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EXECUTIVE SUMMARY

I

1 Background and Motivation

The damaging cffect of the chemical process industry on the environment is one of the
grcatest challenges facing industry throughout the world. Although industry accounts for only
approximately 16 % of the direct water use in South Africa, it often produces effluents,
which contain toxins and other damaging pollutants. The damaging cffect of industry in
South Africa s compounded by a low availability of water. The reduction of both the
consumption of water and production of effluent by this economic sector is of vital
importance to the protection of South Afnica’s water resources and environment. The above
factors have resulted in wastewater minimisation becoming an important environmental issuc
10 South Afnican industry.

Preventing pollution requires designs that are intrinsically eco-efficient, and not designs that
rely on end-of-pipe treatment. In order to implement cleaner production designs, the designer
requires methods 1o investigate the implications of the various design possibilities. Process
integration is a holistic approach 10 process design, rewofiting. and operation which
emphasises the wnity of a process (El-Halwagi, 1997).
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Figure 1: Typical water use on a chemical process site (Smith, 1995)

Smith (1995) gave a generahised illustration of water use on a typical process site (Figure 1).
Raw water is pre-treated before use in vanous processes such as washing, (e.g. vessel
cleaning). In these processes water comes into contact with process materials, becomes



contaminated, and 1s sent 1o wastewater treatment. Freshwater (treated raw water) may be
upgraded in boiler feed water (BFW) treatment for use in the steam system. Wastewater is
generated by 1on-exchange regeneration, boiler blow down and condensate loss. Another
source of wastewater 1s the cooling tower blow down. The various wastewater streams are
then typically mixed, along with contaminated storm water, and sent 10 treatment.

Industnal processes thus require water with a range of qualities, and produce a range of
efMuents, which allow the possibility of a hierarchical use of water.

Possible strategies for reducing the production of wastewater include:

* reuse: wastewater from one process can be directly reused i others, provided the level of
contamunation is sufficiently low 1o meet the requirements of the subseguent processes:

*  regencrative reuse @ wastewater can be treated to reduce the levels of contaminants
before beng reused in other processes. In this option, the water 15 not recycled 1o the
process from il came;

* regencrative recycling: after regencration, water can be recycled to the process from
which it came. This is generally more difficult than reuse, because recycling tends to
build up contaminants.
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Figure 2: Water minimisation through (a) reuse, (b) regeneration reuse, and
(c) regeneration recycling (Smith, 1993)

Pinch Analvsis 1s a process integration tool, which was first developed for the design of heat
recovery systems during the late 1970s. Using the analogies between heat transfer and mass
transfer, a similar approach was developed for the design of mass-exchange systems
(El-Halwagi, 1995). This work formed the basis for the design of water-using systems that
conform to the usage patterns envisaged by Smith (1995) and illustrated in Figures | and 2.
It ook as the design objective to minimise water consumption by maximising the reuse of



waler, using a graphical technique (Wang and Smith, 1994a) which was termed Warer Pinch
Analvsis (Buchner and Rossiter, 1996). However, the technique was difficult 10 extend to
accommodate the practical constraints and charactenstics of water-using systems, such as
multiple contaminants, flow rate constramnts, piping costs, ¢i¢. The added desire 10 introduce
cost optimisation required that the problem be formulated using mathematical programming
techniques (Doyle and Smith, 1997).

Water Pinch Analysis thus involves a set of systematic formal techniques to handle the
complex problem of hierarchical water allocation to a system consisting of a number of
processes, and choosing the best combination of strategies. The theory that appears in the
hiterature 15 developing rapidly.  The pracucal apphcation of this theory s not well
estabhished in the open literature, and particularly not in a South Afnican context.

2 Project Objectives

As origmally stated in 1996, the project objectives were:

*  To apply and assess the Water Pinch technology and approach for promoting water and
¢Muent conservation in a chemical complex.

*  To apply the technigue 1o the AECI Umbogintwini site
¢ To make any necessary refinements to the technigue.

* To tansfer the wechnology to AEC] management, water authonties, consultants and
academics.

*  To train engincers with the ability to undertake formal water and effluent conservation
SUrvVeys.

Although the project was originally envisaged as dealing only with factories in the

Umbogintwini complex. duning the course of the project three other investigations, not

associated with the AECI Umbogintwini site, were also initiasted.  These involved the

Sanachem agrochemical factory at Canclands, the Eskom Lethabo Power Station near

Vereeniging, and the Mondi Mercbank paper mill in Durban.

3 Approach

The AECI Umbogintwini industnial complex, located just south of Durban, consists of 13
individual factories. with site-wide services co-ordinated by a separate company known as
AEC] Operatonal Services (AOS). In the onginal project proposal, it was envisaged that the
entire complex would be used as the setung within which 1o investigate the application of
water pinch analysis methods for optimal water and efMuent management.  This plan, which
was not fully realised, would have involved analysing cach of the 13 factories in the complex
to determine 1ts optimal configuration when seen in isolation from the rest of the complex,
followed by an analysis if the whole site, 10 determine what opportunities exist for
optimisation between individual factones.

At the stant of the project, in 1997, a prehiminary survey identified AEC] Bioproducts
(lysine), SA Tioxide (tianium dioxide pigment) and Sasol Polymers (chlor-alkali) as the
three largest water users in the complex, and these were selected for the imitial investigations
At the same time, the Canclands factory of Samachem, a subsidiary of Sentrachem,
producing agrochemical (principally herbicides and pesticides) requested to join the project.
One of thair chemical engineers, Thokozani Majozi. was assigned 10 undertaking the pinch



analysis of processes at thew sie. This work was undertaken as a MScEng project, for which
he was allowed 10 devote 50 % of his ume.

Links were established carly on 1o other researchers with interests in pinch analysis,
principally Professor Duncan Fraser and Nick Hallale from the Umiversity of Cape Town, and
Professor Toshko Zhelev from the Unmiversity of Durban-Westville. A collaborative
relanonship was also established with the Linnhof-March. the UK consulting firm developing
and marketing the WaterTarget™ suite of software for water pinch analysis.

