 0.00000 5.00000
0.00 0.00 10.00 0.00000
9 F,, = 62.04875 66.35823 23.55238 0.00000
10 F) o =23.60049 135.04387 0.00000 0.00000
F,,, =15.80392
Mixer I F,, = 25.00000 91.54639 0.00000 0.00000
F,, =32.00000
F,, =30.00000
F,,, =10.00000
Mixer 11 F,; =85.60113 300.00000 0.00000 111.26667
Fio =39.40441
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Figure 2-11
Preliminary design for Case A.

A mixer is favored in interval 7 and the water from this mixer is distributed to
the rest of the processes below the pinch. A second mixer is created in interval 10 to

fulfill the water needs of processes 5 and 6 above the pinch.
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Figure 2-12
Final design for Case A.
2.3.2.2.2 CASE B: Solution obtained assigning the cleanest wastewater first

As in Case A, fresh water is depleted before process 9 can fulfill its
requirements in interval 7. Consequently, it receives wastewater from processes 1 and
2 to fulfill its needs in that interval. These precursors are the ones with the lowest
concentrations available in interval 7. The total number of interconnections among
processes remains the same as in Case A, but the number of them below the pinch has
increased in two. Figures 2-13 and 2-14 show the preliminary and the final design

network respectively.
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Table 2-4: Results of CASE B.

Process F,; C. Minimum Fresh | Wastewater
Number Water Flowrate Flowrate
(ton/h) (ppm) with Reuse (ton/h)
(ton/h)
1 0.00000 0.00000 25.00000 0.00000
2 0.00000 0.00000 32.00000 0.00000
3 F,, =1.731602 | 7.50000 19.04762 0.00000
4 0.00000 0.00000 30.00 0.00000
5 F , =6.06061 50.00000 26.66667 40.00000
F,,=0.95556
Fy =2.68081
F, =3.63636
6 F,; =10.0000 | 300.00000 0.00000 10.00000
7 F,;, =5.00000 | 200.00000 0.00000 5.00000
8 0.00000 0.00000 10.00000 0.00000
9 Fm =25.00000| 63.35119 23.55238 70.87706
F,, =2420779
F,, =737778
Fy, = 437547
10 F,, =15.77922| 139.0675 0.00000 40.38961

F,, =21.66667
Fyo =2.94372
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Preliminary design of Case B.
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Final design for Case B.
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2.3.2.2.3 CASE C: Reusing the most contaminated wastewater first.

Table 2-5: Results of CASE C

Process F, C, Minimum Wastewater
Number Fresh Water Flowrate
(ton/h) (ppm) Flowrate with (ton/h)
PP Reuse (ton/h)
| 0.00000 0.00000 25.00000 0.00000
2 0.00000 0.00000 32.00000 0.00000
3 Fy, =1.731602 7.50000 19.04762 0.00000
4 0.00000 0.00000 30.00 0.00000
5 F:'5 =6.06061 50.00000 26.66667 40.00000
F,, =127273
6 F,, =10.0000 | 300.00000 0.00000 10.00000
7 FL7 =2727273 200.00000 0.00000 5.00000
F,, =2.72727
8 0.00000 0.00000 10.00000 0.00000
9 F,, =21.82395]  75.00000 23.55238 76.16162
F,, =3.51255
F,, =30.00000
F,, =10.00000
10 £, =22.72727 114.84 0.00000 35.10505
F,,, =2.38384
F,,, =9.99394

In Case C, the total number of required interconnections has decreased to 13

comparing to the previous cases. Another important observation is that the precursors
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of the intensive water user, processes 5, 9, and 10, have significantly changed
between Cases B and C. Figures 2-15 and 2-16 show the preliminary and the final

design network respectively.
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Figure 2-15
Preliminary design of Case C.
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Final design for Case C.

2.4 Conclusions

A new design methodology for the solution of the single-contaminant WAP
problem has been presented. Several alternatives on how to distribute water among
the processes are also discussed. Finally, the application of the new procedure is
illustrated through examples. The use of the different water allocation strategies
shows that the problem has several alternative solutions. The existence of the above
alternative solutions shows that design aspects such as distance between processes,
corrosion limitations, control strategies, etc., can be taken into account within the

design framework presented.
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Notation

Outlet flowrate of process / in interval i

Inlet flowrate of processj in interval i

Water flowrate from precursors P, of processj in interval
Fresh water flowrate entering process j in interval /

Total fresh water usage of process j

Contaminant concentration in the inlet of process j
Contaminant concentration in the outlet of process j
Maximum contaminant concentration in the inlet of process j
Maximum contaminant concentration in the outlet of process j
Contaminant concentration of £

Contaminant concentration of £’

Contaminant concentration of Ff:,,,

Mass of contaminant to be removed from process / in interval i

Total mass load of process j
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CHAPTER 3
On The Necessary Conditions of Optimality of Water Utilization Systems

in Refineries and Process Plants

3.1 Introduction

In this chapter, necessary conditions of optimality for the single-contaminant
WAP problem are presented. The WAP problem was formally defined in Chapter 2.
These conditions will be used as part of a design procedure for the WAP problem,
which will be presented in Chapter 4. The necessary conditions are one by one proved
in a series of theorems. Some comments are included in the text, but complete
examples are analyzed out in a separate section.

Before we discuss the necessary conditions of optimality, some definitions that

will be useful later are presented.

3.2 Definitions

The following types of water-using sets and processes can be defined:

Fresh Water User Processes (FWU): Fresh Water User Processes are
processes that require fresh water. They may also be consumers of wastewater.

Wastewater User Processes (WWU): Wastewater User Processes are

processes that are fed solely by wastewater.
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Head Processes (H): Head Process is a special case of a FWU that utilizes
only fresh water.

Intermediate Wastewater User Processes (I): Intermediate Wastewater User
Processes are processes that are fed by wastewater from other processes and feed
other processes with the wastewater they produce.

Terminal Wastewater User Processes (T): Terminal Wastewater User
Processes are processes that are fed by wastewater from other processes, but they
discharge their wastewater to treatment.

Figure 3-1 illustrates schematically the way these processes are aligned. The
set of fresh water users consists of the set H and subsets of sets I and T. Similarly, the
set of wastewater users is formed by a subset of I and a subset of T. That is, not all

intermediate and terminal processes use fresh water and/or are solely fed by

wastewater.
» H
Freshwater > I > Wasl:vgnlcr
> T
Figure 3-1

Schematic representation of a water network.
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We now define the concept of a Set of Precursors and a Set of Receivers.

Set of Precursors of a Process j (P;): A set of Precursors of a process is the
set of all processes that send wastewater to processj.

Set of Receivers of Process j (R;): A set of receivers of a process is the set of
all processes where wastewater from process j is sent.

Finally, the following definitions will help in the presentation of the necessary
conditions.

Partial Wastewater Providers (PWP): A Partial Wastewater Provider is a
process whose wastewater is partially reused by other processes, that is, a portion of
its wastewater is sent directly to treatment.

Total Wastewater Providers (TWP): A Total Wastewater Provider is a

process whose wastewater is fully reused by other processes.

3.3  Necessary Conditions of Optimality

The necessary conditions of optimality are presented in a sequence of

theorems.
3.3.1 Theorem 3-1: Necessary Condition of Concentration Monotonicity

If a solution to the WAP is optimal, then at every Partial Wastewater Provider
(PWP), the outlet concentrations are not lower than the concentration of the combined

wastewater stream coming from all the precursors.
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In other words, given a process ) that satisfics the definition of PWP, that is

F where C is the concentration of the combined

J.oout

>0, then C, ,2C; , b
wastewater of all the precursors.
Figure 3-2 presents the set of interconnections of interest, omitting other

existing that are not of relevant to this case.

F—» Wastewater to other processes or treatment
Fy P C Fy R,
—_—— Py S F
74P, out Cv
. PR
Fy
O .
} rd J > ['j,uul
Cj.ln Cj,au!
Fo,
W
Fy ——>Y > R, |—>
. C (R uuf
. R..un
Wastewater from other precursors of R F ——‘ ¢

Figure 3-2
Precursors and receivers of process /.
Proof:

The proof is by contradiction: Assume that Cp, , >C A component mass

J.out *

balance over processj is:
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FPI.jCPI._[ +L} :(FPI,J +Fjw)Cj,rml (3-1)

where L is the load of process /. Rewriting (3-1),

L C
Fy = +[C”—f"- 1]1;‘,,/., (3-2)

J.out ) out

But, by assumption

C
[ o) —1]>0 (3-3)

J.out

Thus, if Fp., (which is positive) is reduced to zero a new fresh water flowrate,

—w L . . - , . .
F; =———<F" is obtained, contradicting the hypothesis that the original structure is

J.out

optimal. To complete the proof one only needs to show that such reduction can be
performed without altering any conditions downstream.
Two cases are possible:

(a) Process j can still supply all the necessary wastewater to the set R;. that is,

F,2F IR, - In this case, since no flowrate or concentration perturbation takes

place downstream from process j, the theorem is proved.

(b) Process j cannot deliver the same amount of wastewater to the set R;. that is,

F, <F ,&,- Thus, feasibility conditions downstream of process j need to be

restored.
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Since it has been proven that the fresh water consumption of process j can be

reduced to its minimum by eliminating 7, , downstream feasibility may be restored by

reusing part or all this available wastewater. Figure 3-3 shows the new situation.

3
F:v/ P, C, C”/ R, 3
| - —> Fo o
Or.n
Er J
C/.uut
For Fr.
R SY 4 R, |
Wastewater from other precursors of & F —J c Crom ‘ oo

Figure 3-3
Restoring downstream feasibility .

We will now show that:

(b.1) Feasibility can be restored by reusing a flowrate @P}'RJ, which has the same

concentration Cp, .

(b.2) The new flowrate (_7;,/& does not exceed the previous value used F, ;. That is

Qj,ﬁm € (Oan,,,]-
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(b.3) In this new scheme of flowrates, the overall fresh water intake goes down

(AW <0).
(b.1) Since F; <F ,», » all the wastewater available from process j can now

be sent to the set R;, resulting in

(3-4)
The conditions downstream are not altered only if C, , and the total flowrate
feeding the set R, do not change. Since now process j cannot satisfy the demand, the

precursor set P, can be used as a source of wastewater. The amount needed should

satisfy:
c = FonCrowtFpaCop + Fcr _
o Fio +Fp g +F+F
— o ' . (3-5)
ForC, .+ Op ,RI.("F/‘J + FP,.R:CP‘.‘R/, +1°C
_F-',,R, + ér,_m +Fp o+ —15; +F°
["/-R; +[7P1-R/ +ﬁR: +F = FI’RI +QP),RI +b}’,.R, +F;} +l;' (3'6)

Using (3-6) to cancel the denominators in both sides of (3-5) and rearranging, we

obtain

(3-7)
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(b.2) We now prove that the new wastewater flowrate Q r g, O the set of processes

is feasible. Since we have established that downstream conditions are maintained

unaltered by keeping inlet conditions at the set R, unchanged, then the total

J

component flow, f ,,, that the set R, ,is receiving before and after reducing F* to

F* remains constant as well.
Therefore, we can write:
un = o, * Sopn, + F'C = fn + o, + T, + F7°C (3-8)
However, since f ,&, =L, because only fresh water is now sent to process j, then,
after simplifying, we get
Jor, =L, +Gp g, (3-9)
Besides,
fo,+L, 218 (3-10)
because [ . =0. Replacing (3-9) in (3-10) we get:
fo, tL,28p 8 +L, (3-11)
After canceling L, from both sides of (3-11) and replacing the component flows by
their definitions, we obtain:

(3-12)

Consequently,

Fp 205 4 (3-13)
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(b.3) We now prove that the total water intake is lower.

The change in water intake is:
AW = AFp! + AF " + AFy (3-14)

where AF” =F¥ -F," . Replacing ép,,a, obtained from (3-6) in (3-7) and rearranging,

e 1 —
Fr, - Fy =(1-;)(F,_RI ~F.a) (3-15)

Thus, recalling that AFy' =0, and AF," =(1-a)F, ,, which can be obtained from (3-

2), (3-14) becomes.

AW = (1-a)F, —(1 —;LJ(F,.R, —F.) (3-16)
Rearranging
AW =(1 —a)[FPN +F’"T_F’RJ (3-17)
But
F,x, =F; =F'-AF, =F"-(a-1)F, (3-18)

In turn, using a balance around process j to obtain /", (3-18) can be rewritten as

follows:

F;,Rl =F

]ij

+F

J.out

-aF,

Py

(3-19)

Replacing (3-19) in (3-17) and in virtue that F, ,, >0, we obtain:
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F
AW = (1~ )= <0 (3-20)

Q.E.D.

3.3.1.1 Corollary 1

If for a given process j a solution is optimal and Cp, | =C then the solution

©Jout

is degenerate in the sense that any wastewater send to process j from its precursors

does not alter the total water intake.

Proof:

WhenC, , =C equation (3-2) states that L =F"C, . That is the

VRZUI
interconnection between the set P; and process j is of no practical use when seeking a
decrease in F" .

Q.E.D.
A practical consequence of this corollary is that any optimal design can have

different flowrates going through process j. In particular F, ; can have any value in
the interval [0,7p ] where Fp , is the maximum flowrate that process j can admit
without violating the inlet concentration constraint. This flowrate £ p,, is such that the

inlet concentration of process j reaches its maximum and can be found as follows:

Perform a component mass balance over process j at the inlet:
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FP/-JCPJ.J =(FP,.J + FJW)C;T\:!: (3-21)

Rearranging,

~ FY
! (3-22)

Fp = ——
! CP,,} -1
Clim

Aslong as Fp < F p.,» then C, <C7. Repeating (3-21) for generic inlet conditions,

Jan

we get:

FP CP/-.I = (FP;-/ * F/w)Cun (3-23)

1
or after rearranging

F*
. E— (3-24)

13
P CF,J |
C},m )

Since Fj, <F, ,, using (3-22) and (3-24) it is easy to see that C , <C/. The

calculations can be repeated for any other subset of precursors.

Thus, taking a decision on whether to send wastewater through process j or
not depends upon the project scope. If designing a new facility one may want to
minimize the intake of a particular piece of equipment to reduce its cost if this cost is
mostly based on the volume the equipment handles, i.e. a flash tank. But if the
equipment size highly depends on separation efficiency, i.e. a stripping column, then a
lower inlet concentration could be beneficial and overcome any extra expenditure due

to volume oversizing. Another consideration is the number of interconnection and flow
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controls required when dealing with multiple feeds. Obviously, there exists a trade-off

and an optimum situation could lie in an intermediate flowrate, F,  €[0,7p ;] In

retrofitting, possibilities may be more stringent because the equipment already exists.

3.3.1.2 Corollary 2

If a process is a TWP, there exist at least one possible optimal solution that

satisfies monotonicity.

Proof:

Consider Figure 3-4 (a) where it has been assumed that process j is a TWP

(F = O) and Figure 3-4 (b) that shows a proposed alternative solution. Basically,

Joout
this alternative solution consists of eliminating the stream of wastewater that is being
sent to process j from its precursors, as this is the connection that breaks
monotonicity. A new connection is added where part (or all) the wastewater formerly

sent to process j is now sent to its receivers.
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% Wastewater to other processes or treatment
£ P, PJ C F, P.R,
—L [S2Y]
'FP,,au! C
R
Fe
F} » ./
(-'/,m C/,uul
Ein,
W
FR’, :" y RJ >
. . C- (’TRI,m CR,.uul
Wastewater from other precursors of 8§  F~ ——>
(a)
| —
F P - — F
_P‘_) / (P,.j QP‘,,R', = FP,,/ kR
CF_, R,
F J
C_].aul
oW
F. ’ C- CRJ..m R, .out

Wastewater from other precursors of &

(b)

Figure 3-4
(a) Process j as a TWP. (b) Monotonicity restoration.
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From (b.1) and (b.2) (Theorem 1) there exist a QP,-R; with concentration C |
that can be sent to the set R; while maintaining feasibility. In addition, it was proved
that Q,I_R/ € (O»Fp,,,}

We now determine Q-P/-R,' Since the total flowrate at the inlet of the set R;
stays constant, equate the total flowrate at inlet R; before and after monotonicity
restoration, that is:

Fo, +F" +Fg +Fpp +F =F"+F +Fp g +F +0p . (3-25)
After canceling common terms and rearranging, we obtain:
Fp )= [(F}w - FJW)+ (FR': -Fg )]+§P,.R, (3-26)
By definition of AW :
Fo) =AW +Qp (3-27)
From (3-20), AW =0 then O, 5 =F ;.
In conclusion, we have proven that by making QPI-R, =Fp the alternative

solution is not only optimal but also monotone.

Q.E.D.

We will now prove that if a solution of the WAP problem is optimal then all
FWU processes have reached their maximum possible outlet concentration. A third

possibility is that they constitute a degenerate solution for which an equivalent one
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with at least one concentration at its maximum exists. This will be covered in the
corollaries.
Three theorems, each corresponding to a different type of FWU process, are

used to prove this necessary condition.

3.3.2 Theorem 3-2: Necessary Condition of Maximum Concentration for Head

Processes.

If a solution of the WAP problem is optimal, then the outlet concentration of a

Partial Provider Head Process is equal to its maximum.

Proof:

We will prove the theorem by contradiction: Consider a head process A.

Assume C, .. < C;= . Then, since the load L, is constant we have

h.out

L,=F'C,.=F"Cm (3-28)

h,out
where £ is the flowrate of water corresponding to the C™,. Therefore

v Ch out
Fr=—hot fow < FY (3-29)

h,out
Thus, the water intake can be reduced in the case where water is not reused.
In the case where the water is reused downstream, (3-29) still constitutes a
proof if one is able to show that after the reduction, the conditions downstream remain

feasible. Figure 3-5 shows downstream reuse of a head process wastewater outlet. For
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this purpose, consider the flowrate F,, from process 4 to a set of its receivers.
Assume that these flowrates and the corresponding fresh water intake flowrates F;
are changed so that the concentrationsC,, ,, and the incoming flowrate to the set R,

remain constant.

> Fy o
F'——>» h
F;‘I.RA
CR, n CR,, Jout
Fy R > R, | 5
F'— ¢
Figure 3-5

A head process and its receivers.