Later in the project, other case studies were initiated as a result of interest from industry. The
first of these was a study of the Eskom Lethabo Power Station near Vereeniging, in which the
objective was to use pinch analysis to determine the best way to use a reverse osmosis plant
within the power station water svstem. A study of the Mondi Merebank paper mill was
started, with 2 Mondi process engineer, Gladys Naylor (ne¢ Crampion) registering a part-time
MScEng student.

Not all of these investigations reached successful conclusions during the course of the
project. The imitial studies at SA Tioxade and AECT Bioproducts stopped as a result of the
resignation of key personnel. Although the ALCI Bioproducts imvestigation was subsequently
restarted, it was incomplete at the end of the project peniod. The Mondi study was also sull
in progress when the project ended. These incomplete studies, together with a second phase
study of the Sasol Polymers plant were carmied over into a follow-up WRC project (K5/1158
The Further Application and Development of Pinch Analvsis for Water and Effluent) .

This Jeft three case studies which yielded significant results during the project period, namely
Sasol Polymers, Sanachem and the Lethabo Power Station.

4 Results and Discussion

This section outlines the results obtained at the three sites at which water pinch analysis
studies yielded significant results, namely Sasol Polymers, Sanachem and the Lethabo Power
Station.

4.1 Sasol Polymers

The miual study was camed out during 1997 by Grant Gardner, and form the basis of his
MScEng thesis. At this ume we had not fully appreciated the issues of distinguishing
between process water streams and utility water streams, nor had we found a systematic way
of dealing with multiple contamimnants or solutes. The methods found by Gardner to address
these problems were very specific 1o the process in question. The key issue was the presence
of hydrochlonic acid (HCI) and sodium hydroxide (NaOH) in the system. Essentially, his
method divided the plant into two independent subsystems, one for streams and processes
containing NaOH, and the other for those containing HCL.  These subsystems were then
treated as single-contaminant problems, although complications arose due the fact that these
were not strictly contaminants, but reagents in the processes. The study identified significant
potential savings in the use of water, NaOH and HCI, and in the generation of agucous
cffluents, as indicated by the Table |

The restricted nature of the method did not allow the presence of other contaminants in the
system, such as calcium and magnesium, to be taken into account. The results of this study
therefore have 1o be considered as preliminary, and further investigation is required to
consider whether these contaminants might preclude any of the suggested reuse options.
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Table 1: Summary of the results obtained from the initial Water Pinch Analvsis study
carried out at Sasol Polvmers

Original Flow New Flow Percentage

Ikg/h] Ikgm)  Snieel%l
NaOH Nerwork
Water 4785 0 100
EMuent 5667 1971 65
NaOH (1000 m/m) 1 180 I 146 29
HCl Neswork
Water 763 0 100
Effluent 5467 4114 25
HCL(31% m'm) 5963 3723 42
Noo-NaOHHCT Nerweork
Water 9034 4061 58
EfMuent 11 047 6074 45
Overall Savings
Water 14 582 406! 72
Effluem 22181 12159 a5
NaOH (100% m'm) 1 180 1 146 29
HCT(31% m/m) 5963 §723 4?2

4.2 Sanachem

The study was aimed at assessing the applicability of WaterPinch principles in water demand
reduction, waste minimisation and waste management in general, at Sanachem Canclands.
This site contains a number of processes using water as a reaction solvent or a washing
solvent for the final products. Consequently, water from these processes is contaminated with
salts as well as traces of organic matter (pesticides) from the products. Duc to the traces of
pesticides, the hazard rating (HR) of most of these streams s quite high which implies that
they can only be disposed of in high toxic waste sites, 1.¢. H:H sites. The streams with Jow
toxicity and high salt content are discharged 1o the South Durban marine outfall.

Batch processes, unlike continuous processes, are constramned with respect o tume and
concentration, Water reuse can only be effected subject to these two constraints. This implies
that water can be used in another process if, and only if, it is available at the right ume and
concentration.

A group of processes at the factory were selected for the case study, because they all
involved the common “contaminant™ NaCl, which 1s, in fact, reaction by-product in the
formation of all the products involved. Bromoxynil octanoate is a herbicide, and fermvalerate
and cvpermethrin are pyrethrins (insecticides).

During the course of these investigations, an overall reduction of 96 kL/mth of toxic effluent,
216 kL/mth of non-1oxic effluent, and an increase of 25 % in production capacity (due to
reduced batch tmes) were identified as a result of the pinch analysis, together with other
waste minimisation measures. This represented about 40 %6 reduction in water use by the



processes involved. Unforunately, before the implementation stage was reached, Sanachem
was bought by Dow Chemicals, and the processes in question were closed down as part of an
international ranonalisation programme.

4.3 Lethabo Power Station

In this investigation, a start was made with formulating an approach 10 applying the
principles of water pinch analysis 1o the water systems of a power station, with the particular
objective of establishing the best use of an existing tubular reverse osmosis (TRO) plant in
the system. The study was based on the Eskom Lethabo Power Station located close to the
Vaal River near Vereenging, South Africa. This 3.6 GW plant is built adjacent 10 the open
cast coal mine which supphies 1ts fuel. The main source of water for cooling and for boiler
operation 1s the Vaal River. The station was designed according 1o a zero-liguid-cffluent
philosophy. in which effluents are concentrated 10 the point where the residual volume can be
accommaodated on the coal-ash heaps. where the hquid serves a dust-suppression function. A
TRO plant s used 1o achieve the necessary concentration ratio at times when this cannot be
accomphished by evaporation alone: this only occurs occasionally. so the TRO plant does not
operate continuously. The associated coal mine is a source of contaminated mine water, most
of which was discharged at the time under a permnt granted by the Deparument of Water
Affairs, which was to be withdrawn, because of the quite severe problem of salination of the
Vaal River.