The original and new sets need to satisfy the following relations:

Fh,R,, Chow + F°'C" = CRh',,, (Fh.R,, + FR: +F%) (3-30)
E,R,,CIT:;:{ +F‘C‘ =CR,,,m (EI,R,, +F—:‘?: +F‘) (3-31)
Fyp, +Fy +F' =F,p +F; +F" (3-32)

From (3-29) one obtains

Fy-F'=-(1-PF (3-33)
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A
h,out
max
h,out

where § = Dividing equation (3-31) by equation (3-30) and using (3-32) one

also obtains:
I—?—,,.Rh =4 F,,'Rh (3-34)

We now substitute (3-29) and (3-31) in the definition of 7, ,,,, as follows:

Fhoue = Fhw - Fh,R,, =B (Fy - Fh.R,, )= B Fyou (3-35)
from which we conclude that the new water consumption pattern is feasible.
Substituting (3-34) into (3-32) and rearranging,

Fy = Fg =(1- B) Fyp, (3-36)

The total difference in fresh water flowrate between the proposed solution and

the new one is:
aw =5y - F)+ (Fr - ) (3-37)

Substituting (3-33) and (3-36) into (3-37),

MW =~(1= B)Ey" + (= B)rg, == B)Fre, - £77) (3-38)

Since:
Fogy, = Fi == Fhou <0 (3-39)

Then,
AW =~(1- B)F, . (3-40)
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WhenF, ., =0, then AW <0 (because S <1), which contradicts the
assumption of optimality. The case F, ,,, =0 constitutes total reuse and is not covered
by the theorem.

Q.E.D.

3.3.2.1 Corollary 1

If a Head Process 4 is optimal and is a Total Wastewater Provider (ie.,
Fyou =0), then any solution having C, ., € [Cy ,.C] is also optimal with the

same fresh water intake.
Proof:

WhenF, ., =0, by (3-40) we have AW =0. This means that a degenerate

solution has been found. When the set of receivers is a unique process then any fresh

water intake leading to an outlet concentration C,, <C,,, <CJ, changes the

“h,out
wastewater sent to the receivers. Conditions downstream are such that the water

intake of the receivers maintains the total water intake constant.

Remark: Although it may look apparent that values of C, ,, <Cy ,,could be

h,out
used, this cannot be done because that would require a change in the downstream
feasibility conditions and therefore in the theorem proof.

Q.E.D.
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3.3.3 Theorem 3-3: Necessary Conditiecn of Maximum Concentration for

Intermediate Processes.

If the solution of the WAP problem is optimal then the outlet concentration of

an Intermediate Process reaches its maximum.

Proof:

Assume that neither C_nor C

J.an J.out

are at their maximum possible values, that

is C,,<C"and C,,, <CF0

J.an Jout J.out
Consider the set of processes P;. These processes are precursors of /, but they

are also precursors of R; and other processes. We define F », as the sum of the water

sent to /. in addition, the portion sent to treatment, thatis f, =F, ,, +Fp .

Consider using thus total flowrate as feed to process j. Consider at the same
time an adjustment of the fresh water sent to process j so that the outlet concentration
remains the same. To do this, assume a new inlet concentration for process j. Then,

the following holds:

R C
C =2l (3-41)
© Fp ]
L, = (Fp + ENNC, e =Con) (3-42)

We recognize two conditions:
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CASEL C ,n 2 CTov . In this case, we will prove the theorem by first proving that the

inlet concentration of process j can be made equal to its maximum, with a reduction cf
the water intake of process ;. Finally we will show that the total fresh water intake of

the system can be lowered by maximizing the outlet concentration of process .

CASE 1I. C ,un <CJ . In this case, we will prove that the outlet concentration of

.0

process j can be made equal to its maximum, with a reduction of the total water

intake.

3.3.3.1 CASE I: Inlet Concentration Binding Condition.

In this case, starting from (3-42)

L, =y + FNC, e =Cru) S(Fp , + F)C, = Oy =
Fr., Ce, ma 13?,.1 Cp,s . (3-43)
= —'—C"‘;I_J":’—(Cl,aul - C].:: )< _C—.j-m';,:_'( - Joout > jun )
Therefore,
C . L
[ L2 - 1]2 — (3-44)
Cz.m g P, CF,./

which is an inequality that will be useful later.

We will prove that the water consumption can be reduced by increasing £, P

until the maximum inlet concentration is reached, while maintaining C constant.

Jout
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Since C,.<Ch (3-45)
then an increase in F, , will increase C .
Now £, ,, >0, otherwise, by (3-44) the inlet concentration to process j

would be violating the constraint. Therefore, the increase in £, P is feasible. Let the

new flowrates be F, , and F*.

From a balance in the inlet node, we obtain:

F, C
Cm = (3-46)
‘ Fo , tE)
In addition a component balance on process j gives:
F, C., +L
C o = —2— D (3-47)
' F Pyt F
Divide (3-47) by (3-46)
C/;n'l"f =Dt P i =(1+ — L } (3-48)
C/.m FF,.J CP,./ X Py “P )
Rearranging:
F, = L ! (3-49)
P T -
! CP/J C}.our _l
Cm

Repeating the same procedure for the original conditions one obtains
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j .
- (3-50)
Py CPJ-I C;.uul -1
(‘/Jn
and since C,,, < CT), we obtain
Fp, <F,, (3-51)
Also, rearranging (3-47)
— - [Cp
F*=F, (—;’- - 1} (3-52)
J N Cl.m
Similarly,
w CP/-J
Fr=F,, C -1 (3-53)
].an
Finally, substituting (3-49) into (3-52) we obtain
P,:J -
—. L, \Cla
F" = (3-54)

J —CP,.J (?_"f’ﬁl- —l‘)
ez

Similarly, using a set of balances for the assumed optimal condition the

following is obtained

P -1
L C; n
F* = : (3-55)

! CP/'J C/,au( -1
C},m
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We will now prove that F* <F," by analyzing the r.h.s. of (3-54) and (3-55).

Multiply both sides of C,,, <™ by (C, | ~C, ).

jan

Jun

(CP,.J —Cj‘,,,,r)C/.m > (CP/-J - CJ_,,,,,)C""“

(3-56)

The sign of the inequality changed as (C,,/' ,-C l_,,u,)<0 by the necessary condition of

monotonicity. Rearranging

Cp  Crin +CouCrm >Cp ,Cliy +C, uC

J.out™ jan Py an Jout™ pin

Change signs and add C;, ,C, ,, +C,,,C7 to both sides to obtain

Jan> pan

Cp C ou-Cp C ,-C CH+C CT <

Py ).out P pan Joout™ yun Cjan jan
v Al T TIMax A * ' T Max
<C P,./(’;,uut -C P,‘j( Jan C j,uu((‘ Jan + L/_m( Jan

Further manipulation gives:

- me'l.'( )

J.out 1.an

(CP,.j _C;“;T: )(Cg.aur —C},m) <(CP/,1 _C;,m )(C

However (C Jout = C;"“,';‘) is positive because of (3-44). Then we obtain:
(Cp, -Co) . (Cp, =C,)
(Cj_auf - Cy?:‘: ) (C],mll - Cj,l’l)
C].Hl Cj,ln
or <

C',;:,‘f -1 (—C"""’ —1]
C],m CIJ"

Using (3-61) one can compare (3-54) and (3-55) and conclude that F}” <F].
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To complete the proof it is necessary to prove that:

a) I, . =0, whichis part of the assumption made at the beginning of the proof.

P out

b) FJ-R, = F, , Is feasible, that is, the conditions downstream do not need to change.

In other words, a reduction in fresh water to process j, does not reduce the outlet

of this process below what it was sent to its receivers.

Parta: £ ,, 20

From (3-49) L _F [ Seom | (3-62)
Cp - P/-J (vmnx
17 ~ jan

Substituting in (3-44)

2L <1 (3-63)

which completes the proof.

Partb: £, =F,, isfeasible.

A component mass balance over process j reads:

FyChpu=L,+F; Cp, (3-64)

J.out

C (3-65)

!

J.out = L; +FP}.}CPI./

Subtracting equation (3-64) from equation (3-65) and dividing by C

J.out

(FJ - FJ)=(FP,.1 _FP,./ )Ev'ﬁ_l—

J.out

(3-66)
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Since(}?,,ﬂ -F )>0, then(F, ‘F;)>0~ Therefore, F, ; can be always kept

P

constant by increasing F

Jout -
To complete the proof we need to show that the maximum outlet
concentration of process j can be reached and that this will produce a fresh water
intake reduction.
The increase in outlet concentration need to be accompanied by new conditions

to maintain feasibility downstream at the inlet of the receivers from process j. This can

be obtained by keeping both C »,.n and fy, constant while proving that there will be
sufficient wastewater for reuse, that is }?j‘“ + 1';,,1_ , 2 Em, . The fresh water decrease can

be achieved by reducing F, , and 7" simultaneously. To guarantee that the overall

fresh water consumption will be reduced the excess availability at process j, defined as

(f P FP" , ) will be bypassed to the set R; The new situation is shown in Figure 3-6.
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—>» Wastewater to other processes or treatment
Cn/ R
) F}" Jout
( LA FF,.J)
j X ’ J.out
L
C;.nul
FJ.R; FP/ R
=w '
FR, > » RJ —
N R . C- CRJ,m CR) out
Wastewater from other precursorsof 8, F° _j

Figure 3-6
Optimal water allocation structure.

Now, from (3-49) we can write,

F = L ' (3-67)
P CP/»J erm::’ l
Crm

Comparing (3-49) and (3-67) it clearly turns out that 1::;,]‘ , < F, P

The new fresh water supply to process j, /,*, can be calculated using equation

(3-52), that is:
(3-68)

T
¥
1}
s

C, _
Y { mlai —l<F Jw
C/,m
All we need to show now is that these fresh water savings are not overcome by

any necessary increased in Fy’ .
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Consider a component mass balance of process j at outlet conditions before

and after the fresh water reduction.

C,,M,(FP,,, +F, “)= F, Cp, +L, (3-69)
o (‘FPN + F=‘!w)= Fz;’,'JCP,-/ + L/ (3-70)

J.,0ut

Equating (3-69) and (3-70) by L, and rearranging, we obtain:

F*=aF, , +aF’-F, -ﬂ(ﬁ,,,', —FP’,/) (3-71)
C C
where @ = —2* and f = —2L
J.out (’ J.out
Then,
AF)Y =F"-F"=aF, -F,, -ﬁ(ﬁ,,,j F, ) (t-a)F*  (3-72)
Downstream feasibility is maintained by:
C - F},R/_CY],OM +FP/,RJCPJ,R/ +F.C. -
Ry Fog +Fpp +F° +FR‘7
RO+ FpaCo +F°C +(F - Fy )y .

FRJ+F,,WR}+F +Fy+F, -F,,)

I
and

F—‘I-RJ +FP/-R1 +F‘ +F_;;j = ~j.R, +FPI.R, +F‘ +E€j +(I—:_;P]./ _FPJ,;) (3'74)

Simplifying common terms on both sides of (3-74), we get

F . +Fy =F +Fﬂj+(‘ _E ) (3-75)
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Using (3-74) in (3-73) and simplifying, we obtain

F.=aF,-pF, -F) (3-76)
Using (3-75) and (3-76) we can write:
My =Fy-Fr=(-a)F, -0-9F,-F,) @
Finally, combining (3-72) and (3-77), we obtain
AW =AF" +aFy =(1-a)F., -F" -F,,)<0 (3-78)

To finish the proof we need to show that under the new conditions there is

enough wastewater to send from process j to the set of processes R;. That is,

2

Ryl

w
+ R,

-

]

Py

A total mass balance on processj reads:

F'+F,  =F, +F, ., (3-79)
Then, we can write that
Fr+F, 2F, (3-80)
Adding 1:::,/‘ , to both sides of (3-71) and rearranging, we obtain
F'+F, ,+p (1?,,/_] - Fp,,,)= a (FPJ_, + F,") (3-81)

Multiplying both sides of equation (3-80) by « and comparing with (3-81), we can

write
,)z aF (3-82)

w
; +

J +ﬂ(—1’,-1 _FP,.

~ i

1
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Finally, by (3-76) we obtain Y+ (3-83)

~
-

sl

\Y)
&
5:

Q.E.D.

3.3.3.1.1 Corollary 1

If an Intermediate Process j is a Total Wastewater Provider, then any solution

having C, , € [C cm™ ] is also optimal with the same fresh water intake.

- }.out R,un>™ jout

Proof:

When process j is a TWP thenF , =0, by (3-78) we have AW =0. This

J.out
means that a degenerate solution has been found.

Q.E.D.

3.3.3.1.2 Corollary 2

In CASE |, it is also a necessary condition of optimality that the Intermediate
Process j reaches its inlet maximum concentration.

Proof:

Assume the starting solution is such that the outlet concentration of processj is

already at its maximum. Then, following exactly the same proof as depicted by (3-45)

through (3-61) but replacing CT%,, by C

J.out

CT™™ can be reached without altering

j.out® Juin

C o The latter added to the fact that £, can be kept constant (as shown in part b)

J.out® J
guarantees downstream feasibility.

Q.E.D.
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3.3.3.2 CASE II: Outlet Concentration Binding Condition

max
Cj,m

Cooe ) L
[ I “‘—1J<7—’— (3-84)
L/
In this case, an increase in Fp , to increase C,, to its maximum is not
possible without violating feasibility.

Assume that F,  is increased to its possible maximum value of F,‘;jj

= 0. The new situation is shown in Figure 3-7. The new inlet

Jout

corresponding to F, 9

concentration in process jis C,>C, .

jan
> FP,,R, CP,.R,
> F®
J 5 E].aul
(’j,oul
Fya,
FR': )J 4 R} —
. c* CR n CVR/"’“’
Wastewater from other precursors of 8, ~ f~ —» ’

Figure 3-7
Outlet concentration biding condition for Intermediate Processes.
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We will now prove that it is possible to further reduce water consumption by
. 'aw . . 3 . .
reducing F, “. As a result either maximum inlet or outlet concentration will be

reached first and no further water reduction will be possible. This increase needs to be
accompanied by conditions to maintain feasibility downstream at the inlet of the
receivers from process j. As it was done in CASE I, feasibility can be obtained by

keeping both C ., and F, constant while proving that there will be sufficient

-

. =P
wastewater for reuse, thatis /', * + F,,

=
2F .

We will have then two different possibilities:

(a) A reduction of the fresh water flowrate, / /*", will make the outlet concentration

reach its maximum before the inlet does. C, ,, =C™, and C_‘j‘m <C™x.

}.out J.out Jan

(b) The inlet maximum is reached first.

The change in total water intake for both cases is

sw = (Fy - F )+ (F-F") (3-85)

J J

(@ dc,, =C, and 51‘,,, <Cm

J.n
Performing mass balances on the component before and after the fresh water

flow reduction, we obtain:

2] B w
F:;,ICP/'J +LJ =(Fp/,j +F} )C/.uut (3-86)
_ D =2 max
F:,/CP/J +LJ -(FP,»J +F‘] )CJ.aur (3-87)
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Equating the r.h.s. of these balances and using the fact that £,

out g

=0,ie, F® =F
1 ’ Py P

. C . Cou s . -
F/‘“:[Cﬁ;’jﬁ W—[l—#‘;:']FPfaF, “~(1-a)F,, 0<a<l (3-88)

J.out Joout

J.out

where a =

" ).out
From (3-88) we write

F-r=—(-a)F" + £, ) (3-89)

]

We now calculate (FR“ Fg )

J

Recalling that C, ,, and Fj; remain constant, we can write:

Fo +F, g +Fpp +F" = FRi +F g +Fp g +F' (3-90)
C = FI‘RJC-’"’"' M FPJ-RJCP/-R/ I = F]'R/Cm‘ * FP;-RJCP/'R/ e (3-91)
Ryin FR +F g +Fpp +F° Fo +F g +Fpp +F°
Rearranging (3-91) and using (3-90) we obtain:
- C},aul
FLRI = -—_m;x_FI»R/ =a FI.R/ (3-92)
CJ,DM{
Substituting in (3-90) and rearranging we get:
Fo -Fg =F (1-a) (3-93)

and therefore:

aw = (7 FRj)+(F,‘°"—F"")=(1—a J_RI—F*”-F;,])SO (3-94)

4 J ]
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To finish the proof we need to show that under the new conditions there is

enough wastewater to send from process j to the set of processes R;. That is:

&
|

-
b

Add F, to both sides of (3-88) to obtain:

=%w -~ P - )
F' ik, =alF™+F,

But
F'™+F, =F , +F?
J + P, - j.R} + J.out
Thus, since
]
E/.uul Z 0
We have
B - -
F/ + FP; > FJ,R/
And therefore,

J

[n addition, by (3-92) we obtain

M) C,,. <C™, and C,, =C™

J.0ut J.out FRIC

91

F +F, =a(Fj’b" +FP})2aFJ.RJ '

(3-95)

(3-96)

(3-97)

(3-98)

(3-99)

(3-100)

Q.E.D.



Since reducing only the fresh water intake of process j cannot render the

maximum outlet concentration without violating feasibility, we need to proceed
exactly the same way we did in CASE I and reduce both, Fj*” and Ffl’ ,- The proofiis
not different from the one in CASE I, the same group of equations (3-67) through (3-
78) are used to prove the theorem and then (3-79) through (3-83) are used to

complete the feasibility proof. Thus AW < 0.

Q.E.D.

3.3.3.2.1 Corollary 1

If an Intermediate Process j is a Total Wastewater Provider, then any solution

having C € [CRJV,,,,C m | is also optimal with the same fresh water intake.

J.out J.out
Proof:

When process j is a TWP thenF® =0, by (3-94) we have AW =0 This

RS
means that a degenerate solution has been found.

Q.E.D.
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3.3.4 Theorem 3-4: Necessary Condition of Maximum Concentration for

Terminal Processes.
If the solution of the WAP problem is optimal then the outlet concentration of

a Terminal Fresh Water user Process reaches its possible maximum.