The standard situation addressed by a pinch analysis calls for minimisation of the total
amount of fresh water supplied to the set of processes. The situation under consideration here
was more complex, because there was more than one water source (niver water and mine
water) and because increasing the salt concentration in the feed to the ion exchange increased
the use of chemicals for regeneration. Furthermore, the use of mine water in the cooling
circuit reduced the evaporation rato that could be achieved, which ultimately increased the
overall effluent discharged from the station, o the point where it could no longer be retained
by the ash heaps. This appears to be precluded by Eskom's zero effluent discharge policy, but
only if the power station is viewed in isolation from the mine. If they are considered together,
it 1s clear that any mine water that the power station does not accept must be treated
separately, or discharged to the environment.

Thus there is a balance that must be struck between use of river water, use of mine water, use
of regencration chemicals, and volume of effluents. This is represented in the pinch analysis
as a cost coefficient for each of these factors, which must have values which are in the correct
relationship 10 one another. In principle, these should include a representation of relative
environmental costs, not simply financial costs.

The following conclusions were reached about the power station:

Firstly, if the power station is viewed in isolation from the mine, the TRO plant i1s not
required at all; indeed up 10 about 30 ML/mth of mine water can be used without bringing the
TRO plant mio play, and without discharging any ¢fMuent beyond the capacity of the ash

heaps

Secondly, if the cost of discharging salt is ignored, the low cost of the mine water causes the
full quantity available 10 be used in the cooling circuit, once again without the TRO plam
running. however 46 tonnes per month of salt are discharged to the environment.

To address this problem, a cost of discharging salt to the environment had to be established.
This was estmated from data provided in WRC Report No. TT 123/00 The Economic Cost
Effects of Salinirv, and represented the cost 1o the national economy of the salination of the
Vaal niver,

vi



When this cost was included in the analysis, it forced the TRO plant 1o be brought into
operation, reducing the effluent volume 1o the ash heap capacity, resulting in no hiquid
discharge 10 the environment, which using all the mine water.

From this it was concluded:

* It s techmically feasibly to run the mine and the power station together on a
zero-hiquid-cfMuent basis, which captures all the saline effluents on the ash heaps, by
using the existing TRO plamt.

*  An mcentive is needed to justify this economically. It appears that the magnitude of this
required incentive 1s of the order of the cost 1o the national economy of salination of the
water supply, which should be of interest to regulatory authorities. Eskom is currently
sponsoring rescarch to develop a decision-support methodology which can take nto
account issues like this, which are difficult 1o quantfy i purely techno-economic terms.

5 Conclusions

This project represented a new ficld for the rescarchers involved, and the case studies that
were undertaken met with a mixmure of successes and farlures, with some incomplete at the
end of the project period. The Guide to Conduction a Water Pinch Analvsis Investigation
presented in Chapter 3 of the report attempts 10 summarise the expenence gained during
these investigations, and is perhaps the chief immediate outcome of the project.

Indusinal awareness of the technique in South Africa has been raised through direct
interaction with industries involved in the case studies and through conference papers,
workshops and courses presented during the project: however this methodology can not yet
be considered as an accepted and establish practice.

The following general conclusions can be drawn about the significance of water pinch
analysis:

i) A water pinch analysis provides a clear and systematic picture of the water
requirements of a system of processes, subject 10 the constrants imposed by the
technology of the processes and the environment in which they operate.

) By dentifying the factors which limat further reduction in the water requirements, the
technigue can focus attention on those arcas of the process where technological
improvements will be most beneficial in improving water efficiency.

m) By quantifying the impacts of technological and regulatory limits on a process, water
pinch analysis has the potential to provide a rational tool for negotiation between an
industry, water authorities and other role players.

wv)  Currently published water pinch theory is suited to analysing water which is used in a
process as a unlity; it is less suitable for situations where water is intrinsic o the
technology of the process, for example in a hydrometallurgical process.

v)  Because South Africa is a water-scarce country. many South African industries have
responded to pressure 1o conserve water, and already have processes which use water
relatively efficiently when compared to many industnialised countries.  This means
that dramatic savings in water use, as sometimes claimed in the international
Iiterature, are often not as readily available in South Africa.

vi)  There is a need for a technigue to provide a rapid assessment of a process 1o estimate
the scope that it offers for improvement as a result of conducting a water pinch
analysis.
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vii) Gathering the necessary data on a system is almost always the most difficult and most
ume-consuming step in a water pinch analysis. It 1s unlikely that all the required data
will be obtained at the first attempt. and so an iterative process which altemates
between data gathening and analysis occurs.

viii) It s difficult, if not impossible, for an effective pinch investigation to be undertaken
by a consultant outside the indusinal organisation concerned, unless it is done with
the full commitment and participation of the organisation at all stages.

6 Recommendations

1) Further efforts are required 1o encourage wider acceptance of water pinch analysis by
South African industry. This should be undertaken in conjunction with industry on a
casce study basis.

i) Further work is needed 1o extend the water pinch analysis methodology 10 account for
chemically reacting solutes and agqueous reagents.

m)  Techniques for the carly identification of the apphcability of water pinch need to be
developed.

iv)  Techniques need 10 be developed to reduce the tme and effont required to gather the
data needed for a water pinch analysis.

v)  The use of water pinch analysis as a tool for co-regulation should be explored. This
will require studies in which regulatory authorities are involved as partners.

vi)  Local consultants should be encouraged to set up a water pinch analysis service 1o
industry.

vii)  The energy cfficiency of a process has a significant impact on its water use for
cooling and the concomitant gencration of saline cfflucnts. The simultancous

optimisation of water and cnergy use is therefore an important direction for further
investgation.