Proof:
We will prove by contradiction that if the outlet concentration is not maximum,

the maximum outlet concentration can be always reached by reducing the freshwater

intake, while maintaining the inlet concentration C,,, constant.
A new set of flowrates F, and F,” satisfies:

Thus, assume C, ,,, <C/o .
EF, C F, C
S TR T G101
F, +FP,,I £, +Ff’f.1
Simplifying we obtain
E F,
“ I - Pu’_ (3'102)
T P A Y
Rearranging,
F F
B _Tae (3-103)
t I
(3-104)

However, from (3-102)
F.D,.r(}?;w “'ij,r): FP,,: (sz "'FP,.:)
Multiplying term by term and reducing, we get
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or

However, by assumption,

FP:-’CPM +L‘ =C cmx
= ~T.out < T.out =
F :

which can be rearranged to give

(FP,,:CP,,: + L,)< F—k,rcg,: +L,

)

Now using (3-103) we get,

Fp,

or simplifying

F,

L <L

Fp,

which gives
F,
Fp,<Fp,= {ERNg
Bt

Therefore, using (3-106) we get:
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(3-106)

(3-107)

(3-108)

(3-109)

(3-110)
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L) (3-112)

Q.E.D.

3.4 Examples

We now show some examples from the literature and some additional ones
solved using the water pinch when all these conditions are met. We also illustrate the

degeneracies covered by the corollaries of the theorems.

3.4.1 Example 3-1

This example is taken from Wang and Smith (1994). The system involves four

processes and their corresponding data is given in Table 3-1.

Table 3-1: Example from Wang and Smith (1994)

Process Mass Load of cr Chx
Number Contaminant
(kg/h) (ppm) (ppm)
1 2.0 0 100
2 5.0 50 100
3 30.0 50 800
4 4.0 400 800
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The minimum flowrate reported is 90.0 ton/h and two realizing networks are
presented in Wang and Smith (1994). Each network was obtained using a different
method. The first method maximizes the concentration driving forces and the second
one minimizes the number of water sources. It can be observed that, even after
breaking the loops, the final designs may be of no practical use. The first method, for
instance, proposed a splitting of process three. If process three were an indivisible unit,
such as a desalter or a reflux drum, the network would have no real meaning.
However, the second method provides, after several simplifications, a realistic
realizing network. It is also worth noting that before the aforementioned
simplifications the flowsheet obtained was rather complex and also introduced several
process splittings. Figure 3-8 shows the final network obtained using method two

(Wang and Smith, 1994).

F" =20.0
> 1 3 >
F' =200
F" =500 F,,=5171
—> 2 l . » 4 ——>
>
Figure 3-8

Final water network for example 3-1.

According to our definitions, Process 1, 2 and 3 are FWU processes while

process 4 is a WWU process. Processes 1 and 2 are head processes and process 3 is a
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terminal process. There are no intermediate processes in this network. Table 3-2

summarizes all flowrates and final inlet and outlet concentrations of each process.

Table 3-2: Final Solution to Example 3-1

Process Type of Fresh Wastewater C. Coue
Number Process Water Reuse
Intake (ton/h) (ppm) (ppm)
(ton/h)
1 H 20.0 0.0 0.0 100.0
2 H 50.0 0.0 0.0 100.0
3 T 200 20.0 50.0 800.0
4 wwu 0.0 5.71 100.0 800.0

We now check if the proposed flowsheet satisfies all applicable necessary
conditions of optimality.
- Monotonicity
Process 3 and 4 receive reusable wastewater.
1- Process 1 delivers wastewater at 100 ppm which it is fed to process 3. Process
3 has an outlet concentration of 800 ppm, therefore monotonicity is satisfied.
2- Process 2 delivers wastewater at 100 ppm to process 4. Process 4 has an outlet
concentration of 800 ppm, thus monotonicity is satisfied.
- Maximum Concentration for Head Processes

Process 1 and 2 are Head Processes.
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Both process | and 2 have outlet concentrations equal to their possible maximum.
Therefore, this condition is satisfied.

- Maximum Concentration for Terminal Processes
Process 3 is a Terminal Process and its outlet concentration is at its possible

maximum hence the theorem is fulfilled as well.

Consider now a different realizing network as shown in Figure 3-9 (Olesen and
Polley, 1997). The total fresh water intake, 90.0 ton/h, remains unchanged. This
alternative network realizes the minimum flowrate target but constitutes a degenerate
solution to this example problem. This case is heeded by the Corollary of Degeneracy

for Head Process. F,, =0, therefore AW =0 and the 90.0 ton/h is an optimal

out

solution.
F* =400
—_—» | P 3 >
F" =500
2= 2 > 4 —>

Figure 3-9
Network solution for example 3-1 as reported by Olesen and Polley (1997).

Observation: Process 4 is receiving all the wastewater generated in process 2
when in reality it only needs 5.71 ton/h to complete its load removal. It does not

contradict theorem 4, as it is not a fresh water user.
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3.4.2 Example 3-2

This example is taken from Olesen and Polley (1997). The system involves six

processes and their corresponding data is given in Table 3-3.

Table 3-3: Example data from Olesen and Polley (1997)

Process Mass Load of co™ cr
Number Contaminant
(kg/h) (ppm) (ppm)
1 2.0 25 80
2 5.0 25 100
3 4.0 25 200
4 5.0 50 100
5 30.0 50 800
6 4.0 400 800

The minimum flowrate reported is 157.14 ton/h. Olesen and Polley (1997)
obtained a realizing network by methods of inspection. Figure 3-10 shows such

network.
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F* =40.0
—>» | /> 5 >
FY =500
—_—> 2 > 6 >
FY =500
—— 4 >

i p—>

Fr=1714
Figure 3-10

Network solution for example 3-2 as reported by Olesen and Polley (1997).

Table 3-4 summarizes the results of this example problem for the network
obtained by Olesen and Polley (1997). The target is met, so the solution is optimal but
constitutes a degeneracy of the solution network depicted in Figure 3-11. The
flowsheet shown in Figure 3-11 satisfies all necessary conditions of optimality and

meets the 157.14 ton/h target.
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Table 3-4: Degenerate solution of Example 2

Process Type of | Fresh Water | Wastewater C. C..
Number Process Intake Reuse
(ton/h) (ton/h) (ppm) (ppm)
1 H 40.0 0.0 0 50
2 H 50.0 0.0 0 100
3 T 17.14 F,,=5714 25 200
4 H 50.0 0.0 0 100
5 WWU 0.0 F =400 50 800
6 WwWu 0.0 F,, =500 100 180
Total Flowrate (ton/h) 157.14 95.714

We now analyze each process. Process | is a Head Process in this network and
its outlet concentration is not at its possible maximum but its wastewater is completely
reused at process 5, therefore the Degeneracy Condition for Head Processes is
satisfied. Process 2 and 4 are also Head Processes and theorem 2 holds in both cases.
Process 3 is the only Terminal Process in this network and satisfies theorem 4. Besides
monotonicity is also met because process 3 receives wastewater at 100 ppm while its

maximum outlet is 200 ppm.
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In conclusion, the only degeneracy found in this solution is that of process 1. In
addition, when process | meets the conditions of theorem 2, process 5 becomes a

Terminal Process that satisfies the necessary condition of optimality.

| 3 —
l[«’3W=l7.H
" =250
40 4 —> 5 >
Fy' =450 T F¥ =200
Fy =50.0 » 6 >
-5 2 —
Figure 3-11

Alternative solution network for example 3-2.

Table 3-5 shows the results for the network depicted in Figure 3-11. In this
flowsheet all processes have reached both maximum inlet and outlet concentration
through maximum reuse. All the necessary conditions of optimality are satisfied by this

alternative solution.
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Table 3-5: Results for the network of Figure 3-11

3.5 Conclusions

Necessary conditions of optimality in water allocation problems have been
presented. These conditions state that optimal structures satisfy monotonicity of the
outlet concentrations when one process sends its wastewater to another. In addition,
conditions under which the inlet or the outlet concentrations reach their maximum

have been discussed. Chapter 4 builds on these conditions to develop a procedure to

design these systems without the drawbacks of existing alternatives.
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Precess Type of | Fresh Water | Wastewater C. C..
Number Process Intake Reuse
(ton/h) (ton/h) (ppm) (ppm)
1 H 25.0 0.0 0 80
2 H 50.0 0.0 0 100
3 T 17.14 F,,=5714 | 25 200
4 I 45.0 F,=250 28.57 100
5 T 20.0 F,,=20.0 50 800
6 wwu 0.0 F,,=5714 100 800
Total Flowrate (ton/h) 157.14 56.428
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Notation

concentration of contaminant, ppm
resulting concentration of contaminant if all precursor wastewater is used,

ppm.

resulting concentration of contaminant after decreasing fresh water
consumption, ppm.

component flowrate, g/h

water flowrate, ton/h
total wastewater flowrate from precursors, ton/h
water flowrate after fresh water consumption reductions, ton/h

Subscripts:

in
out
iJj
J

at inlet

at outlet

connection going from process / to process j
process j

Superscripts:

min
max
*

w

3.7

N

minimum
maximum
additional sources
fresh water
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CHAPTER 4
Algorithmic Procedure to Design Water Ultilization Systems in Refineries

and Process Plants

4.1 Introduction

This chapter introduces a non-iterative algorithmic procedure to solve the
single-contaminant WAP problem. The WAP problem was formally defined in Chapter
2. The procedure targets the water allocation problem while providing at the same
time a realizing network. The new approach is based on previously discussed
necessary conditions of optimality (Chapter 3) and sufficient conditions of optimality
that allow the construction of a global optimal solution without the need of a targeting
procedure. In addition, the steps of this procedure are such that it can be implemented
by hand and have no limitations on the problem size.

The chapter is organized as follows: Conditions of maximum reuse of
wastewater will be presented. These conditions are later used as a basis of the design
procedure. Once this design procedure is presented, a proof of optimality is given.

Finally, examples are worked out.
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4.2 Conditions of Maximum Reuse

We now derive a series of rules to calculate the amount of wastewater that a
process can receive from its precursors in such a way that the amount of fresh water is
minimized.

Consider a set of (n-1) precursors of process n (Figure 4-1). We assume that
process # has a maximum outlet concentration that is larger than that of all its
precursors (monotonicity). In Figure 4-1, all possible connections from the precursors
of process » are indicated. We now proceed to determine the optimal policy of water
allocation, such that the fresh water usage of process » is minimum. Next, for the case
when the fresh water usage is zero, we develop an allocation policy for wastewater

users. Later, we will prove that the use of these policies guarantees optimality.

Fl.md
1 »
Fl.n
2 » F.’_uur
F.’.n
Fr > F
=P n —»""
Fn 2,n —
n-2 : > Fn-.’.oul
Fn-l,n
Fn-l.aut
n-1 »
Figure 4-1

Precursors of process n.
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4.2.1 Maximum Reuse for Fresh Water Users

Without loss of generality, assume that the outlet concentrations of all these

processes are ordered monotonically.

Cmax SCmAX < SCmle ’SCmaX (4_1)

1out 20ut <= e “n-1,0u n.out

The last inequality is a reflection of the necessary condition of monotonicity.

Consider now the following optimization problem:

Min F

st

F,sF,

ConlFnConn E) s [ “-2)
CroalFoms o o L,) < C2,

E, 20

which aims at the best reuse policy, the one that minimizes fresh water usage. We now
convert this problem into a linear problem.

Note first that by Theorem 3-2 of the necessary conditions the outlet

=Cr ) Thus, in an optimal structure a

n.out n.out

concentration is at its maximum value (C

component mass balance over process 7 is:
n-1 n-1
SrcmeL-(mrednem @3
=] 1=1

where L, is the load of process n. This linear relation can be rewritten as follows:

n-1
an = Kn - Z F:,na:.n (4-4)

1=1
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T WAX

; L :
where a,, = {1— nl Jand K, =—"—_ Consider now the component mass

co
n,out n.out

balance at the inlet of process n.

n-1 n-1
(Z E.n + an JCn,m = Z F;nCI”'G‘:lxI
1=l 1=l

Replacing (4-4) into (4-5) and rearranging, one obtains:

-1

max
Z E.ncl.oul

3

Therefore, replacing (4-6) in C,,, < C* one obtains:

n.in

n-|
2 Fana T,
1=1

where

r,,=Chm-Civ(l-a,,)

t,out nin

T, =K,C™

as nun

We now replace (4-7) and (4-4) into (4-2) to obtain:
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n-l
‘\'{ax F‘l,nal,n w
1=]
St
F.sF
ol 4-10
2 FanasT, > @19
1=]
n-1
ZE,na:‘n = Kn
i=1
F_ 20 J

which is a linear program. The last constraint ensures that F,” > 0. We will now show

that the solution of (4-10) can be obtained analytically. First note that (4-8) can be

rewritten as follows:

i =C - CIn1-a,,) = CE ~C"“[§%] - C,’,';‘:‘,[l - gj @)
from which we can conclude that,
r,20 Vi=1,.. (n-1). (4-12)
In addition, because of (4-1), we have
RSPy, S ST (4-13)
Q,2a,,2..2a,, (4-14)

We now analyze the possible solutions of this optimization problem. Consider
the following two cases: (a) The inlet concentration of process # does not reach its
maximum, and b) otherwise. Since this analysis is for fresh water users, in both cases,

the fresh water usage is positive, that is, (4-2) has a strictly positive solution.
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a) C,, <Crx . Thisis equivalent tc

nin

< T,. In this case, it is easy to

n-l
wnun
1

1=

prove that the solution ot (4-10) must be F,, = F,,Vi . Indeed, if F, <F, for any i,

then F,, can be increased without violating the constraints of (4-10), thus increasing

n

the objective function.

b) C,,=Crw. This is equivalent to Y F,

nin

r,,=T,. In this case, the

solution has the following form:

K.=F
F.. = F:
(4-15)
Fa.sF ¢
I;‘I.LII = 0
Frin=0 |
with
F.,= : - if s=1
B G | S [ i
51 (4-16)
K,Crx -3 FICr -(1-a,,)Ci=]
F = 1= Sor s>1

Crou—(-2,,)C00

nin

which is obtained from (4-6) assuming that C,  =C. .. Process, | through s-1 are

nan n,n

total wastewater providers of process n, whereas process s is a partial wastewater

provider of process n. A formal procedure to determine s will be presented later.
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Proof: Consider a feasible perturbation of (4-15). We will show that such

perturbation leads to an increase in fiesh water intake. Assume F,, =F, -9, for

some k < y. Rewrite the second constraint of (4-10) as follows:

(Fk - 5k)rk.n + iE rn,n + F r + E.nrl.n = Tn (4'17)

s.n’s.n
1=1,12k

where we have assumed that some flowrate F,, (f >s) is not zero. From (4-17), we

obtain the following relationship between £, , and J, :

Tn - (Fk - 51( )rk.n - Sz.l: F: r:.n - F‘x,nr.\'.n
F,,= o (4-18)
r,

t.n

In turn, the change in objective function is:

A()f = _5kak.n + E,nal,n (4- l 9)
Thus, substituting (4-18) into (4-19) and rearranging:
rk n
Aof =6, —a,, -a,, (4-20)
iL“n J

Using (4-12), (4-13) and (4-14) one can find that (4-20) is negative except
when all outlet concentrations in (4-1) are equal. In such case, (4-20) is zero. In such

case, it does not make a difference what wastewater is used. This concludes the proof.

Q.E.D.
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4.2.2 Maximum Reuse for Wastewater Users

Without loss of generality, we assume the monotonicity given by (4-1). If a
WWU has more than one candidate precursor then there may exist infinitely many

feasible solutions to the water assignment problem of such a process.

When all precursors have concentrations lower than the maximum inlet

concentration of process n (C . S C Vj), all linear combinations of wastewater

Jour = Cpin
flowrates from the precursors of n can be formed. These linear combinations are only
constrained by a component mass balance and the maximum outlet concentration
necessary condition. When some precursors have outlet concentrations higher than the

maximum inlet concentration of process 7 (C"“‘, <Cm j=1.k and

J.ou

C™ >C™ j2k+1,.n- l), then, linear combinations of available wastewaters of

Jout nan

concentration higher and lower than C,.. can be formed. The precursors with

nin

C, . SCrv can be seen as pseudo-fresh water sources each one with a certain cost

n.mn

>(Cm

associated, the better the quality the higher the cost. The precursors with C, ,, o
can then be considered as the actual reusable wastewater sources. Thus, the first &
wastewaters can be considered as “good quality” precursors because they can be used
to dilute the rest, which could not otherwise be used. If the WWU under consideration

were the last process to be analyzed, then the assignment of water would not really

affect the total water intake. However, when some receivers downstream of process n
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are FWUs, the quality of the wastewater available needs to be preserved so that these
other fresh water receivers downstream receive the cleanest wastewater possible. As
we shall see later, this heuristic can be proven to be always true. Thus, the problem of
assigning water to a WWU is analogous to that of the FWU.

To preserve the cleanest pseudo-fresh waters, we set up the following

optimization problem.

k
Min Z#n.nE,n )

=1

st

C,, < > (4-21)

nin

C <Cmnx

nout = n.out

0<F, <F VieP,

where u, =(C"““ -Crh ) a positive number except when ( o =Cl ) This

nan = Cout n.in 1out
objective function aims at minimizing the consumption of water of the lowest
concentration that is preserving the best quality wastewater for possible downstream
FWUs.

We will now convert problem (4-21) into a linear problem as it was done with
(4-2).

By Theorem 3-2 of the necessary conditions of optimality, the outlet

=Cm ) Thus, using a component mass

n,out n,out

concentration is at its maximum value (C

balance over process 7, and since F* = 0, we have that (4-4) becomes:
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n-1
> F,a.,=K, (4-22)
1=1

Now, the component mass at the inlet of process » is given by (4-7).

We now replace (4-7) and (4-22) into (4-21) to obtain:

\
Min3 p, F,,
=1

st
n-1

F:.nrl,n s Tn > (4-23)
=1
n-}

E.nat,n = Kn
=1
0<F _ <F VieP,

which is a linear problem.

We now analyze the two aforementioned cases.

4.2.2.1 CASE I: All Precursors are Pseudo-Fresh Water Sources.

max max
Cn—l,au{ < Cn.m
In this case, we use the dirtiest water first and, if it is not enough, we continue

using water of the next highest concentration until all requirements are fulfilled. The

following set of formulas corresponds to the maximum reuse allocation.