7 Technology Transfer

Technology transfer to South Afncan industry was an intrinsic part of the motivation for the
project, and the case study investigations could be scen as technology transfer exercises for
the companies involved. However, specific technology transfer activities went hand in hand
with the techmical activities, Apart from routine report-back meetings with the companies, a
number of presentations and courses on pinch analysis were given at a various meetings and
symposia (see list below),

In November 1999 the Process Integration Centre of the University of Manchester Institute of
Science and Technology (UMIST), with funding from the British Foreign and
Commonwealth Office’s Climate Change Challenge Fund, led a tcam which gave a senies of
presentations 1o promote Pinch Technology in South Africa.  This was the first phase of a
project with four phases:

i) awareness building

1)  demonstration (by a water pinch consortium member)

i) detailed study (by a water pinch consortium member)

iv) Implementation

During the visit, seminars were presented in Cape Town, Secunds, Johannesburg and
Durban. The Cape Town seminar was organised by Prof. Duncan Fraser of the University of
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Cape Town. Arrangements for the three remaining seminars were handled by the Pollution
Research Group at the University of Natal.

The following hist summarises the presentations and publications associated with the project:

BUCKLEY. CA. and BROUCKAERT, C.)., Planning for the Desalination of Mine Water -
The Big Pwcwre, WISA Mine Water Division. Svmposium on the Desalination and
Management of Saline Effluent in the Middle Vaal Catchment Area, Western Transvaal
Regional Water Co. Recreation Centre. 12 March 1998 (Slide Presentation)

BUCKLEY, CA., Case Study - Successful Waste Minimisation Programmes in Industry,
Chemical and Allied Industries Association, Responsible Care Workshop, Awrport Garden
Court, Gauteng, |1 March 1998 (Talk)

BUCKLEY, C.A., Pinch Analysis as a Technigque for Water and Waste Minimisation in
Industry - Outline and Examples Chemical and Allied Industries Association, Responsible
Care Workshop, Breakers Resort, Umblanga Rocks, Durban, 18 March 1998, (Talk)

BUCKLEY, C.A.. Pinch Analysis as a Technique for Water and Waste Minimisation in
Industry - Outline and Examples, Chemical and Allied Industries Association, Responsible
Care Workshop. Sanlam Trainmg Centre, Bellville, Cape Town, 25 March 1998, (Talk)

MAJOZI. T.. BROUCKAERT, C.J. and BUCKLEY. C.A.. Waterpinch Apphed to Batch
Processes, WISA Y8 Biennial Conference and Exhibirion, Cape Town, 4-7 May 1998.

(poster)

HENRY, P., BROUCKAERT, CJ., and BUCKLEY, C.A., The Application of Pinch
Technology as a Swrategic Tool in the Ratonal Management of Water and Effluent in an
Industnial Complex, WISA 98 Biennial Conference and Exhibition, Cape Town, 4-7 May
1998. (Poster)

MAJOZI T.., Water Pinch Analysis, Sowth African Regional Conference on Cleaner
Production, Eskom Conference Centre, Midrand, 11-13 May 1998 (Course)

BROUCKAERT C.J., Thermal Pinch Analysis, South African Regional Conference on
Cleaner Production, Eskom Conference Centre, Midrand, 11-13 May 1998 (Course)

MAJOZI. T.. BROUCKAERT. CJ. and BUCKLEY, C.A.. Effluent Reclamation and Reuse
in a Group of Agrochemical Manufacturing Plant Using Process Integration, Fowrth
Intermational Symposium on Waste Management Problems in Agro-industries, Istanbul,
Turkey, 23-25 September 1998, (Paper)

BROUCKAERT, C.J., MAJOZI, T.. GARDINER, G. and BUCKLEY, C.A_, The Application
of Pinch Analysis to Water and Effluent Management in the Process Industry, 2nd
Asia-Pacific Cleaner Production Roundtable and Trade Expo. Global Competitiveness
Through Cleaner Production, Brisbane Convention & Exhibition Centre, Brisbane, Australia,
21-24 April 1999. (Paper)

BROUCKAERT, CJ., BUCKLEY, C.A. PETERS, S. and WOODHOUSE, C., Optimal
Location of a Membrane Treatment Plant in a Power Station, Imternational Specialised
Conference on Membrane Technology in Environmenial Management (JAWQ), Tokyo,
Japan, 1-4 November 1999, (Paper)

BROUCKAERT, CJ.. HANEKOM D., WOODHOUSE, C., and. BUCKLEY, C.A., Optimal
Location of a Membrane Treatment Plant in a Power Swation, PowerPlant Chemisiry, 3 (7)
2001
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BUCKLLY, CA., BROUCKAERT, C.J. and RENCKEN, G.E., Waste Water Reuse, The
South Afnican Expenence, Warer Science & Technology, 41(10/11), pp 157-163 July 2000

MAJOZL. T.. The Application of Pinch Technology as a Strategic Tool for Rational
Management of Water and Effluemt i an Agrochemical Industry |, MScEng Thesis,
Umiversity of Natal, 1998

GARDNER, G.A., Liguid Waste Minimisation on & Chloro-alkali Complex, MScEng Thesis,
Umiversity of Natal, 2000

Finally, pinch analysis was put forward as a key techmique in the National Waste
Management Strategy, formulated by a task group under the auspices of the Department of
Environmental Affairs and Tounsm and the Department of Water Affairs and Forestry.
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1 INTRODUCTION

The damaging effect of the chemical process industry on the environment is one of the
greatest challenges facing industry throughout the world. Although industry accounts for only
approximately 16 % of the direct water use in South Africa, it often produces cfflucnts,
which contain 1oxins and other damaging pollutants. The damaging effect of industry in
South Africa is compounded by a low availability of water. The reduction of both the
consumption of water and production of effluent by this economic sector is of wvial
importance 10 the protection of South Africa’s water resources and environment. The above
factors have resulted in wastewater minimisation becoming an important environmental issue
1o South Afncan industry.

Preventing pollution requires designs that are intrinsically eco-efficient, and not designs that
rely on end-of-pipe treatment. In order o implement cleaner production designs, the designer
requires methods to investigate the implications of the various design possibilitics. Process
integration is a holistic approach to process design. retrofitting. and operation which
emphasises the unity of a process (El-Halwagi, 1997).
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Figure 1.1: Typical water use on a chemical process site (Smith, 1995)

Smith (1995) gave a generalised illustration of water use on a typical process site (Figure
1.1). Raw water is pre-treated before use in vanous processes such as washing, (e.g. vessel
cleaning). In these processes water comes into contact with process matenals, becomes
contamunated, and is sent to wastewater treatment. Freshwater (treated raw water) may be
upgraded in boiler feed water (BFW) treatment for use in the stcam system. Wastewater 1s
generated by ion-exchange regeneration, boiler blowdown and condensate loss. Another
source of wastewater is the cooling tower blowdown. The various wastewater streams are
then typically mixed, along with contaminated storm water, and sent to treatment.



Industrial processes thus require water with a range of qualities, and produce a range of
cffluents, which allow the possibility of a ierarchical use of water.

Possible strategies for reducing the production of wastewater include:

*  re-use: wastewater from one process can be dircctly re-used in others, provided the level
of comamination 1s sufficiently low to meet the requirements of the subsequent processes;

*  regencrative re-use : wastewater can be treated to reduce the levels of contaminants
before being re-used in other processes. In this option, the water is not recycled to the
process from 1t came;

* regenerative recycling: afier regeneration. water can be recycled to the process from
which it came. This 1s generally more difficult than re-use, because recycling tends 1o
build up contaminants,

AT
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Figure 1.2: Water mimimisation through (a) reuse. (b) regencration reuse, and
(c) regeneration recveling (Smith, 1995)

Pinch analysis 1s a process integration tool, which was first developed for the design of heat
recovery systems during the late 1970s. Using the analogies between heat and mass-transfer,
a similar approach was developed for the design of mass-exchange systems (El-Halwagi,
1995). This work formed the basis for the design of water-using systems that conform to the
usage patterns envisaged by Smith (1995) and illustrated in Figures 1.1 and 1.2. It 100k the
design objective to be 1o minimise water consumption by maximising the reuse of water,
using a graphical technique (Wang and Smith, 1994a) which was termed Water Pinch
Analvsis (Buehner and Rossiter, 1996). However the techmgue was difficult (although
possible) 10 extend to accommodate the practical constraints and charactenistics of
water-using systems, such as multiple contaminants, flow rate constraints, piping costs, e1c.
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The added desire to inroduce cost optimisation required that the problem be formulated
using mathematical programming techniques (Doyle and Smith, 1997).

Water Pinch Analysis thus mvolves a set of systematic formal techniques to handle the
complex problem of hicrarchical water allocation 1o a system consisting of a number of
processes, and choosing the best combination of strategies. The theory that appears in the
Inerature 1s developmg rapidly.  The practical apphication of this theory is not as well
estabhished in the open literature, and particularly not in a South African context.

1.1 Project Objectives

As onginally stated in 1996, the project objectives were:

¢ To apply and assess a technology and approach for promoting water and effluent
conservation in a chemical complex.,

¢ To apply the technique 10 the AECT Umbogintwini site.

*  To make any necessary refinements to the techmque.

* To transfer the technology to AECI management, water authonties, consuliants and
academics.

*  To train engineers with the ability to undertake formal water and effluent conservation
surveys.

Although the project was onginally envisaged as dealing only with factonies in the

Umbogintwini complex, during the course of the project three other investigations, not

associated with the AECI Umbogintwini site, were also initiated. These involved the

Sanachem agrochemical factory at Canclands, the Eskom Lethsbo Power Station near

Vereeniging, and the Mondi Merebank paper mill in Durban.



2 LITERATURE REVIEW

This chapter begins by presenting brief outlines of the lnerature on the topic from several
points of view (Sections 2.1 10 2.4), and then review in more detail approaches which were
found 10 be particularly uscful for the case studies involved in this project (Sections 2.5 10
2.7).

2.1 The Development of Water Pinch Analysis

Preventing pollution requires designs that are intrinsically eco-efficient and not designs that
rely on end-of-pipe treatment. In order 10 implement cleaner production designs, the designer
requires methods to investigate the imphications of the vanious design possibilities. Process
integrarion 1s a holistic approach to process design, retrofitting, and operation which
emphasises the unity of a process (El-Halwagi, 1997). It provides a basis for analysing and
developing a design at a relatively carly stage of its development by providing global insights
of the process to the designer, coupled with methodical targeting and design procedures.

This point of view has lead 1o the development of process synthesis being defined as the
discrete decision making activities of conjecturing which of the many available component
parts one should use, and how they should be interconnected to structure the optimal solution
to a design. (Westerberg, 1987)

Process synthesis systematically guides the designer in the rapid screening of the various
process options in order to identify the optimum or near optimum design. It also allows the
assessment of the design possibilitics before detailed design is initiated.

The first application of these new design techniques involved the conservation of energy
through the optimisation of heat exchanger networks. This has led to the development of
Pinch Technology as applied to energy conservation. LinnhofT er al. (1994) used a graphical
approach in which a heat exchange system is represented by a plot of temperature as a
function of enthalpy. The streams that require cooling generate the hot composite curve and
those that require heating generate the cold composite curve. The cold composite curve is
below the hot composite curve, The point at which these curves come in the closest contact is
the point at which there is a minimum heat transfer driving force. This point is known as the
pinch point. The pinch point is then used o find the minimum process requirement and then
the optimal network design. Pinch Technology can also be apphed i retrofit situations,
however additional restrictive parameters are introduced.

Pinch analvsis was imually developed for the optimisation of heat exchanger networks
following the methodology proposed by Linnhoff and Flower, 1978, In their paper, the
problem of synthesising optimal heat exchanger networks was approached in two successive
stages. In the first stage, a preliminary network which yielded maximum energy recovery was
generated. This was achieved by sphitting the entire problem into ascending temperature
intervals and assessing the heat exchange opportunities within each temperature interval. As
a result, the entire problem was divided into several sub networks from which the overall heat
exchange network was generated. The preliminary network was then used as a starting point
for the generation of the most satisfactory networks. This was achieved by the use of a
chosen minimum temperature approach (AT..) between the hot and the cold streams based
on several practical implications. A zero AT.. set an ideal uppermost bound in energy
recovery. The use of the problem table in the synthesis of heat exchanger networks was also
presented.