F =0 Vj<
s j p} (429)

Fm =FJ Vji>p
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L 3
=" i =1
ST ’
a-l b 4-25
L, - SE(Cm -cm) (4-23)
F = =pe! i >1
e ) sp

An algorithm procedure will be presented later to establish the partial

wastewater provider p. The proof to show that this policy preserves the cleanest

wastewater possible is straightforward.

4.2.2.2 CASE II: Only Some Precursors are Pseudo-Fresh Water Sources

For instance:

S Cmnx

nn

>(Cm

nun

Cﬂ’lﬂx

1,0ut

C max

1,0ut

Vigk

Vi>k @20

We now prove that the optimal solution of (4-23) is given a combination of the

dirtiest set of pseudo-fresh water precursors possible and the cleanest set of

wastewater available. The former policy is driven directly by the objective function of

(4-23). The latter is indirectly driven by the

same objective function. Indeed, as less

polluted water is used, the usage of pseudo-fresh water is smaller. Figure 4-2

illustrates one such generic combination.
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1 >

2 »

s 4
s+1

k

n

k+1

t »
n-1 >

Figure 4-2

Pseudo-fresh water precursors of a WWU.

Consider the following two cases: (a) The inlet concentration of process n does

not reach its maximum, and (b) otherwise.

nan wntin

n-i
(@) C,,, <Cr. . This is equivalent to ZF r,, <T,. In this case, the solution
el

of (4-23) is given by a complete use of wastewater and a partial use of pseudo-fresh

waters, that is: F,, =F Vie[k+Ln-1], F . =F vjels+1,k] and F,, <F for

some s. The identification of the partial wastewater provider s will be presented later.
The proof is simple: If the allocation of a wastewater is not total, that is,

F,, <F, (t>k), then F,, canbe increased because the inlet concentration of process

n has not reached its maximum. Consequently, one or more of the pseudo-fresh waters
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F, (j<k) has to bc decreased to maintain the component balance
(Z F,a,,=K ,,J- It is easy to see that these two changes lead to a decrease of the

objective function.

n--1
(b) C,,, =C . Thisis equivalent to D F, r,, =T,.

nan
1=l

In this scheme, pseudo-fresh waters from process s (s <k) to process k are
used to dilute wastewaters from process (k +1) to process / (¢ > k). Once the partial
wastewater providers s and ¢ are identified, the following flowrates are obtained.

F ., =F Vji=(s+1)..,(t-1)
F, ., <F, (4-27)
Fin<F

where F,, and F,, can be obtained from the following set of equations:

s.nlsn

-1
For,.+F.r,=T, - ZFprp_n 1
p=s+)

., (4-28)
F,a, +F.a, =K, - ZFPaP.n

sn-Ts.n

p=s+l

We now prove that (4-27) and (4-28) give the optimal solutions of (4-26).
Consider a feasible perturbation of (4-27). We will show that such perturbation
leads to an increase in the value of the objective function. Assume we increase the
flowrate of a process j (j < k), thus decreasing the flowrate of a process p(p > k).

Therefore, we can write the perturbation of (4-27) as follows:
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g

=F, ,+9, J<s

.n

F_=F -6 s<p<k
_p.n p.n P P (4-29)
F.,=F, VizpVizj
o ) ) ,>0
The change in the objective function is given by:
Ao.f.=pu b, -u,d, (4-30)
Replacing (4-29) in the second equation of (4-28) and rearranging, we obtain:
o, «
2= un (4-31)
5/ ai’-"
Replacing (4-31) into (4-30), one obtains:
a n
Ao.f.=3, (;zl_,, ———"——yp"] (4-32)
. :
p.n

Using the definitions of « , 4 and doing some algebraic manipulations, we obtain:

Bof.= a,[(czu"“' Cmllegs i )] (4-33)

(e = Crroa)

n,out p.out

One can easily verify that (4-33) is strictly positive unless C,,, =C,,, in

J.out
which case it is zero.

Q.E.D.

We now present the maximum reuse algorithm, which systematically

implements of the above presented wastewater allocation process. Consider the

following definition first:
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Definition: A maximum reuse structure is a flowsheet that satisfies the
property that all inlet wastewater flows to any unit are obtained using the maximum

reuse algorithm.

4.3 Maximum Reuse Algorithm

Given wastewater available from n-1 processes the maximum reuse allocation
of wastewater to process n is given by the application of the algorithm below. The
algorithm is based on the assumption that process # is a WWU. If no precursor has a
concentration lower than the maximum inlet concentration of process » or a

contradiction is found, then it is solved as a FWU.

4.3.1 Algorithm

1. Assume process # is a WWU. Then, there are two alternatives. Either all the
pseudo-fresh water precursors have concentrations lower than the maximum
inlet concentration of process # (Case I) or only some of its precursors satisfy

this inequality (Casell).

|38

Case I: Assume p=n-1. Calculate F,, using (4-24) and (4-25). If the value
of F,, calculated is larger than F,, then make F,, = F, update p(p=p-1)

and repeat the procedure. If the water from all precursors is exhausted and the
water requirements are still unfulfilled, then process » is not a WWU but a

FWU. In such case, go to 6. Otherwise, stop.
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4.4

Case II: Assume the partial wastewater providers to be s =4k and r=k +1.

Apply (4-27) and (4-28).

If F,, <F, and F,

S

< F,., then stop. Otherwise, go to S.

+n

If either flowrate results larger than its corresponding available flowrate, then
this implies that all the available wastewater from the precursor must be used
and that another set of precursors is needed. Therefore, if F,, > F,, make
F,,=F, update s(s=s- 1), and/or if F,,>F, make F,,=F, update
t (¢t =1 +1) and return to 3. If all pseudo-fresh water precursors are exhausted

and the water requirements are still unfulfilled, then process »n is not a WWU

but a FWU. In such case, go to 6.

The process has been determined to be a FWU. Assume the partial wastewater

provider to be s =1. Calculate F,,...F,, and F,” using (4-15), (4-16) and (4-

s.n

4). If F,,>F,, then make F,, =F,, update s(s=s+1) and repeat the

5

process. Otherwise, if F,, < F, stop.

Design Procedure

The following design procedure is proposed:
Feed fresh water to all processes that have zero inlet maximum concentration

(Head Processes). To calculate the required flowrate use the following:
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o

Lh
mex

h,out

Fr= (4-34)

If no process has zero inlet maximum concentration take the process with the

lowest maximum outlet concentration.

Order the rest of processes in increasing order of maximum outlet

concentration.

Take the first process of the list and apply the maximum reuse algorithm.

Exclude from the list of sources those that violate monotonicity.

Keep applying the maximum reuse rule in this fashion for all the rest of the
processes.

The above procedure satisfies all necessary conditions of optimum

(monotonicity in the outlet concentrations and outlet concentrations at their maximum

values). We now prove that the maximum reuse algorithm leads to an optimal

structure.

4.5

Proof of Optimality

4.5.1 Theorem: The Maximum Reuse Structure is Optimal

Proof:

The proof is by mathematical induction. By construction, it is true for two

processes. Now we assume it is true for n-1 processes and we will prove it is true for
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n processes. Consider first a structure with n-1 processes. By the optimality condition
of monotonicity we know that process » is not a precursor of any of the n-1 first

processes. Consider first an Gverall balance on a structure that contains aii 7 processes.

n-

1
W=2 Fr+Fl =

n

Frpu+F, (4-35)

n-l
t |

L=Y L =

=1 1=

F‘”}ow‘ + F"C"W‘ (4-36)

n n-1
1.out n.out
1

Eliminating £, one obtains:
W=Z, +> F_.«a (4-37)

where Z, = ——

n.out

The optimal water allocation policy for the system with » units

is either,

a) a system where the water allocation for the first n-1 units is a maximum reuse
structure, or

b) the water allocation in the first n-1 processes is such that the fresh water
consumption of these first n-1 processes is larger than the optimum assumed
for these n-1 processes, but leads to an overall smaller fresh water
consumption.

We now explore the two options:
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a) In this case, the theorem is readily proved, as the only water allocation policy

that will minimize F* is the one obtained applying the maximum reuse

algorithm to process »n.
b) Assume that the fresh water consumption of process s is increased,
F*=F"+6" (4-38)
However, if the overall structure is to be optimal, the concentration at the
outlet of process s should be maintained at its maximum. To achieve this, a smaller

amount of wastewater from its precursors has to be used. Thus, the only effect of the

perturbation is to lower the inlet concentration C,, and to decrease the flowrate

through process s (F,). However, in a maximum reuse structure there is at the most

only one precursor (k) that has wastewater sending to process s for which F, < /£, .
The rest are either = F, or zero.

Therefore, to achieve the maximum concentration in process s the following

feasible perturbation must accompany (4-38).

Fo.= F. -J, (4-39)
Accordingly,
F;lr,oul = Flt,vut +5l¢ (4-40)

for some precursor k& of process s. Figure 4-3 illustrates the section of the flowsheet

under study.
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F,
[’;‘w k k., out
F; out
£, x P 5 >
Wastewater from other Wastewater to the
precursorsof s~ receivers of s
Figure 4-3

Maximum reuse structure.

We notice again that the perturbation of these two processes (s and k) is

feasible only if the precursor has wastewater that has not been reused (F, ,, >0). The

other possibility is to reduce the total water flowrate of process &. If process 4 is a
head process, the fresh water intake is already at it minimum, so the perturbation is
also infeasible. Otherwise, to reduce the total flowrate through process 4, the fresh
water intake of some precursor of this process has to be also reduced. This stems from
the fact that a reduction of F* (if there is any) would violate the maximum
concentration at its outlet. As shown above, this needs to be accompanied by an
increase in fresh water intake which leads to the same situation over and over, until
one finds a head process or a precursor for which some of its wastewater is not

reused. We call this, a chain of precursors. Therefore, the perturbation of fresh water

124



intake is infeasible if no process in the chain of precursors has wastewater that is not
being reused.

Notice that

5, =2 (4-41)
ak,x

which can be obtained using a component balance over process s. Thus,

— 1-
F =F -8, +6"=F -5*[ a“] (4-42)
which confirms that £, also decreases. It also shows that the perturbation is feasible if

. I - ak s
andonly if F, , 28| ——|.
‘ ak,s

Because of this perturbation, F decreases, and the rest of the structure

§,0ut

downstream remains unaltered. This statement stems from the fact that a perturbation

of F ,, process r being a receiver of process s, leads to an increase in £,

perturbation we do not want to make because it leads to the same analysis for process
r, as the one we are making for process s.

Thus, the change in fresh water intake is given by:

n-l
AW =T -W =Y, (F o - Fro) = @0, +@,, (67 -5,)  (4-43)

1=
Replacing (4-41) into (4-43) and applying the definition of &, one obtains:

AW =467 (4-44)
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which is positive by definition. This concludes the proof that a perturbation in one
FWU leads to an overall increase in water consumption.

Consider now that F, , =0, and therefore there is a chain of precursors

D =k, k,,---.k,} such that the wastewater of some process k,is not completely

reused that is £,

Irl out

> 0 (Figure 4-4).

Wastewater from precursors of &,

F, —> &, >

ky

Fe k,
v
i:/‘:l kl»lv
Fe k,
F » s 4
Figure 4-4
Chain of precursors of process s.
For this chain, we have:
Fr=Fr+6; k, =k, ks,....k, (4-45)

In addition, since F, ,,, =0, then

out
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and

t ]

— . . (1-a
Fk -T'-i‘k —(5,“_1 +5,: :Fkl —5[:[___‘_

Using (4-47), (4-48) and (4-49)

8, =06, (1-a,.,)

Applying (4-50) recursively and using (41), one obtains:

which is positive. Thus, using (4-37)

AW =6,a, . +AFa,,

Then, from (4-42)
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(4-47)

(4-48)

(4-49)

(4-50)

(4-51)

(4-52)
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Using (4-51) and the fact that o, , > a, ,, one obtains:

AW = 5/:, [a/z,,n - (1 - ak,.:)a-v.n l—l (l Qe ):|

(4-54)

k-1

>5, a,',,[l -(-a,.)]10-a,.. )J

m=k

The last term is positive. Consequently, we have shown that any feasible
perturbation of the proposed fresh water intake of the optimum given by a maximum
reused structure leads to an increase of overall fresh water intake.

To finalize the proof, we now show that the reuse structure of WWUs is
optimal. Consider, without loss of generality that process n-1 is a WWU. Assume also,
that process n is a FWU. Otherwise, if process n is a WWU, then any allocation policy
does not alter the overall water usage. Consider a perturbation of the wastewater
allocation to process (11— 1).

We will show that the perturbation leads to an increase of the fresh water
usage of process n. Figure 4-5 illustrates one generic result of the maximum reuse rule

applied to process n.
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m-1

m

m+1

a1

p —>
n-2 »
""""""""""""""" Figure 4-5

Maximum reuse generic structure for a WWU.

According to the maximum reuse rule, F,..<F,,
F, . =F Vi [m+l,...,p— l], F,,,<F,and F , =0 Vje [p+ l,...,n—2].
Consider now that a feasible perturbation is introduced:
FPJ' =Fp.n —'59
Fp—d.n = 5;"1 (4-55)
>0

We will first prove that increasing the flowrate of a wastewater precursor of

higher concentration (é’P,[) leads to an increase in the flowrate of a pseudo-fresh

water precursor. Thatis &, >0.
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Writing (4-28) before and after the perturbation and subtracting, one obtains:

amrm.n-l - 6prp.n—l + dpolrprl.n—l =0 (4'56)
6mam.n—l - apap_n—l + §p+lap+l_n~l = O (4-57)

Solving for &, as a function of 6 ,,,, we get:

P"l ’

(apﬂ.n—lrp.n—l - ap.n—lrpd,n- ] )

5 =6 (4-58)
P (ap.n—lrm,n—l - am,nrp.n—l )
Using the definition of « and r, one obtains:
max - le‘(
5, =6, ( e m‘j“) (4-59)
(Cp,oul - Cm.mu )

Therefore, in virtue of the monotonicity of the outlet concentrations of the

precursors, &, > 0. By substituting in (4-56), one can verify that 6, > 0.

By construction, the above perturbations would not alter the total fresh water

intake of the network system that includes process n-1. However, if process » is a

FWU and consumes wastewater from process m, then a reduction of available

wastewater of low concentration will in itself increase F£.”. This is straightforward
from (4-15), (4-16) and (4-4).

Q.E.D.

Remark: The above proof only shows that the algorithmic procedure provides

one optimal solution. There are, however, many other solutions of the same overall

fresh water consumption that can be constructed (Chapter 5). This result stems from
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the fact that the maximum reuse policy is a sufficient condition of optimum, not a
necessary one. For example, in the optimality proof we showed that departing from the
maximum reuse policy for WWUs does not always lead to an increase in fresh water

usage.

4.6 Examples

We now show some examples form the literature where the network obtained

using the algorithmic procedure is compared to the reported one.

4.6.1 Example 4-1

This example is taken from Wang and Smith (1994). The system involves four
processes and their corresponding data is given in Table 3-1 from Chapter 3.

We now show how the new design methodology is applied to this problem.
Step 1: Identify Head Processes

Process | is the only process with maximum inlet concentration equal to zero.
Using (4-34), one obtains:

L, 2000g/h
cr= 100 ppm

l,out

=200¢ton/h.

F‘lw

Step 2: Maximum outlet concentration ordering

There are three processes left to order. Those are shown below in Table 4-1.

131



max
out

Table 4-1: Ordering of processes by C

Process cr=
Number
2 100
3 800
4 800

Since processes 3 and 4 has the same outlet maximum concentration, either

one could be listed first.

Step 3: Apply the Maximum Reuse Rules

3.1.  We take the first process of the list (process 2) and apply the rule. We realize
that due to the necessary condition of monotonicity, there are no possible
precursors for this process. Therefore, fresh water is fed to process 2.
Calculating the necessary fresh water intake, we obtain:
F"=500¢t0n/h

3.2. We take process 3 and apply the rules. The maximum outlet concentration of

this process allows us to supply it with wastewater from either process 1 or 2.

Using (4-16), we can write:

. K,Cr ) 37.5-50 - 200 ton/h
B em _(l-a,, )™ T 100-(1-0.875)-50 T
F,=200=F.
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Consequently, we can fulfill process 3 water intake by using process |

only. We now calculate the necessary fresh water intake using (4-4).

F* =K, -F,,a,, =37.5-20.0-0.875=20.0 fon/h

3.3.  Finally, we consider process 4. This process has only one monotone precursor,
which is process 2. Process 3 has wastewater of the same concentration as the
maximum outlet process 4. Therefore, it cannot be used as a wastewater
provider. The outlet concentration of process 2 is lower than the maximum
inlet concentration of process 4, therefore the latter is a WWU candidate (Case
[). Using (4-25), one obtains:

L, _ 4,000
mx _ ™) (800 -100)

4 0ut 2,out

=57143 ton/h < F,

F,, =
2, (

Since F., < F,, process 4 does not require any other water intake to fulfill its

requirements. Consequently, it is a true WWU and the problem is solved.

Finally, we calculated the total fresh water intake that the network requires,

that is:

W=F"+F"+F"=200+50.0+200=90.0¢0n/h.

Both, the water consumption and the network design coincide with those
reported by Wang and Smith (1994). The flowrates and the network obtained are as

those shown in Table 3-1 and Figure 3-8, respectively.
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4.6.2 Example 4-2

The six-process WAP problem proposed by Olesen and Polley (1997)
(Example 3-2) is solved using the Maximum Reuse Algorithm. The obtained water
network system is shown in Figure 3-11. In this flowsheet, all processes have reached
maximum outlet concentration through maximum reuse. All the necessary conditions
of optimality are also satisfied by the solution. The network system obtained by Olesen
and Polley (Figure 3-10) constitutes a degenerate solution.

It is important to point out that, although degenerate solutions provide the
same overall fresh water consumption, they feature larger flowrate through some
processes. The total flowrate through the degenerate solution is 252.857 ton/h
compared to 213.571 ton/h of the maximum reuse structure solution. This represents
an 18.4 % larger total flowrate through the degenerate solution. This situation may

lead to larger equipment.