Linnhoff, Mason and Wardle (1979) developed this work by applving the proposed
methodology to practical problems, The role of AT, and the effect of the pinch point in the
design of maximum energy recovery networks was further demonstrated. The optimum use
of utilities, the determination of the minimum number of process units, the effect of stream
splitting and cyclic networks, practical problem constraints as well as data modification were
described in detail.

The design method based on the location of the pinch point was described by LinnhofY and
Hindmarsh, (1983). This method entailed sphtting the problem nto two distinet regions,
namely the above pimch and below pinch regions. Targeting for the minimum-utility-use
network, with maximum possible energy recovery, was then applied in each of the regions
without violating the AT .. constraint and the necessary cniteria around the most constrained
region of the overall network, ie the pinch point. This methodology emphasised the
significance of the pinch in heat exchanger network (HEN) design by the introduction of
threshold problems. These are problems for which the mimmum allowed temperature
approach (AT..) has no effect on the network design below a cenan specified positive value
(AT o)

More recently, the analogies between heat conservation and wastewater minimisation have
been used by vanous people 10 extend the pinch concept to waste water minimisation.
Takama er al. (1980) approached the problem of optimal water allocation n a petroleum
refinery. In their approach a superstructure of all possible reuse and regeneration
opportunitics was generated. This superstructure was then optimised and the uncconomical
features of the design removed. Takama ¢f @l. also considered the possibility of regeneration
of wastewater. El-Halwagi and Manousiouthakis (1989) adapted the methodology developed
by Linnhoff and Hindmarsh (1983) for heat exchanger networks, in order to deal with mass
exchange of a single contaminant, between a set of rich process streams and a set of lean
process streams. In order to do this they defined a minimum allowable concentration
diffecrence that apphed throughout the mass exchange nctwork. Since the problem of
matching the rich and lean streams is combinatorial they introduced the notion of mass
exchange network (MEN) synthesis. This approach was later automated and modified o
include regencration (El-Halwag:, 1990a.b).

In this approach a procedure was developed which allowed the simultancous synthesis of
primary mass e¢xchanger networks and their associated regenerative networks. The
regenerative network was aimed at regenerating any recyclable lean streams. The proposed
procedure deals with the problem in two stages. The first stage involves the solving of a
mixed-integer non-lincar programming in order 10 minimise the cost of mass scparating and
generating agents. This problem was formulated using thermodynamic constraints, Its
solution then allows the location of all the pinch points as well as the optimal flow rates of
the lean and regencrative streams. The second stage of the procedure allows the number of
units in both networks o be minimised. This is done by solving a mixed integer lincar
programming problem. El-Halwagi er al. (1992) then apphed this approach to phenol
treatment in petroleum refinery wastewater,

Wang and Smith (1994a) presented a conceptually based approach, in which targets are set
that maximise water reuse. Both single and multi-contamunant cases were addressed, along
with the identification of regeneration opportunities. Procedures were presented for the
design of networks, which allow the minimum target to be achieved. In their methodology
differemt minimum concentration differences can be allowed throughout the network,
together with constraints due to corrosion limitations ctc. Wang and Smith constructed a
composite curve similar 10 the temperature enthalpy curves introduced in thermal pinch
analysis. They then matched this composite curve to a straight line through the ongin. This
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minimum water supply line touches the composite curve at a minimum of two points i.¢. the
ongin and one other. The points other than the ongin are known as the Pinch Points. They
then presented two methods to achieve this minimum flow rate design. The first is referred 10
as the maximum driving force method. which uses concentration differences between the
various streams 10 target the mimmum flow rate. The second method 1s referred 1o as the
minimum number of water sources method and uses load mtervals, In cach imerval only
enough water is used 10 maintain network feasibility, the remainder 1s bypassed and used
later. Wang and Smith also considered the case where more than one contaminant is present
and extended their methodology 10 deal with this situation. They also considered the
imphcations of regencration of wastewater.

In a later paper Wang and Smith (1995a) discussed single and multiple operations with fixed
flow rate and processes with multiple sources of water of varying quality. Water loss in
processes is also taken into account as well as the possibility of several sources of water of
varying quality. New design rules allow novel water flow schemes to be developed based on
local recveling and splitting of operations.

Kiperstock and Sharratt (1995) showed that the usual method of incorporating environmental
constraints 10 1o a mathematical model as a fixed set of upper limits 1o concentratnion for each
discharge, is not always the best solution. Better solutions can be obtained by allowing the
final discharges to vary in composition, while maintaining a fixed total load.

Dhole er al. (1996) introduced an approach shghtly different to that of Wang and Smith. This
method was designed to overcome the problem encountered in real life application of the
Wang and Smuth methodology. This methodology was known as the Two Composite
Method. Buchner and Rossiter (1996) further expanded this methodology. They used purity
on the vertical axis and water flow on the honzontal axis. The input streams of all the water
using processes are plotted in a demand composite curve in order to define the water demand
for the entire plant. The output streams are plotted in the same way in order to construct the
source composite for the entire plant. The composite curves form a pinch point that
represents a bottleneck n the reuse of water. The design of the minimum water network is
then achieved by the mixing of wastewater of varying qualities in order to relicve the
bottlencck n reuse opportunities that is created by the pinch point,

El-Halwagi and Hamad (1996) introduced the concept of synthesising waste-inception
networks (WINs) and incorporated them into @ mass-integration framework for the global
allocation of pollutants. This provides a selective inception and re-routing of undesirable
species at the heart of the process instead of dealing with the pollutants at the erminal waste
strcams. It also provides a unified framework for simultancously tackling gascous and liquid
pollution. This process nvolves tracking the pollutant through the process and then
determining the optimal interception policies. The tracking 1s done by developing a path
diagram as a means of charactensing the global flow of the pollutant through the process.
The path diagram is then integrated with the interception techniques using mass exchange
pinch diagrams. This WIN synthesis strategy is formulated as a mixed mteger linear
programming problem whose solution yiclds the optimal intereeption locauons, loads, and
separating agents.