4.6.3 Example 4-3

Example 4-3 comprises a system of ten processes. This example is not taken
from the literature. Table 4-2 shows the data for this example including all the

minimum fresh water requirements of these processes without wastewater reuse.
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Table 4-2: Data for Example 4-3

Process Mass Load of c Cr Minimum Fresh
Number Contaminant Water Flowrate
(kg/h) (ppm) (ppm) without Reuse
(ton/h)
1 2.0 25 80 25.0
2 2.88 25 90 32.0
3 4.0 25 200 20.0
4 30 50 100 30.0
5 30.0 50 800 375
6 50 400 800 6.25
7 2.0 200 600 3.3333
8 1.0 0 100 10.0
9 20.0 50 300 66.6667
10 6.5 150 300 21.6667
Total Minimum 252.4167
Flowrate (ton/h)

Figure 4-6 shows a solution network obtained using the algorithmic procedure.

Table 4-3 shows all the resulting flowrates and final concentrations of the processes.
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Table 4-3: Solution of Example 4-3

Process Type of F, C. C . | Minimum Fresh
Number | Process (ton/h) (ppm) | (ppm) | Water Flowrate
with Reuse
(ton/h)
1 H 0.0 0 80 25.0
2 I F, =13.8462 25 90 30.4615
3 | F,; =6.3492 25 200 16.5079
4 I F,=11.1538 50 100 25.4273
F,, =23.4188
5 T F, =9.51428 50 800 20.3238
F,; =100
F,s=0.16191
6 wwu F, s =16.6667 300 800 0.0
7 wWwu F,; =1.19047 200 600 0.0
F,, =1.90476
F,, =1.90476
8 H 0.0 0 100 10.0
9 T F,, =14.5397 50 300 38.5460
F,, =269143
10 WWU | £ = 21.6667 150 300 0.0
F; 0 = 21.6667
Total minimum fresh water 166.2665
flowrate (ton/h)
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Maximum Reuse Network solution for Example 4-3.

4.6.4 Example 4-4

Example 4-4 presents a large-scale problem, which contains twenty processes.
Table 4-4 shows the data for this example including all the minimum fresh water
requirements of these processes without wastewater reuse. Figure 4-7 shows the
network system obtained using the algorithmic procedure. Tables 4-SA and 4-5B

contain the network flowrates and concentrations.
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Table 4-4: Data for Example 4-4

Process Mass Load of c™ co Minimum
Number | Contaminant Fresh Water
(kg/h) (ppm) | (ppm) Flowrate
without Reuse
(ton/h)
1 1.0 0 80 12.5
2 2.0 0 100 20.0
3 2.0 0 120 16.6667
4 2.0 25 80 25.0
5 2.880 25 90 32.0
6 1.5 40 90 16.6667
7 3.0 50 100 300
8 4.0 75 120 33.3333
9 40 25 200 20.0
10 10.0 75 150 66.6667
11 8.0 120 200 40.0
12 1.8 200 300 6.0
13 20.0 75 300 66.6667
14 6.5 150 300 21.6667
15 2.0 200 600 3.3333
16 30.0 50 800 375
17 5.0 400 800 6.25
18 7.0 400 500 14.0
19 2.550 600 850 3.0
20 0.6 800 950 0.63158
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The total fresh water that would be required if no reuse were done is
471.88158 ton/h. The minimum fresh water target found through the algorithmic

procedure is 299.35873 ton/h, which means 36.6 % water savings.

Table 4-5A: Processes | through 10 of Example 4-4

Process Type of F C., C.. Minimum
Number Process Fresh Water
m m
(ton/h) (ppm) | (ppm) Flowrate
with Reuse
(ton/h)
1 H 0.0 0 80 12.5
2 H 0.0 0 100 20.0
3 H 0.0 0 120 16.667
4 H 0.0 0 80 25.0
5 I F,s=13.846 25 90 30.462
6 I Fq=125 40 90 15.0
F,, =25
7 | FJ.7 =8.654 50 100 25.705
F,, = 25641
8 I F, =18.667 75 120 17.356
F,y =30.0
F,y = 22867
9 I Fyy =4.762 25 200 18.095
10 I F, ), =200 75 150 40.478
F,,=37.133
F ., =35.722
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Table 4-5B: Processes 11 through 20 of Example 4-4

Process Type of F,; C, C,u Minimum
[ 1] p"
Number Process (ton/h) (ppm) (ppm) Fr fsh Water
Flowrate
with Reuse
(ton/h)

11 I F;,, =16.667 120 200 6.986
Fy,, =48.405
Flon =27.943

12 I/ WWU F,,. =180 200 300 0.0

13 I Flo; =44.444 75 300 44.444

14 T/ WWU Flo.s =43.333 150 300 0.0

15 [/ WWU F, =50 200 600 0.0

16 | Fl. =13.333 50 800 26.667

17 I/ WWU F,,, =6.250 400 800 0.0
Fy,, =6.250

18 [/ WWU Fy, =35.0 300 500 0.0

19 T/ WWU Fi,, =50 600 850 0.0
Fig1p =1.733
Fiy,y =3.467

20 T/ WWU F,,=40 800 950 0.0
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Figure 4-7
Maximum Reuse Network solution for Example 4-4.

4.7 Conclusions
A new method to solve the water allocation problem in refineries and process
plants has been presented. It has been shown through multiple examples that the

procedure always provides the minimum fresh water target and a realizing network.

The design can be performed totally by hand even for large-scale problems.

4.8 Notation

concentration of contaminant, ppm
water flowrate, ton/h

MmN

water flowrate after a perturbation, ton/h
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Subscripts:

in at inlet
out  atoutlet
J process j
P precursors of j
R, receivers of j
Superscripts:

min  minimum

max  maximum

* additional sources
w fresh water
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CHAPTER S
On the Use of Linear Models for the Design of Water Ultilization Systems

in Refineries and Process Plants

5.1 Introduction

This chapter addresses the optimum design of single-contaminant water
utilization systems (WAP problem) by means of mathematical programming. The
WAP problem was formally defined in Chapter 2.

As mentioned in Chapter 1, Takama et al. (1980) used mathematical
programming to solve a WAP problem for the first time. A superstructure of all water
using operations and cleanup processes was set up and an optimization was then
carried out to reduce the system structure by removing irrelevant and uneconomical
connections. The authors transformed the model into a series of problems without
inequality constraints by using a penalty function and finally solving it using the
Complex method.

Doyle and Smith (1997) presented a superstructure optimization where two
cases were analyzed. In the first case, a nonlinear problem is proposed where the
contaminant pickup loads for each water-using operation are fixed. Similarly, a linear
problem is proposed by fixing the outlet concentrations at their maximum allowed
values. The linear optimization problem is only solved to provide the nonlinear

formulation with a feasible starting point.
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Alva-Argaez et al. (1998) presented a solution approach for multicomponent
systems based on mathematical programming. The problem is modeled as a
nonconvex MINLP and then solved using a two-phase strategy. This approach cannct
guarantee optimality.

All the above work constitutes important attempts to solve the single and
multiple contaminant WAP problem. However, each of these methods has either
numerical or some other problems that prevent them from being robust.

The Water Allocation Planning (WAP) problem is usually modeled as a
nonconvex nonlinear optimization problem. In this chapter, we propose an LP
formulation for the optimal solution of the single contaminant WAP problem and a
series of MILP problems to design different network alternatives. The new approach
is based on previously developed necessary conditions of optimality (Chapter 3).

Several examples are presented to illustrate the proposed methodology.

5.2 Targeting

The Water Allocation Planning problem can be modeled as an NLP problem.
We will assume that each water-using unit is characterized by a contaminant load that
needs to be entirely removed and by inlet and outlet maximum concentration

constraints. The formulation of the NLP is as follows:
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M1=Min) F"
J
St
F"+ZFU ZI*/,‘— F,.a=0 YjeN,iecP kcR

Lh
Crnu

h, out

Z (.a.u )—F,'"C,,,,.=0 Vjeil—,iel’J

=0 VYhe H

F‘hw

ZE‘J (q,uul - C},aul)- F*C +L =0 Vj € E, ie 1)}

] Jout ]

ComsCm VieH
Cl.our s Clr?:;r V I € ﬁ
F*F F .20 VjeN

(5-1)

(5-2)

(5-3)

(5-4)

(5-3)
(5-6)

(5-7)

The problem has bilinear terms in those equality constraints where flowrate

and concentration are simultaneously present. However, these bilinearities can be

eliminated using the necessary condition of maximum outlet concentrations, that is,

setting outlet concentrations to their maximum values.

The constraints can now be combined as follows:

Z ( xn::‘l - ]m)_ Fjwcj,m =

C < Cm&‘

Jan

S F(Cr= —cr )= Frem <0

Jan Juan
!
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Z Fi./ (Ct.uu! - Cj,auf )— FJWC]'D,,, + LJ = OL

o
Cl,ouf = C::T:I J (5'9)
SE(Cm™ -Cc™)-F*C™ +L,=0 VjeH,icP,
The resulting problem is:
M2 = Min Y F”
y)
st
Fr+d b =2 F = F =0 VieN,ieP keR (5-10)
i k
w L,
Fr-—2=0 Vhe H (5-11)
Ch,aul
SEem-cm)-Frem <o vjeHicP (5-12)
S F(Cms —cm)-Frems +L, =0 VjeH,icP, (5-13)
FPE o F o 20 VjeN (5-14)

This problem is linear. Consequently, the optimal water flowrate and a
feasible realizing network are both simultaneously obtained. Furthermore, when
setting up the problem, the number of variables can be reduced by not including non-

monotone connections as suggested by the monotonicity necessary condition.
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5.2.1 Example 5-1: Targeting the Fresh Water Usage

To illustrate this, consider the following problem, which involves ten water-

using processes. Table 5-1 shows the limiting data.

Table 5-1: Limiting data for Example on Targeting

Process Mass Load of co cr Minimum Fresh
Number Contaminant Water Flowrate
(kg/h) (ppm) (ppm) without Reuse
(ton/h)
| 2.0 25 80 25.0
2 2.88 25 90 32.0
3 4.0 25 200 20.0
4 3.0 50 100 30.0
5 300 50 800 375
6 5.0 400 800 6.25
7 2.0 400 600 3.3333
8 1.0 0 100 10.0
9 20.0 50 300 66.6667
10 6.5 150 300 21.6667
Total Minimum 252.4167
Flowrate (ton/h)

In this problem, after monotonicity is applied, the number of possible
interconnections reduces from 72 to 40. Table 5-2 shows the results obtained using
LINDO and Figure 5-1 shows the resulting realizing network. The fresh water

savings are over 34 %.
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Table §-2: Solution of Targeting Example

Process F Minimum Wastewater
Number Fresh Water Flowrate
ton/h
(ton/h) Flowrate with (ton/h)
Reuse (ton/h)
1 0.0 25.0 0.0
2 0.0 32.0 0.0
3 F,,=17.14286 15.7143 0.0
4 F, =17.8571 26.4286 0.0
5 F,(=20.0 20.0 40.0
6 F,, =4.16667 0.0 12.5
F, s =8.33333
7 F,, = 4.02857 0.0 1.15714
F,,=129524
8 0.0 10.0 0.0
9 F,, =320 36.80 78.7048
F,,=1120
10 F,,, =18.8286 0.0 33.5710
F,,, =13.0857
Fy o =10.0
Total Minimum Freshwater 165.9424
Usage (ton/h)

It is worth noting that the optimization may render a network that, although
feasible, could require too many interconnections. Moreover, some of them may be
even impractical. For example, the flowrate from process 9 to 7 is only 1.2952 ton/h,

which requires a 15-mm ID pipe, if an economical velocity of 2.0 m/s is assumed. In
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this example, there are a total of 12 interconnections among processes and 24 when
counting connections from the fresh water source to the processes and connections

from the units to the wastewater treatment plant.

F‘]w 1 E,4 N 4 F4 5‘ 5 R
sz Fl 3 T ’4W [:4,9 F4 10 TFSW
— 2 P" > , 9 »
W 29 .[ Fw F‘).?
[‘3 . 3 F‘3,7 9 v , 7 F .
7.6
F \ 6 —
W 3.10
£y 3 Fy 10 R 10 Flos -
Figure 5-1

Solution network for LP formulation of Targeting Example.

5.3 Alternative Solutions

Once the target is obtained, different network alternatives can be sought. To
do that, different objective functions are proposed and the minimum fresh water

usage is added as a constraint. We now consider these different cases.
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5.3.1 CASE I: Minimum Number of Interconnections

The flowsheet obtained in Example S-1 has 12 interconnections (F, ), 7
connections from the fresh water source to the FWU (/") and 5 connections between
terminal processes and the wastewater treatment plant (£ ,,).

In a grassroots design, it would be desirable to minimize the number of
interconnections as a means of reducing piping costs as well as instrumentation.

Therefore, a new model can be proposed where the objective function is no
longer the fresh water consumption but the summation of the number of possible
connections among processes.

The definitions of head process, monotonicity and maximum outlet
concentrations are also applied to reduce the number of variables. The formulation of

the problem follows:

M3 = Mi”[z Y:J +ZYM +ZY/.0]
1, w.J] J.0

st

F}"+ZF,J+§F/',:—FJ_W=O VjeN,ie P ke R, (5-15)

ZFJ‘“ =a where a is the targeted fresh water (5-16)

J

F' - [;n';x =0 (5-17)
Ch,oul

Y F, {Cm -c™)-Frcm™ <0 VjeH,icP, (5-18)
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S F,(Cm -cm )-Frcm, + L, =0 VjeHiecP, (5-19)

1,out J.out "] out

F,-U¥Y, <0 VjeH.icP, (5-20)
F*-UY, <0 vjeH (5-21)
Fo-UY,, <0 vjeN (5-22)
F*.F, F, .20 Vi,je N (5-23)
Y,.Y., ¥, =01 Vi,jeN (5-24)

l.j’ W,j’ J].0

Two new constraints have been added to the problem,

YF'=a (5-25)

]
where « is the optimal fresh water flowrate obtained solving the targeting problem,

and
F,-UY,<0 YjeH,icP (5-26)
which relate the inter-processes flowrates with the integer variables. In these

constraints, number larger than any feasible value of F, (Vi, J). For this problem,

the value of U was chosen to be larger than the targeted fresh water flowrate,
Using this model, three different examples were run. The first one minimizes

the number interconnections among processes, F, ; the second minimizes the

connections between the fresh water source and the processes. Finally, all type of
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connections including those between the processes and the wastewater treatment plant

is minimized.

5.3.1.1 Example 5-2: Minimization of the Number of Interconnections Among

Processes

Consider the same limiting data as in Example 5-1 and its corresponding
target value a =165.9424ton/h. The problem formulation contains only the integer

variablest,,. The solution yields 9 interconnections instead of the 12 previously

obtained for Example 5-1. Since the minimum fresh water usage is the same, this
solution network constitutes a better alternative than the one of Example 5-1. Figure
5-2 and Table 5-3 show the new design network and the results, respectively. The

solution was obtained using LINDO/CIPLEX.

FIW _I—1—L Fi JT] .
FBW TFSW
18 ]
F w 1-‘ P
< 5 F, %.9 9.7 [ -}
2 ? g 7 I
L9 |
F TF9W ‘F10,6
FY 4.9 F
4
JT] 1,10 JWL
Fys Fa,m
3 >
F3w
Figure 5-2

Minimum number of interconnections.
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Table 5-3: Solution of Example 5-2

Process Number F,, Minimum Wastewater
(ton/h) Fresh Water Flowrate
Flowrate with (ton/h)
Reuse (ton/h)
1 0.0 25.0 0.0
2 0.0 32.0 0.0
3 F,;=57143 17.1429 1.1905
4 0.0 30.0 1.4190
5 F =250 15.0 40.0
6 Fios =100 0.0 10.0
7 F,, =6.6667 0.0 6.6667
8 0.0 10.0 0.0
9 F,,=320 36.80 73.3333
F,, =120
F,,=10.0
10 F310 = 21.6667 0.0 33.3333
F,,, =21.6667
CONNECTIONS 9 7 7
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5.3.1.2 Example 5-3: Minimization of the Number of Interconnections Among
Processes and the Connections Between the Fresh Water Source and the

FWU

In this example, we have included the connections from the water source. That
is, the integer variables ¥, have been added to the problem formulation. The
resulting number of connections is 16, 7 of those corresponds to fresh water

connections and 9 to interconnections among units. The flowsheet obtained, Figure 5-

3, and is slightly different to that of Figure 5-2. The solution was also obtained using

LINDO/CIPLEX.
2% F
__.l_—. 1 1.5 T » 5 »
w
Fy! & Fyq
2 7 >
Fio
T F '
, F4J Fg’ o b
ry 4 . F4.10 {10 | N
F4 3 Fs.m I
T ;
Fg* F3¥ Fs,lo]
8 . >
Figure 5-3

Minimum number of fresh water and inter-processes connections.
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Table 5-4: Solution of Example 5-3

Process Number F . Minimum Wastewater
Fresh Water Flowrate
ton/h
(ton/h) Flowrate with (ton/h)
Reuse (ton/h)
1 0.0 25.0 0.0
2 0.0 32.0 0.0
F,,=5.7143 17.1428 1.190
4 0.0 30.0 0.0
5 F5=25.0 15.0 40.0
6 F,,=10.0 0.0 10.0
7 F,, =6.6667 0.0 6.667
8 0.0 10.0 1.419
9 F,,=32.0 36.80 73.333
F,,=11.20
10 F; 0 =21.667 0.0 33.333
F,,, =13.086
F,,, =8.5810
CONNECTIONS 9 7 7

5.3.1.3 Example 5-4: Minimization of the Total Number of Connections

In this case, all three types of connections are considered. The minimum
number of connections, for the given minimum fresh water target, is 22. Table 5-5
shows that, upon optimization, the number of total interconnections was reduced by

one. Figure 5-4 shows the final network for this case.
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Network solution to Example 5-4.

The purpose of solving the same example using different objective functions
is to show how many different alternative flowsheets can be obtained for the same
optimal condition of minimum fresh water usage. When designing, the awareness of
these alternatives is highly advantageous. Another important feature to observe from
these solutions is that, without imposing flowrate constraints the last optimization
removed all negligible streams from the flowsheet. The solution networks for
Examples 5-2 and 5-3 have flowrates lower than 1.5 tons/h, which can be considered
uneconomical. None of them appear in the last solution network. In all the following
examples, GAMS has been used as the equation modeling system and

GAMS/CIPLEX as the MILP solver.
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Table 5-5: Solution of Example 5-4

Process Number F, Minimum Wastewater
Fresh Water Flowrate
ton/h
(ton/h) Flowrate with (ton/h)
Reuse (ton/h)
1 0.0 25.0 0.0
2 0.0 32.0 0.0
3 F,; =6.349 16.508 0.0
4 0.0 30.0 0.0
5 Fs =250 15.0 40.0
6 F;, =4.029 0.0 9.194
F,,=5.166
7 F,, =6.667 0.0 6.667
8 0.0 10.0 0.0
9 F,, =25.651 37.435 74.834
F,,=6914
F, =100
10 F;,, =18.829 0.0 35.248
F,,, =23.086
CONNECTIONS 10 7 5

5.3.2 Case 2: Minimum Fixed Costs

Reducing the number of interconnections is relevant for a cost-effective
design. However, the networks obtained in previous examples do not guarantee

minimum cost but only minimum number of connections. Since not all
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interconnections will require the same fixed capital investment, it seems most

appropriate to minimize the fixed annualized cost.

5.3.2.1 Example 5-5

For this example, without loss of generality, a series of single cost values
representing each interconnection is given as shown in Table 5-6. The columns for
processes 1 and 8 has been eliminated because those are head processes, therefore
they cannot reuse water. These values can be understood as the corresponding
calculations of the annualized installed costs of piping, valves and pumps.

The new objective function can be written as:

ZC,JYM (5-27)
L)

The rest of model (M3) remains the same. The integer variables chosen are the
interconnections among processes and those between processes and the wastewater
treatment plant. The connections from the fresh water source cannot be different than
those previously obtained hence; they have been excluded from the optimization.

The optimal cost is $53,159. The resulting network is shown in Figure 5-5 and

the flowrate values in Table 5-7.
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Table 5-6: Cost data in $/year for Example 5-5

Process 2 3 4 5 6 7 9 10 | WWT
1 2,419 | 2,981 | 3,169 | 3,544 | 3,544 | 3,544 | 2981 | 2,794 | 5,419
2 --- 12,794 | 2981 | 3,544 | 3,544 | 3,544 ; 3,169 | 2981 | 5,419
3 — - -—- | 2,981 | 3,169 | 3,544 | 3,544 | 3,544 | 4,669
4 - | 2419 - |2,794 | 2981 | 3,544 | 3,544 | 3,544 | 4,669
5 e - - - - -—-- o --= | 3,919
6 - - - - - - e - | 3,919
7 - - —- | 2,981 | 2,794 | --—-- e - | 3,919
8 - | 3,544 | --—- |3,169 {2981 (24192794 |2981 | 3919
9 ——-- ---- - | 3,544 | 3,544 | 2,981 | ---- - | 4,669
10 -—-- ---- - 3,544 | 3,544 | 3,169 | -—- - | 4,669

FSN’ FSW
—_— 8 .
‘_J F;“)’ 1 Fr)'-y r—1
> 9y -]l 17 .
F.,W E&? Fgw v >
2 F,
. Y
T j:F_;w i 3”' Fis
Foo Fyso P 16—
10,6

Figure 5-5
Solution network for minimum fixed cost example.
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Table 5-7: Solution of Fixed Cost problem

Process Number F,, Minimum Wastewater
Fresh Water Flowrate
ton/h
(0™ | Flowrate with | (ton/h)
Reuse (ton/h)
1 0.0 25.0 0.0
2 0.0 320 0.0
3 F,,=5714 17.143 0.0
4 F,,=320 26.80 0.0
5 F, =250 15.0 40.0
6 F,,=4.028 0.0 9.194
F,s=5.166
7 F,, =6.667 0.0 6.667
8 0.0 10.0 0.0
9 F,,=300 40.0 73.333
F,,=10.0
10 F,,, =18.829 0.0 36.749
F,,, =23.086
CONNECTIONS 10 7 5

5.3.3 Case 3: Forbidden / Compulsory Matches

It is quite often found that connections between certain processes are not
allowed or must be imposed due to design or retrofit strategies. For example: heating
and/or cooling limitations may render certain connections beneficial or undesirable;

low flowrate interconnections, typically below 2.0 m’/h, may be discarded due to
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economical or controllability reasons; finally, distance and space limitations may

become decision variables as well.

When imposing such restrictions to any of the previous cases we can expect
either feasible or infeasible solutions. The infeasibility may arise because no network
can be found for the fresh water flowrate fixed at its minimum target.

Two example problems are presented below.

5.3.3.1 Example 5-6
This problem is a variance of Example 5-4 where a forbidden match between
processes 2 and 3 (Y,, =0), and a compulsory match between processes 4 and 3

(Y,; =1) are imposed. Figure 5-6 and Table 5-8 show the new realizing network and

the obtained flowrates, respectively.

ke F
.—l._, 1 L3 > 5 —
TF;W Foa .
FW - g 7 >
__2_._, 2 Fag R R
N I 9 F v
F, 49 F 9w - 6 ——
F4w Fa3
4 3
Fiso TF3W Fi
" 10 >
Fg . Fy 10
Figure 5-6

Solution network for Example 5-6.
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Table 5-8: Solution of compulsory matches, Example 5-6

Process Number F,, Minimum Wastewater
. Fresh Water Flowrate
/h
oo™ | Fowrate with |  (ton/h)
Reuse (ton/h)
1 0.0 25.0 0.0
2 0.0 32.0 0.0
F,;=5714 17.143 0.0
4 0.0 30.0 0.0
5 F =250 15.0 40.0
6 F,, =4.028 0.0 9.194
F,e =5.166
7 F,, =6.667 0.0 6.667
8 0.0 10.0 0.0
9 F,,=320 36.80 68.168
F,,=11.20
10 F,,, =18.829 0.0 41914
F,,, =23.086
FH.XO = 10.0
CONNECTIONS 10 7 5

5.3.3.2 Example 5-7

Example 5-7 illustrates the increase in fixed costs when no process is allowed
to send wastewater to more than two processes (including wastewater treatment

units).
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Reducing the number of stream splitting makes the system easier to control.

This is accomplished by adding the constraint ZY,_ , $2Vie N . The new fixed cost
J

is $53,534 that is, only 0.7 % higher than the optimal. Figure 5-7 and Table 5-9 depict

the corresponding network and flowrates, respectively.

R 2

1 = T% 5 >
st
FyY £ 5 E3 F 1 £
il 2 > FY 3.10 ] ) 6 l—
F2.9‘ 3 F4’][) A ﬂ0,6
I 4 110] >
F4w F
4.9 4 7 .
Fy,q
¥ 9 >
Fg¥ F FY
—{g =
Figure 5-7

Solution network for Example 5-7.
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Table 5-9: Solution of fixed cost with limited stream splitting

Process Number F y Minimum Wastewater
Fresh Water Flowrate
ton/h
(ton/h) Flowrate with (ton/h)
Reuse (ton/h)
1 0.0 25.0 0.0
2 0.0 32.0 0.0
3 F,;=5714 17.143 00
4 F,, =320 26.80 0.0
5 F,=250 15.0 40.0
6 F,, =4.028 0.0 9.194
Flos =5.166
7 F,, =6.667 0.0 6.667
8 0.0 10.0 0.0
9 F,, =300 40.0 73.333
F,, =100
10 F;,, =18.829 0.0 36.749
F,,, =23.086
CONNECTIONS 10 7 5

5.4  Use of Degeneracy

Although the previous examples provide different alternatives, they are all
build assuming that the outlet concentrations are at their maximum values. There are,
however, solutions to the problem that satisfy the target minimum fresh water usage,
but have outlet concentrations lower than their maximum. These cases are considered

by the corollaries of the necessary conditions of optimum (Chapter 3). We will use

164



the existence of these degenerate solutions to reduce the number of connections even
further.

Consider the example problem proposed by Olesen and Polley (1997). The
limiting data is shown in Table 3-3.

The authors solved this problem by inspection and proposed the network

solution illustrated in Figure 5-8. The reported fresh water target is 157.14 ton/h.

F* =400
1 —> 5 >
F =500
2 —>» 6 ———>
F*=50.0
> 4

Figure 5-8
Design network proposed by Olesen and Polley.

From Figure 5-8 it can be observed that process | is consuming 15.0 ton/h
more fresh water than the minimum required to pickup its entire load. As a
consequence, its outlet concentration is 50 ppm instead of its possible maximum of 80
ppm. Therefore, Olesen and Polley solution can be understood as a degenerate

solution. Its equivalent is the same network where process 1 reaches its maximum
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outlet concentration and F|* =25.0, F(* =15.0, with the rest of the values being the

same. The wastewater produced by process 1 would be at 80 ppm.

Figure 5-9 shows a design network obtained when applying the LP targeting
model. One can explore degenerate solutions where the fresh water intake of either
process 3 or 4 is eliminated. Consider we want to eliminate the fresh water
connection to process 3. In this case we will need wastewater available at 25 ppm
which is the maximum inlet concentration allowed for process 3. To do that, the fresh
water intake to process 1 should be increased to 80.0 ton/h. The minimum necessary
reuse between units land 3 can be calculated to be 22.8571 ton/h. The remaining
wastewater at process 1, 57.1429 ton/h, can then be sent to process 4 reducing its

fresh water needs to 7.1428 tonvh. Thus, a new equivalent and feasible network can
be obtained by increasing F,”, reducing F.” and eliminating £;". The alternative

flowrates are shown in Figure 5-9.

y -r..-ean - 4 -r‘_-au'] -
PR Ire e1s m ) Fae ol 68 Lry-a0 Wy
TS - LIy BN
St W —> f,eT 14
\ FLe00 Y r.,-wo
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‘;___) \;___)
LAREL N -0
. i > 5 >
Figure 5-9

LP design network for the Olesen and Poliey problem with degenerate alternatives.
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In conclusion, one can always explore degenerate alternatives once the LP
model network has been obtained and by applying the corresponding corollary of the

necessary conditions.

5.5 Conclusions

A method to solve the water allocation problem in refineries and process
plants using linear programming has been presented. It has been shown through
multiple examples that the problem has several alternative optimal solutions,
including degenerate cases where flows of water through the processes are larger than
the minimum needed. Forbidden and compulsory water transfers from one process to
another have also been solved. These findings have important consequences for the
design and retrofit of water utilization systems, as it provides a tool to obtain several

alternative solutions.

5.6 Notation

fixed cost of interconnection, $/year

C concentration of contaminant, ppm
F water flowrate, ton/h

L contaminant load, kg/h

N this set includes all water-using units
H this set includes all Head Processes
Subscripts:

in at inlet

out  atoutlet
J process j

Superscripts:

min  minimum
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max  maximum
w fresh water
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CHAPTER 6

Energy Efficient Water Utilization Systems in Refineries and Process

Plants

6.1 Introduction

The influence of heat integration on the solution of the WAP problem has been
ignored for a long time. Savelski and Bagajewicz (1997) first studied the problem
pointing out the existence of a trade off. The design of an energy-efficient WAP was
attempted by Savulescu and Smith (1998). They used a graphical procedure that does
not seem suitable to be applied on all possible cases.

This chapter introduces a novel approach for the design of water utilization
networks featuring minimum freshwater usage and minimum utility consumption. The
procedure is based on a linear programming formulation, which relies on necessary
conditions of optimality, and a heat transshipment model. An LP model is first used to
obtain minimum water usage and minimum heating utility target values. Once the
energy and water targets have been identified, an MILP model is constructed. This
model, which accounts for non-isothermal mixing, provides the information needed to
construct the water reuse structure as well as the corresponding heat exchanger

network.
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6.2 Problem Statement

Given is a set of water-using/water-disposing processes which required water
of a certain quality and temperature. It is desired to determine a network of water
streams interconnections among the processes, and design a network of heat
exchangers between these streams, such that the freshwater usage and energy
consumption are simultaneously minimized. The water minimization provides the
processes with water of adequate quality, dictated by the given inlet and outlet
concentrations limits, while the minimum energy consumption efficiently integrates the

heat exchanger network.

6.3  Two Stage Approach

Savulescu and Smith (1998) presented a method based on the following steps:

6.3.1 Stagel

1. Obtain a water allocation network maximizing the energy transfer by mixing.
The authors propose to use a two-dimensional grid diagram and the concept of
water mains. This diagram allows them to identify heating and cooling duties
graphically.

2. Apply certain re-use rules. These rules suggest starting the reuse structure
from the hottest source, connect processes near in temperature, and use non-

isothermal mixing.
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6.3.2 Stage2

1. Construct the energy composite curves and identify the minimum utility.

2. Assume all the freshwater being sent to the processes as a single stream. Also,
assume that the wastewater being sent to treatment is going to be merged
appropriately.

3. Apply a set of splitting rules to obtain vertical matching of the composite
curves portions.

The method is in reality a sequential procedure that makes use of certain
heuristics in the first stage to obtain a network of process-to-process interconnections,
such that the indirect heat exchange structure might feature minimum utility.

However, these rules cannot guarantee that the resulting structure is optimal.
Moreover, the notion of connecting processes close in temperature may clash with the
fact that monotonicity of outlet concentrations should hold (Chapter 3). In the
illustration of the second stage, the authors assume that there are no process-to-
process wastewater connections requiring heating or cooling in a heat exchanger. This
allows them to introduce the so-called separate systems. There are, however,
processes where indirect heating or cooling of process-to-process streams is needed.
The method of separate systems proposed does not address this case. Finally, to build
the heat exchanger network, it is assumed that the wastewater streams are merged and
sent to treatment. If one wants to send these streams to water treatment individually,

at the least the concept of separate systems has to be re-formulated.
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Savulescu and Smith (1998) proposed and solved an example that will be used
in this chapter to illustrate the features of our procedure. The data for this example is

given in Table 6-1 and their proposed solution is illustrated in Figure 6-1.

Table 6-1: Example data from Savulescu and Smith (1998)

Process Mass Load of cr cm Temperature
Number Contaminant ©C)
(g/s) (ppm) (ppm)
1 2 0 100 40
2 5 50 100 100
3 30 50 800 75
4 4 400 800 50
Temperature of fresh water 7, = 20°C
Temperature of wastewater 7, =30°C
40°C
A 50°C
T 75°C
i T
4 s 2 H
l_ 100°C
20°C 30°C ~ 40°C~  65°C| ~  90°C o |17°c
30“Ci 40°C :Lr 50°C :Lr 75°C I .
A o/ ./ 3 ./ -
Figure 6-1

Solution network proposed by Savulescu and Smith (1998).
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6.4 Minimum Fresh Water Targeting

The LP formulation for the Water Allocation Planning problem was presented
in the previous chapter. First, an NLP representation, M1, was proposed. Then, after
applying the necessary conditions of maximum outlet concentrations, problem M1 was
linearized to yield problem M2.

Figure 6-2 shows the water network obtained using M2 for the problem

proposed by Savulescu and Smith (1998).

F* =200
> 1 » 3 —>
Fy =20.0
F)' =500 F,,=5714

(8
A 4
+

Figure 6-2
Water targeting of the problem proposed by Savulescu and Smith (1998).

6.5  Minimum Utility Targeting

I[n Chapter S, it was showed that problem M2 has several alternative solutions
with the same water consumption. They exploited this property to find different
networks featuring forbidden and compulsory matches, minimum number of
interconnections, or minimum fixed cost. Furthermore, the degeneracy of this problem
can be used to obtain the set of interconnections that feature minimum freshwater

usage and minimum utility consumption simultaneously.
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Once problem M2 is solved, a target for minimum freshwater usage is
obtained. In order to obtain the minimum heating/cooling utility, this freshwater usage
is to remain fixed. Moreover, the water interconnections corresponding to this target
can be ignored, as one is seeking a new set of interconnections, which features
minimum-energy consumption while following the freshwater target found.

To build the model we consider the use of a Pinch Operator and a simplified
version of the state-space representation of this problem, an approach proposed by
Bagajewicz and Manousiouthakis (1992). This model was later used for heat
exchanger networks and combined mass and heat exchange networks (Bagajewicz et
al., 1998). Figure 6-3 shows a state-space representation of the problem. A
freshwater stream enters the distribution network where it is split and is sent to several
junctions.  These junctions also collect wastewater coming from processes
(represented by the pollutant operator) and from heat exchangers (represented by a
pinch operator). In turn, the pollutant operator has for this case the form of a
superstructure operator (Bagajewicz ef al., 1998), that is, each of the junctions is
connected to each of the process. This is schematically shown in Figure 6-4. Process

streams transfer pollutants to the water.
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State Space Representation of the problem.
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Several models can be used to iepresent the pinch operator. Bagajewicz and
Manoustouthakis (1992) proposed an MILP model that makes use of integers to take
into account the varying position of the inlet and outlet temperatures and flowrates. In
our case, however, inlet and outlet temperatures can be considered fixed. This can be
justified as follows. Assume that streams mix when they achieve their target
temperature only. This means that the mixing junctions connected to the pinch
operator receive a single stream coming from a process junction. This is illustrated in
Figure 6-5 and the corresponding flowsheet is shown in Figure 6-6. Only one side of
the heat exchangers is shown at each heating and cooling point.

Wastewater to Process Streams
treatment L

{
N4 d
‘/

~

~

o/

Process Junctions

- L

Fresh %% % %
Water

Figure 6-5
State Space Simplification for mixing streams.
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Figure 6-6

Traditional flowsheet representation of Figure 6-5.

The traditional version of the pinch operator considers indirect heat transfer

only. Direct heat transfer, coming from mixing of streams can be represented by the

same model. Consider a hot and a cold stream (4, and C), respectively). Figure 6-7(a)

shows the transshipment model cascade diagram obtained by the classical approach of

indirect heat transfer. In turn, Figure 6-7(b) considers that 4, and C, have been mixed.

The remaining stream C, is using the same amount of heating utility than in case a.