Olesen and Polley (1997) reviewed the procedures introduced by Wang and Smith
concerning single contaminants. They introduced a new network designing procedure in
which they classify operations into distinet types, cach of which has distinct design
implications. This method is based on the use of a load wable, which tabulates the distribution
of duties in the region of the pinch and the minimum water needs for each operation. They
considered the case of simple reuse, water draws and regenerated water reuse.



El-Halwagi (1997) details some new and interesting techniques developed to handle the
problems encountered in real life situations as well as previously developed ideas such as
reacting networks (El-Halwagi, 1992) and the combination of thermal and water pinch
technology.

22 Water Reuse Nerworks

The hicrarchy of methodologies used for the design of water reuse networks 1s much the
same as that for retrofit designs aimed at waste minimisation, these being as follows (Dantus
and High, 1996) :

*  Hierarchical design procedures
*  Pinch technology techniques
* Mathematical programming tools

Hierarchical design procedures consist of a series of heunistic rules, based on engineering
knowledge and experience, aimed at screening process alternatives.  Their usefulness has its
hmitations.

Pinch analysis approaches which are graphically based are of limited use when large systems
and multiple contaminants are involved. Wang and Smith have developed the methodology
for water networks and deal with nctworks involving multiple contaminants, reuse,
regeneration as well as fixed flow rate constraints and multiple water sources (Wang and
Smith, 1994a. Doyle and Smith, 1997). The design of water reuse networks which achieve
the targeted flow rates s also covered by the theory. Olesen and Polley (1996) extended the
methodology to incorporate plant geography and piping constraints. The Two Composite
Mecthod (Dhole er al., 1996 ;. Beuhner and Rossiter, 1996) is another pinch-analysis-based
approach for the design of water reuse networks.

Pinch analysis approaches for the design of distributed effiuent treatment plants have been
developed by Wang and Smith (1994b), and Kuo and Smath, (1997, 1998a, 1998b). The
methodologies are essentially vanations of the Wang and Smith methodology.

Doyle and Smith (1997) presented a mathematical programming approach for targeting
maximum water reuse in the processing industry. The methodology is based on the concepts
developed by Wang and Smith (1994a) in terms of limiting water flows and maximum inlet
and outlet concentrations 10 operations.  Where the previous methods could not cope with
constraints other than those of concentration and flow rate, the new methodology allows
these and others e.g. the ability to forbid matches between operations which might be
necessary for geographical or safety reasons.

Although mathematical programming has been used to solve this type of problem previously
(Takama er al., 1980 ; Rossiter and Nath, 1995) , the problems considered were small. Doyle
and Smith report that the apphication of these non-lincar programming techniques to
industrial size problems often produces sub-optimal results due to the method finding local
optima rather than the global optima. The approach proposed by Dovle and Smith involves a
combined approach of linear and non-lincar programming - the linear programming solution
15 used as an imitial estimate for the non-lincar programming problem.

Although the case study presented by Doyle and Smith consisted only of fixed-mass-load
operations (Fig 2.1). the mathematical programming approach may also be applied to
operations with more complex contaminant loading models.

Alva-Argacz et al., (1998) extended the work of Doyle and Smith, and incorporated effluent
treatment plants in the proposed mathematical programming model. The proposed model
includes mass balance constraints, demand and capacity constraints, environmental
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constraints on waste discharge, design equations for pipes and treatment operation
performance constraints.
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Figure 2.1: A fixed-mass-load operation

The state of the ant of mathematical programming. as applied to the automated design,
integration and operation of chemical processes, has been reviewed by Grossmann er al.,
(1999).

23 Reagent Reuse Nerworks

While the design of water reuse networks is well documented, no references seem to cover
rcagent networks. The development of theory covering hydrogen networks has been carned
out by Towler e al.. (1996). The method presented is graphically based and another form of
the Two Composite Mcthod (Dhole er al.. 1996 ;: Beuhner and Rossiter, 1996). Although
formulated for hydrogen, the method is not specific in what material is under consideration
and may be extended to reagents. Only the single reagent use is optimised by the method -
combined optimisation of water and reagent is not achieved.

24 Other Points of Interest

The subject of data extraction and its importance 1o the final solution achieved by the
application of process integration methodologies is dealt with by Linnhoff and
Akinradewo (1999). While the context is energy integration based, several aspects are
transferable to water-use networks, particularly the consequences of including features of the
existing process network as constraints in solving process integration problems.

Dantus and High (1996) used an economic model based on the net present value method
which incorporates both manufacturing and capital costs to select the most profitable network
configuration in a retrofit design problem. This approach takes into account the time value of
money in selecting the best option.

Although written from the perspective of energy integration, Koolen ef al. (1999) weigh up
the vulnerability of integrated chemical complexes to chains of events, leading to total
stoppages. against the benefits gained from integration and optimisation. The discussion 1s
directly applhicable to water-use networks.,

Olesen and Polley (1997) extended Wang and Smith's single contaminant ideas, refining the
network design procedures and introduced several new concepts.

Dhole er al. (1996) presented a rwo composite method which is closely related to thermal
pinch ideas and involves the gencration of supply and demand composite curves for the
process under consideration, The design method involves mixing of effluents in order to
rehieve the pinch in the process.



2.5 Single Contaminant, Graphical Approaches to Pinch Analysis

Analogies between heat and mass transfer have been used 10 extend the concept of pinch
analysis 10 encompass waste minimisation and pollution prevention. Techniques have been
developed in order to design optimal mass exchanger networks (MEN). These minimum flow
rate networks mimimise the amount of fresh water consumed and waste water produced.

El-Halwagi er al. (1989-1997) presented several methodologies for the design of MENSs,
pioncering the extension of the pinch analysis from thermal to mass integration. A brief
overview of their work 1s presented in the first part of this chapter.