Consequently, the assumption that mixing is taking place does not alter the

result of the targeting problem. All this is possible because the hot and cold streams

that mix have the same target temperature.
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(a) (b)
Figure 6-7

(a) Indirect heat transfer (no mixing). (b) Mixing of hot and cold streams.

In view of the previous analysis, the state space representation of the process
can be simplified, eliminating splitting-to-mixing connections, maintaining the
connections shown in Figure 6-6 only. The pinch operator has now fixed inlet and

outlet temperatures and varying flowrates. Figure 6-8 shows the new situation.
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Figure 6-8
Eliminating splitting-to-mixing connections.

The complete model to obtain the heating utility target is the following:

M3=Min( ZQ,,J (6-1)
whe HU
st
Zl;‘jw:a (6-2)
7
+> F, Z F .=0 VjeN,icP keR, (6-3)
w Lh
Fy - =0 Vhe H (6-4)
Cro
>, -cm)-Frem <o _
‘ VieH,icP 6-5
S F (Cm —Cm )-FrC™, +L, =0 JEAIEN (&3}

1
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5'!.! _6h.(t—l) + ZVh_uy,r + ZVh.rs,t + ZVth,l = Qh L= th

(w,))eDW, (r.s)XD, (k,u)eDE, Yhe HU (6-6)

Ot = Opr) + ZV;W,: + LVh.rs,: + ZVh,ku,l =0 12y,
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Vet Ve |

he HU, (w.1)eSW,
. out V(k,u)e DE, VteT (6-12)
+ prq.ku.r =F"c, (I, -T)
(poaiS,
Z’/‘VJ.C,I + Zqu.c.t + ZVIm_c,[ = Qc vc € (“U! v’ € T (6- 13)
(w, ) SW, (p.q)eS, (k.u)eSE,
F* F F™3V,020 (6-14)

The model minimizes the heating utility and uses a fixed amount of freshwater
(o), obtained by minimum water usage targeting. The proper degenerate set of water
interconnections is found by the inclusion of the sets of constraints (6-3 through 6-5).
Finally, constraints (6-6 through 6-14) consider the transshipment model

representation of the Pinch operator.

6.5.1 Illustration

Note that, the example from Savulescu and Smith (1998) is such that the target
temperatures can be achieved using mixing. Figure 6-9 shows the water network
obtained solving the minimum utility targeting model M3. Note that the water network
differs from the solution obtained using the water allocation problem M2. Another
important observation is that the utility targeting model produced a non-monotonous
network-interconnection between processes 3 and 4. Since the outlet concentrations of
streams 3 and 4 are equal, the connection (although feasible) contributes nothing to

the water requirement of process 4. It presence responds to an energy need only.
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>
F" =20.0 T F,, = 2.381
‘ <L —x - 4 >
F,,=3.333
4 F,,=4.286
F” =50.0 F,,=20.0
2 3 >
TF.' =20.0
‘;
Figure 6-9

Water network for Savulescu and Smith example obtained using M3.

The heat-targeting model is useful in providing one of the feasible water
networks that realizes the minimum heating utility. This minimum utility can also be
predicted for certain cases in a more straightforward manner using the following
equations:

HU = a ¢, Max{T,, - T,,AT,,.} (6-15)
CU = a ¢, Max{AT,,,, ~(1,,,~ T,,)0} (6-16)

For illustration, consider one process. The T-H diagram for this case is given is
Figure 6-10. Notice that two cases are immediately apparent.

a) T.-T,2AT : Inthis case, the problem is unpiched and the heating utility is

given by (6-15). Figure 6-10(a) illustrates this case.

b) T —-T <AT_ : In this case, vertical alignment on the left is not possible

out n min

(Figure 6-10 (b)). The heating and cooling utilities are given by (6-15) and (6-

16) respectively.
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HU HU

Tl m|cu

v
v

(a) (b)
Figure 6-10

(a) Heating utility required only. (b) Both type of utility are required (6-15) and (6-16) apply.

For processes in which water undergoes continuous heating to a certain
maximum temperature and this is followed by cooling, the previous result holds.
Indeed, consider the case where no heat transfer occurs through mixing. That is, water
is always being heated up, being pass through the processes a mere accident. This is

shown in Figure 6-11.

Fresh Heating

Water P

- \ [ . J

i l > J ————»l

Cooling * Cooling

Figure 6-11
Water is always being heated up as it moves through the network.

One can immediately recognize that mixing is another way of heat transfer, and

therefore, covered by the above scenario. Thus, the following consideration follows:
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when all the wastewater has to reach the same outlet temperature, the heating and
cooling utility is given by (6-15) and (6-16).

In the example solved above, F* =90.0kg/s, c,=42kW/kg 'C and

TY ~TY=10"°C, which gives 3,780 kW. Any unrestricted feasible alternative

out 1

solution of the water allocation problem M1 will in fact consume the same amount of
utility regardless of the individual temperatures of the processes.

When water undergoes cycles of heating, followed by cooling at least one time,
the above formulas may not hold. Consider the case of the problem given in Table 6-2.
The solution is given in Figure 6-12. The 7-H diagram is shown in Figure 6-13,
revealing that this is a pinched problem. Water from process 1 has to be used to heat
up water going to process 3, and there is a limitation imposed by minimum

temperature approach, which raises the minimum utility.

Table 6-2: Water undergoes cycles of heating

Process Mass Load of | C* Cmx | Temperature
Number Contaminant ©C)
(g/s) (ppm) | (ppm)
1 5.0 50 100 100
2 30.0 50 800 75
3 50.0 800 1,100 100
Temperature of fresh water 7, = 20°C
Temperature of wastewater 7, , =30°C
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2 F—

F,,=11.688"
F" =50.0 1 Fo=21.213 F,, =138.961
v Fa=38302
3 —>
Figure 6-12

Water network solution to heating cycles example.

v

Figure 6-13
T-H representation of water streams of Figure 6-13.

Moreover, the use of equations (6-15) and (6-16) is not valid for the case in
which one or more of the wastewater streams are sent to different treatment units and
those units require different operating temperatures. This is illustrated using a modified
version of the problem from Savulescu and Smith (1998). Consider the new

temperature data given in Table 6-3.
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Table 6-3: Modified example data for Savulescu and Smith (1998)

Process Temperature WWT
Number (°C) Temperature
CO)

l 40 30

2 100 60

3 75 40

4 50 30

Temperature of fresh water
T, ,=20C

This problem has the same fresh water target than the original formulation.
However, the minimum heating utility is now 8,520 kW. Figure 6-14 shows the

resulting water network.

F" =200 o
> 1 >
Fy oy = 24.286 >
F =50.0 F,,=5.714
2 > 4
F,, =200
3
F*=20.0
Figure 6-14

Different wastewater discharge temperatures.
A compulsory match between processes 1 and 3 is now imposed to reproduce
the water network structure proposed by Savulescu and Smith (1998) (Figure 6-1).
Figure 6-15 shows the resulting water network. The heating utility of the

corresponding heat exchanger network is 11,040 kW.
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F,, =15.238 Tﬁ 3 >
F"=20.0 F"=20.0

1

F,, =4.762

F,, =4.762

Fy" =500

Figure 6-15
Savulescu and Smith network structure with different wastewater discharge temperatures.
This example clearly shows that a two-stage approach in which target
temperatures are forced by mixing can actually lead to a much larger heating utility
than needed. Therefore, the problem needs to be solved considering the water and

heating utility targets, simultaneously.

6.6  Heat Exchanger Networks

Once the minimum utility target is obtained, a heat exchanger network can be
constructed. If one uses the process-to-process flowrates and utility targets obtained
form the previous steps, the problem reduces to a classical heat exchanger network
design. However, one may decide to leave the constraints corresponding to the
flowrate connections and build a generalized heat transshipment model. As this model
is solved, new process-to-process connections and flowrates are chosen helping thus
to achieve a lower capital investment target. The problem can be written in compact

form as follows:
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M4=  Min {Number of Matches}
St

Flowrate constraints
Heat Balance constraints
Constraints counting matches

In this formulation, the objective function is given by:

Y, + SVin +

vhe HU /(w, 1) DW vhe HU v(rs)D

Z Yw;,rs

T w. e SW 1(r.s)eD;jes

Zypq.w +

7(p.g)S.v(w)eDq*j

Z qu,»] +

7(k,u)eSE v(w,))eDW

( PR

vhe HU v(k.u ) DE

SV +

(w, ) ) SW,7(k u) DE

Z qu.'-‘ +

V(p.qXS I(rs}kD; qrs

DVYer +

7(k.u)eSE,7(r.5)eD

+ 2l

2w, j)eSW TecCU

ZYI"I-"" +

7(p.q)eS .7k u)cDE

Zqu,c

7(k.u)eSE, veeCU

+

Min =
+

+

\

7 p.g RS vecCU

(6-17)

2V

The flowrate constraints are given by (6-3) through (6-5), and the heat balance

constraints are given by (6-6) through (6-14). The following target

Zthﬁ

“he HU

constraint is added.

(6-18)

Finally, the following constraints used for counting heat matches are.

N

ZVh_w ~U, ¥y <0 VYhe HU ;Y(w, j) e DW
teT
ZV,W -U, .Y, <0 VYhe HU ;¥ (r,s)e D

teT

ZVh.ku.r _(/h.kuYh.lm <0

el

Vhe HU ;Y (k,u)e DE
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Zpuym( wj.rs w'rr—O
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Z wydut w fu wlm =0
teT
Z w.el wc »7!- <0
teT

- <
ZVP‘L“?J qu.»yypq.w <0
teT
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teT

thlcl Uku.cqu.c SO

teT

F*.F F™0V,020

IR WE

Y €{0,1}

]
Y(w, e SW ,Y(r,s)eD; j=s

Y(w, j)e SW ;Y (k,u)e DE (6-20)

V(w,j)e SW ;Yce CU

Y(p.q)e S ;Y(w,j)e DW ;q = j)

V(p,q)e S, V(r,s)eD ;q=s

(6-21)

V(p,q)€ S,/ V(k u)e DE

V(p,q)e S Vce CU

V(k,u)ye SE ;¥ (w, j)e DW

V(k,u)e SE ;Y (r,s)e D > (6-22)
V(k,uye SE ;Yce CU

(6-23)
(6-24)

Thus, the heat transshipment part of this model is again an extension of the

model presented by Papoulias and Grossmann (1983) that considers variable flowrates.

A few modifications have been introduced. First, the heat exchange between streams

that are fed to the same process (F,' ,and ;) is not counted as a match. Therefore,

the integer variables associated with a match between streams that can be mixed do

not exist.
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The above model may count heat exchangers twice. Consider the case of two
streams going to the same process. Assume the solution obtained by the model shows
that each of these streams matches (exchanges indircct heat) with the same cold
stream. This situation is presented in Figure 6-16, while Figure 6-17 shows two
alternative possibilities. In Figure 6-17 (a), the hottest stream matches with the cold
stream in the lowest interval. Therefore, one can assume that the two streams can
merge before matching in a single heat exchanger. In Figure 6-17 (b), the hottest
stream realizes heat transfer in the highest interval, and even if merging of streams

occurs, two heat exchangers are needed.

T,=100 T,=70

> | — > 3 >
7,=90

> 2 —)

T,=30 T;=90

» 4 ﬁ(} » 5 >

Figure 6-16
Two cold water streams going to the same process exchange heat with a unique hot stream.
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e — e —{— e —f— -

RIS PSR PR ———— S R L k] R

(a) (b)
Figure 6-17

(a) Heat exchange between H, and C, occurs at a lower temperature interval only. (b)
Heat exchange between H, and C, occurs at higher and lower temperature intervals.

Fortunately, this situation if it is accounted by a revised model will not lead to
a different solution, except in the matches between these three streams. The rest of the
network is not altered by this. Therefore, instead of developing a new model, these
situations can be identified after the solution is obtained and the merging can be

performed.

6.6.1 [Illustration

Now, the heat transshipment model is applied to the problem proposed by

Savulescu and Smith (1998). Figure 6-18 shows the resulting water network. The
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problem has no pinch and the objective function value is 7. Therefore, a heat
exchanger network featuring only 7 heat exchangers is obtained. Figure 6-19 shows

such network and Table 6-4 lists all 22 matches obtained by the model.

Fy=15238 A K T > 3 >
F"=20_ | F"=200
F,=4.762 ! X » 4 >
F,, =4.762 F,,=0.952
Fr =50.0
2 —>»
Figure 6-18

Water network obtained using M4 in the problem proposed by Savulescu and Smith.

Py~ 44286 kg/s | 100.0°C P00k | 750°C
y
8 2¥6 2303 ¥ BY
40 0°C
«—
88 44°C
2742
100 °C 82,0} H Fr
3780 50.0 kg
B/S
Hb' 6@
™~
640 \ 1798
75.0°C P51 kg/s Fr
] ——
20.0 kg/s
480
l 30.0°C l 30.0°C 30.0°C
Figure 6-19

Heat Exchange Network obtained using M4.
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Table 6-4: Matches obtained using M4 in the Example problem

Hot Stream Cold Stream Temperatures Heat Load
of Intervals (°C) (kW)
From To From To In Out
Process | Process Process Process
2 wwt Fw 2 30 40 1,260
2 wwt Fw 3 600
3 wwt Fw 1 840
3 wwt Fw 2 840
4 wwt Fw 3 240
2 wwt Fw 2 40 50 1,260
2 wwt Fw 3 600
3 wwt Fw 1 840
3 wwt Fw 2 840
4 wwt Fw 3 240
2 wwt Fw 2 50 60 420
2 wwt Fw 3 840
2 wwt 1 3 600
3 wwt Fw 2 1,680
2 wwt Fw 2 60 75 630
2 wwt Fw 3 1,260
2 wwt 1 3 900
3 wwt Fw 2 2,520
2 wwt Fw 2 75 85 2.100
2 wwt Fw 3 840
2 wwt 1 3 240
2 wwt Fw 2 85 100 1,470

6.7  Merging of Streams

The models previously presented do not consider the fact that the fresh water
is coming from a unique source. Moreover, the freshwater to be sent to different
processes can be progressively heated up in a set of exchangers at the exit of which
splitting to feed the processes can take place. The network already presented in Figure

6-1 accounts for these observations. To achieve such a structure, the heat
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transshipment model was run allowing only for direct heat exchange (non-isothermal
mixing) and indirect heat exchange between the fresh water inlet and wastewater

streams. The water and heat exchanger networks are shown in Figures 6-20 and 6-21

respectively.

»
»

F” =200 F,, =574
1 > 4 >

FI.J =4.0 FL‘ = 2286
Fy =50.0 Fiy=16.0 O
2 > —> 3 >
TF_," =20.0

A
»

Figure 6-20

Water network obtained using M4 in Savulescu and Smith problem but allowing for
direct heat exchange only.
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P,=340 } 100°C P,=37.714 P, =80 P,10.286

y  / Yy
750°C 50.0°C 00°C
5714 17755
00°C \ Fr
1,680 | @——
/ 200
f 20046
\s,zzo }
_/
100 0°C 32 0°(] 2581 Fy
4—@: fa;:\ :
N N 00
HU

&

fmb 1755

N
62.0°C Fr
7 *200
o)}

v 0 [ v 30 e ¢ oo j/”m o

Figure 6-21
Heat Exchanger network of system of Figure 6-20
Consider the following merging procedure (Figure 6-22). The total heat load
exchanged by the streams has been redistributed among the temperature intervals in
which it is exchanged. Consequently, a structure with only four heat exchangers and a

heater is obtained.
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P,~10.286 | 00°C

_ 38857°C

N

0.8744 19.1256

P,=37.714 | 750-C
F g =90.0 kg/s

joueC

100 0°C

F,=90.0kgs

100 0°C 82 0°C

Fr =500

00°C

22951

HU

17.7049

1
]

K" =200 Fr =200
Ho°C

Figure 6-22
Merging.

Subsequent manipulations can be performed to reduce the number of

exchangers even further (Figure 6-23).

F,,=90.0 kg/s

30.0°C

500°C  48.857°C

F,=90.0 kg/s

38.857 °C

19.1256

0.8744
2.2951

F" =200 Fr =200
400°C 62.0 °C
Figure 6-23

Four heat exchangers solution network.
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Finally, an alternative solution with four heat exchangers is presented in Figure
6-24. This network is a simplified version of the previous one since it features a single
split in the outlet stream of process 3 instead of drawing fresh water at different
temperatures and mixing them to provide processes 1 and 3. Therefore, the solution

proposed requires less number of connections and is easier to control.

16.0 21714

F . 90.0kgs

ol

100.0°C 30.0°C

92.0°C 51434°C  500°

100.0°C
Fr =500

F,=90.0 kgs

Fyr =200 F” =200

Figure 6-24
Alternative design for the four-heat exchangers network.

Remark: This merging procedure is not systematic and has been introduced to
show that a structure of far less complexity than the one obtained by the two-step

procedure suggested by Savulescu and Smith (1998) is possible.
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6.8  Compulsory and Forbidden Connections and Matches

Forbidden connections and heat exchange matches can be obtained by simply

setting the flowrate F,, to zero or the heat transfeired V,,,=0. For compulsory matches

one could resort to the introduction of constraints of the type £, 2F""" and/or a similar

one for heat transfer. However, this may lead to an infeasible problem if such
connection prevents the structure to achieve the targeted freshwater usage. This is the
case when a connection between two processes that do not satisfy monotonicity is
imposed. In such cases, one needs to go back to the fresh water-targeting model and
solve it again with the desired compulsory connection. However, instead of resorting
to minimum values to force a match one may want to impose restrictions on low flows
or heat loads in heat exchangers. This is accomplished by introducing the following

constraints for flowrates.
A4
A 6-25
SO} (6:25)

Similar constraints can be written for heat loads interms of ¥, and /] .

6.9  Iustration of the Method for a Large System
Consider the system of eight processes. The limiting data and required water

temperatures are shown in Table 6-5.
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Table 6-5: Data for an eight-process Example problem

Process Mass Load of cm Cmx Temperature
Number | Contaminant o
(&s) (ppm) | (ppm) ¢
1 2.0 25 80 40
2 2.88 25 90 100
3 4.0 25 200 80
4 3.0 50 100 60
5 30.0 50 800 50
6 5.0 400 800 90
7 2.0 400 600 70
8 1.0 0 100 50
Temperature of fresh water 7, = 20°C
Temperature of wastewater 7, =30°C

Table 6-6 shows all the resulting flowrates and final concentrations of the
processes. The heating utility and number of matches obtained are 5,289.6 kW and 12,

respectively.

199



Table 6-6: Solution of Eight-process Example

Process F, C, C.. Minimum
Number Fresh Water
(kg/s) (ppm) (ppm) Flowrate with
Reuse (kg/s)
1 0.0 0 80 25.0
2 0.0 25 90 32.0
3 F,, =6.022 25 200 16.541
F,, =029
4 F, =15277 50 100 24 969
F,, =19.754
5 F=9723 50 800 17.433
F,, =6.224
F,, =4926
F,s =1.694
6 F,s=4.444 3154 800 0.0
Fy ¢, =5.873
7 F,,=2222 150 600 0.0
F,,=2222
8 0.0 0 100 10.0
Total minimum fresh water 125.943
flowrate (kg/s)

6.10 Conclusions

A new method to obtain energy-efficient solutions to the water allocation
problem in refineries and process plants has been presented. The method relies on two

sequential LP problems to obtain the freshwater usage and energy consumption
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targets. An MILP transshipment model formulation allows the building of the
corresponding heat exchanger network. Finally, a merging procedure has been
proposed to obtain structures where freshwater is delivered to the corresponding
processes, as a split from a main freshwater stream that is being heated up. A model to
perform this step automatically using mathematical programming is the object of future
work. The proposed methodology has been shown to take into account the interaction
between water allocation and heat minimization simultaneously and with global
optimality, proving that it can be superior to the two-step procedure proposed by
Savulescu and Smith (1998), which cannot even guarantee local optimality. In
addition, the procedure developed can incorporate forbidden and compulsory flow
connections and heat transfer matches, an issue that is very important in the design of

these systems as the processes can be geographically distant.

6.11 Notation

C concentration of contaminant, ppm

Cp calorific capacity at constant pressure

CU  set of cooling utilities ¢

CU, set of cooling utilities ¢ existing in temperature interval t € T
HU  set of heating utilities 2

D set of cold streams that go from process p to process g
D, set of cold streams that go from process p to process g existing in temperature
interval te T

DE  set of cold streams that go from process & to wastewater collector u

DE; set of cold streams that go from process & to wastewater collector « existing in
temperature interval t e T

DW  set of cold streams that go from fresh water source w to process j

DW, set of cold streams that go from fresh water source w to process j existing in
temperature interval e T
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S ICOZT T ™~

~

=

~

v Y
s

-

SE,

SW.

component flowrate, g/s

water flowrate, kg/s

set of Head Processes

mass load of contaminant, g/s

this set includes all water-using units
heating utility, kW

cooling utility, kW

set of precursors of j

set of receivers of j

set of hot streams that go from fresh water source w to process j

set of hot streams that go from process p to process ¢q

set of hot streams that goes from process p to process g existing in interval
r<ttteT

set of hot streams that go from process & to wastewater collector u

set of hot streams that goes from process & to wastewater collector u existing
ininterval f <r;f,teT

set of hot streams that goes from fresh water source w to process j existing in
interval £ <r,f,teT

set of intervals /

interval where the heating utility A is used

water temperature, °C

heat transferred between streams, kW

heat that cascades between intervals, kW

Other subscripts:

h
in
out
iJ
J

heating utility

at inlet

at outlet

connection going from process / to process j
process J

Other superscripts:

min

minimum

max maximum

w

fresh water
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CHAPTER 7

Summary

7.1 Intreduction

Throughout this thesis, two different approaches are used to solve to single-
component WAP problem. The first three chapters build on conceptual design and
mathematically proven heuristics to introduce two procedures. Chapter 2 presents a
systematic method, which depends on targeting the problem first. Chapter 4,
conversely, introduces a robust method that provides the target and a realizing water
network simultaneously. Furthermore, both methods can easily handle large-scale
problems and allow for exploring different network alternatives.

The last three chapters approach the single-contaminant WAP problem by
means of mathematical programming. In Chapter 5, the problem is first modeled as
an NLP (M1) and then, based on necessary conditions of optimality, it is reduced to
an LP problem (M2). It is also shown that the problem has several alternative
solutions all with the same fresh water consumption. The latter is accomplished by
using an MILP formulation where different objective functions (M3) are proposed
and the minimum fresh water usage is added as a constraint. Finally, heat integration
among water streams is included in the optimal water allocation problem. Fresh water

targeting is once again done using M2. Model M3 is then used to target heating and
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cooling utility and finally a transshipment model, M4, provides with a water network
featuring minimum number of matches for the optimal fresh water usage and
minimum utility.

The multicomponent WAP problem has also been studied and solved by
means of mathematical programming and optimality conditions. A brief description

of the approach follows.

7.2 Multicontaminant Systems

Doyle and Smith (1997) proposed to solve the multicomponent version of (M)
as follows. They state that one can construct a linear problem by assuming that all

=C™™ .- This

contaminants are at their maximum outlet concentration, thatis C,, , =C>*" .
is obviously not true, so the solution would be infeasible. To make the problem

feasible, they propose to relax the component balance as follows:

S Cm=, -Cm )-FCm . <L (7-1)

With the solution of such LP problem, they propose to solve the NLP
multicomponent version of (M1). To aid in the search for such solutions, they propose
to add several other constraints on maximum flows of wastewater that can go from one
process to another. To illustrate their procedure, they present the data of Table 7-1. The

solution obtained is the one given in Figure 7-1. They also show that forbidden matches

205



can be handled by this procedure obtaining a solution where the connection from
process 3 to process 2 (0.067 ton/h) is forbidden (Figure 7-2).

Table 7-1: Example from Doyle and Smith (1997)

Process Contaminant cr cr-
Number
(ppm) (ppm)
A 0 15
l B 0 400
C 0 35
A 20 120
2 B 300 12,500
C 45 180
A 120 220
3 B 20 45
C 200 9.500
Fw, = 8.44 tovh
F, 2= 2548 tonh D2 F3ou = 3400 torvh
F¥y = 4500tovh —— Fyouw = 16.84 torvh
" > F,.2= 0067 torvh
Fy4=267 torvh Fy.on = 5476 ton/h
' —
F¥y = 52.16 tonvh
Figure 7-1

Optimal solution of the problem of Table 7-1 ( F,),,, = 105.60 ton/h).
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F, = 8.50 tonh
F, .= 25.50 tonh g5 F2.0u = 34.00 ton/h

F¥, = 45.00 tanvh
———-E}-———-—» Froa= 16.83 tor/h
Fs.0u™ 54.83 tonh

F3= 2.67 tonth o 31 =
I V‘l L
F%, = 52.16 ton‘h
Figure 7-2

Sub-optimal solution of the problem of Table 7-1 ( F,;,, = 105.66 ton/hr).

Alva-Argaez et al. (1998) presented a solution approach for multiple
contaminant systems in combination with water treatment in which they include piping
costs as well as treatment costs. However, one can use their model to solve the problem
for the water allocation only. The objective function that they propose, reduced to the

water allocation problem, is:

aY C, ¥, +BYE" (72)
1.7 i

where a and f are appropriate annualization factors and Y is the integer variable
representing the connection between processes i/ and j. They use the same relaxation
as in (7-1), but in this case, they solve the problem by adding a penalty function
consisting of the summation of all the slack variables coming from (7-1). Thus, the
linear problem can be solved to obtain a network of flows, which in turn can be used

to obtain a new set of concentrations. These concentrations are substituted in (7-1)
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again, until convergence is achieved. This is the same procedure that Takama ef al.
(1980) used. The sequence of MILP obtained is a sequence of infeasible problems. At
the end, the authors claim that a) the sequence converges, and in such case, b) the
solution is near optimal. Global optimality is, of course, not guaranteed.

Recently, Benko er al. (1999) modeled the example problem proposed by
Takama ef al. (1980) as a non-convex MINLP problem. The authors updated the
concentration limits in the desalter to make the problem more realistic. This approach
cannot guarantee optimality and numerical limitations may limit its use to small-scale

problems.

7.2.1 Necessary Conditions of Optimality for Multicontaminant Systems

Savelski er al. (1999) derived necessary conditions of optimality for
multicontaminant systems. These necessary conditions are very similar to those
presented for single component. The condition of maximum outlet concentration is
replaced by a condition of at least one component reaching its maximum. The
monotonicity condition is replaced by a monotonicity of key components. These key
components are defined as those components that make reach their maximum when
fresh water is used. These conditions are used later in an algorithmic design
procedure. A brief description of the work performed in multicomponent systems is

presented below.
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7.2.2 Branch and Bound Algorithmic Procedure for Multicontaminant Systems

Consider the case where the pattern of flows is given, that is, all the potential
precursors of each process are fixed. In such a case, Savelski e/ al. (1999) observed
that a generalization of the maximum reuse rule derived for single components
consists of an LP sub-problem. With this solution at hand, the only thing remaining is
the construction of a tree of combinations. Such a tree is shown in Figure 7-3 and
each branch of the tree can be interpreted by saying that every member of the

combination is only a precursor of the processes that follow in the list.

A

e @ & ® ) ®
QNG ONNOQ @ ®
Figure 7-3

Tree of alternative sequences.

A first upper bound is obtained by developing one complete branch of the
tree. This tree is then explored developing every branch and using stopping criteria.
Monotonicity of key components, as well as definitions of fresh water user processes

are used as branch cutting criteria. In addition, at each node of the tree, a partial count

209



of freshwater intake is available, and when it is larger than the current upper bound, it
is also used to cut the tree.

Therefore, the search allows exploring different design alternatives, capability
that other methodologies fail to provide. Some of these alternative networks may
consume more fresh water than the optimal case but they may still present an interesting
option if the interconnections among processes are somehow limited. Forbidden and
compulsory connections among processes are not unusual. This procedure guarantees
global optimality for the case where all the wastewater users are terminal processes.

The method is very efficient. For example, the problem of Table 7-1 renders
the solutions shown in Figures 7-1 and 7-2, and no others. For example, a four
processes problem, presented also by Doyle and Smith (1997), has one head process
and, monotonicity reduces the problem to only two sequences. A larger problem (ten
processes) is shown in Appendix A.

The importance of this method stems from its ability of being able to provide
several sub-optimal solutions that may be attractive to the practical engineer, but can

also be useful for retrofit studies.

7.3  Challenges

In this last section, a few unresolved matters of the problem will be discussed.
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7.3.1 Fixed Concentrations Vs. Fixed Mass Loads

Most of the previous work has approached the water reuse problem by
assuming that 1) The water supplied to a process always removes fixed loads of
contaminants, and 2) The solubility and corrosion limits can be used to establish
maximum inlet and outlet concentration constraints imposed on pollutants. These
assumptions came as a necessity to represent complex processes through simplifying
approximations, making the problem easier to solve.

Consider briefly a desalter unit (Figure 7-4). In this process water is injected

(F,) with salt concentration C,,. The raw crude comes with a certain amount of water
F.;, and some salt content. The desalted crude leaves the unit with a certain amount of

residual water with salt,

{njection Water
F C
"o » Desalted Crude
R, Cwﬂn
Fugo: Cugo
Raw Crude D
R G esalter
Furir Cwii
Effluent Water
Fw* le © Fmo- Cvn
Figure 7-4
Balance on a Desalter.
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Using material balances, assuming that the water in the crude and the effluent
water stream have the same salt concentration and working with a constant salt
removal (1-a) (independent of the flowrate and the concentration of the incoming
water), one arrives at the following formula:

FXC, +F,ZC, +F.(S~RC,, —0aS)+Z(S-RC,,)~F.oaS 20  (7-3)

where Z=F,, - F,

wRo

and § =RC,, +F,,C,: . This equation is quadratic in the
water flowrate. If the contaminant is salt: C,, = C,, =0 and the equation is slightly
simplified. It becomes linear in F, only when freshwater is used (C, =0). For the
case of H,S instead of salt, one has K =C,, /C,, and another quadratic equation is

obtained. Figure 7-5 shows the impact of these equations in the typical concentration
vs. load diagram used by Wang and Smith (1994) and subsequent papers. In Figure 7-
5 (a), the diagram proposed by Wang and Smith (1994) is shown. This contrast with

Figure 7-5 (b), where the load and the exit concentration vary with the flowrate used.
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The problem is even richer in alternatives. In some other systems contaminate

may reach solubility limits, in which case the outlet concentration is fixed and the

load is, once again, variable with the flowrate. In addition, temperature and pressure

set solubility limits and partition coefficients. Therefore, models should be at least

temperature sensitive. Moreover, since contaminants have different solubility in

water. a single water-using operation may need to respond to different models, one

for each type of pollutant. This fact adds a new dimension of complexity to an already

difficult multi-contaminant problem. Some of these issues are slowly surfacing in the

literature. For example, Huang et al. (1999) already refer to the constant

concentration in the outlet of some water using processes as well as treatment units.
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7.3.2 Retrofit of Existing Plants

This problem needs to be focused differently than the design problem. As
mentioned before, water reuse may be limited by geographical, process and/ or design
constraints. Geographical constraints relate to actual distances or interconnection
limitations among units and become of importance when retrofitting existing sites. In
such cases, connections may need to be imposed (compulsory connections) or
forbidden. The optimal reuse may demand connections that are technically impossible
to fulfill. Consequently, full water reuse may be reduced, forcing an increase in fresh
water usage. Design constraints deal with issues such as vessels, pipe lines, and
pumps/compressors capacities as well as with corrosion limitations. For instance,
replacing fresh water with reusable wastewater usually impiies an increase in
flowrates and/or residence times. Such increase may not be feasible for existing
equipment. Vessels and piping may to admit wastewater where corrosion limits
exceed the original design allowances. The optimal water reuse scheme needs now to
include other important variables such as re-piping and new pumping cost. Therefore,
the objective may now depart from the minimization of fresh water consumption to
include the aforementioned costs. Although retrofit options have been mentioned in
several papers, (Alva-Argaez, 1998, Huang et al., 1999), pumping costs have not

been included and heat integration is absent. The burning challenge in these systems
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is the large number of integers that these MINLP models can have, which can induce

a cumbersome integrality gap.

7.3.3 Uncertainty and Flexibility of Contaminant Loads

Wastewater flow rate as well as contaminant levels can vary. Especially in
refineries, crudes carry more heavy hydrocarbons than others, and even the amount of
aromatic and naphtenic components changes among crudes. Heavy crudes (low API
gravity) have a larger proportion of heavier hydrocarbons and therefore the TBP
curve is steep. This suggests that the design attempted should be resilient enough to
be able to accommodate different pollutant levels.

Resiliency and flexibility have been addressed by several authors in the context
of particular applications such as heat exchangers (Floudas and Grossmann, 1987,
Colberg et al., 1978). Some authors have addressed the overall plant resiliency problem
(Morari, 1983). Recently, the problem has been initiated as part of what is called
“Design with Uncertainties”. Straub and Grossmann, (1993) and Pistikopoulos and

lerapetritou (1995) are some of the pioneering papers in the area. Many others follow.

7.3.4 Water Belt

This is a new concept that has been suggested as a model to incorporate

realistically plant layout consideration to this problem. In this model, two sets of
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piping cruise an entire battery running along all water-using units. One pipe
transports make-up fresh water while the second pipe(s) collects wastewater from the
processes and delivers reusable wastewater at the same time. To avoid excessive
wastewater degradation, the second pipe may actually be a bundle running together
and selectively receiving and discharging wastewater as needed. Figure 7-6 illustrates
the concept of the Water Belt in a simplified diagram. Two processes are shown
receiving fresh water and wastewater from headers and discharging it in the

wastewater header.

Such design presents a step ahead towards a zero discharge cycle achievement
and breaks with the traditional process-to-process representation of this problem

showing that significant savings in piping can be obtained.

Treatment
Plant
Reusable
Wastewater
Freshwater L — cycles
Supply

Figure 7-6
The Water Belt.
7.4  Notation
C concentration of contaminant, ppm
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f component flowrate, g/h

F water flowrate, ton/h

L mass load of contaminant, kg/h

P set of precursors of j

R, set of receivers of j

Other subscripts:

in at inlet

out  atoutlet

ij connection going from process i to process j

D pollutant p in stream i

J process j

Other superscripts:

min  minimum

max  maximum

w fresh water
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APPENDIX A

Large-scale Multicomponent Example Problem

A.l Problem Data

This appendix presents the results of the application of the algorithm
explained in Chapter 7 to a ten-process system with three contaminants (Tables A-1
(a) and A-1 (b)). The minimum fresh water rate is 392.85 ton/hr. This solution is

shown in Figure A-1.

Table A-1 (a): Limiting nrocess data for processes 1 through 5

Process | Contaminants | Mass Load of cr= cr
Number Contaminant (opm) ( ":n)
(ke/h) PP PP
A 3.40 20 120
1 B 414.80 300 12,500
C 4.59 45 180
A 5.60 120 220
) B 1.40 20 1,000
C 520.80 200 9,500
A 0.16 0 20
3 B 0.48 0 60
C 0.16 0 20
A 0.80 50 150
4 B 60.30 400 8,000
C 0.48 60 120
A 0.75 0 15
5 B 20.00 0 400
C 1.75 0 35
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Several sub-optimal solutions are also identified by the method. The two best
sub-optimal soiutions feature 393.20 and 393.31 ton/hr, Figures A-2 and A-3,
respectively.

Table A-1 (b): Limiting process data for processes 6 through 10

Process | Contaminants | Mass Load of C™ C™
Number Contaminant ( "'m) ( 0:;1)
(kg/h) PP PP
A 2.40 10 70
6 B 100.70 200 600
C 2.50 20 90
A 1.80 25 150
7 B 6.80 230 1,000
C 0.60 20 220
A 3.00 5 100
8 B 102.3 45 4,000
C 8.14 50 300
A 200.00 13 100
9 B 1.90 200 3,000
C 4.00 5 200
A 4.00 10 100
10 B 10.30 90 500
C 9.00 70 800
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Figure A-1
Optimal Solution.
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Sub-optimal solution # 1.
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Sub-optimal solution # 2.
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