Wang and Smith (1994a) developed an approach, which involves the generation of a single
composite curve, which is used to set minimum flow rate targets. This approach s presented
in the second part of this chapter, closcly following their original ideas and examples in order
1o generate as much conceptual insight as possible into their ideas behind water based pinch
analysis. The methods developed allow the designer to identfy alternative structures for the
same problem. Wang and Smith also considered the possibility of regenerating wastewater
and presented a conceptually based approach. which distinguishes between regeneration
reuse and regeneration recycling. They later extended this idea to situations where flow rates
arc constrained (Wang and Smith, 19935a).

2.5.1 El-Halwagi (1989-1997).

The focus of El-Halwagi's work is pollution prevention through source reduction and
recycle’reuse but El-Halwagr (1997) concedes that the four waste management activitics
namely source reduction, recycle/reuse, end-of-pipe-treatment and disposal via post process
activities ¢.g. deep well injection, need to be integrated and reconciled. The most effective
design methodology determines the extent to which cach of these options should be used.
The majonity of the theory generated by El-Halwag: and co-workers focuses on the
apphcation of process integration for pollution prevention with a large emphasis on mass
integration techniques.

El-Halwagi considered the synthesis of optimal mass exchanger networks. Defining a mass
exchanger as any direct-contact mass-transfer unit that employs a lean phase (MSA, Mass
Separating Agent) to selectively remove cenain components from a rich phase. The lean
phasc should be partially or totally immiscible in the rich phase. The components are
redistributed among the phases and this leads 10 a depletion of the rich phase and an
enrichment of the lean phase. The majority of his work concentrates on counter current
systems because of their efficiency and industrial importance.

The mass exchange processes category includes processes falling into the following
categories: hiquid-hiquid extraction, liquid-gas absorption (scrubbing). hquid-solid absorption,
ion exchange, leaching and stripping. Hence examples of mass separatng agents (MSAs) are
solvents, absorbents ctc.

El-Halwagi (1997) described the problem of synthesising Mass Exchanger Networks (MENs)
as: given a number Ny of waste (rich) streams (sources) and a number Ng of MSAs, it is
desired to synthesise a cost effective network of mass exchangers that can preferentially
transfer certain undesirable species from the waste stream to the MSAs.

The target compositions of the undesirable species arce assigned by the designer based on the
limitations of each application. The MEN synthesis task then attempts to provide the optimal
solutions 1o the following questions.

1) What mass exchange operations should be used?

2) Which MSAs should be used?



3) What is the optimal flow rate of the MSA?
4) How should the MSAs be matched 10 the waste streams?
5) What is the optimal system configuration?

The designer needs tools that systematically target the optimum solutions 10 these questions
before detailed process design takes place.

El-Halwagi wdenufies two useful targets, however these targets are normally incompatible.
The first of these targets, the mimimum cost of the MSAs, involves integrating the
thermodynamic constraints of any given problem with the cost data for the individual MSAs.
From this it 1s possible to identify both the minimum cost of the MSAs and the minimum
flow rate needed to satisfy any given mass exchange duty.

The second target involves identifying the minimum number of mass exchange units. This is
an attempt 10 minimise the fixed cost of any given network as the cost of a unit is normally a
concave function of the umit's size. El-Halwagi and Manousiouthakis (1989) related the
number of units 1o the total number of streams by the following expression.

U = Ny + Ns-N; (2.1)
Here N, 1s the number of independent synthesis sub problems, normally one.

Optimisation of the final network design is achieved by trading ofT the minimum operating
cost aganst the minimum number of units, this i1s translated as a trade-off between fixed cost
(capital outlay) and operating costs (cost of MSAs). Commonly this trade off is achicved by
three methods.

In the first method the minimum allowable composition difference 1s used as a trade-off
point between the fixed and operatng costs (similar to trading off of the minimum
temperature difference against network cost in thermal pinch analysis). An increase in the
mimimum allowable concentration difference results in the increase in the MOC (minimum
operating cost) of the network.

The second method of achieving this trade-ofT is the mixing of waste streams. This decreases
the number of mass exchangers and hence the fixed cost. However at the same time mixing
results i a process MSA or a low cost external MSA becoming infeasible and hence the
MOC of the network increases.

The third method involves the use of mass load parhs (El-Halwagi and Monousiouthakis,
1989). This path is a continuous connection that starts with an external MSA and concludes
with a process MSA. By shifting the loads along this path. one can add an excess amount of
external MSA and remove an equivalent amount of process MSA. These results in the
eliminauion of mass exchangers, but incurs a penalty in the form of increased operating costs,
In order 10 decide whether or not to employ a mass load path, the fixed cost saving achieved
by the climination of mass exchangers should be compared 10 the additional operating cost
mcurred.

The first step in mass integration 1s the development of a glohal mass allocation of the whole
process from a species viewpoint (El-Halwag: and Hamad, 1996). For cach pollutant there
are sources (pollutant nch streams) and process sinks (treatment facilities, reactors etc.).
Streams Icaving the sinks become sources and cach sink generator can be manipulated to
afTect the flow rate and composition of what cach sink can accept and discharge. Effective
pollution prevention can be achieved through the combination of a number of concepts
(El-Halwagi, 1997), namely stream segregation, mixing, inception. recveling and
sink generator manipulation.
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Segregation refers 1o avouding the mixing of streams at the source: this may render some of
the streams more environmentally friendly or reduce pollution prevention cost by preventing
unnecessary dilution of some streams. It may even provide streams that are sufficiently clean
10 be directly recycled into a process.

Recyeling refers 1o the utilisation of source streams directly into process units, obviously the
constraints of the sink need to be observed. If the constraints of the source are not compatible
with those of the sinks, segregation, mixing and/or interception may prepare the sources.

Intercepiion refers to the use of separation units to prepare the sources to make them
acceptable 1o the sinks. These separations are obtained by the use of MSAs and / or ESAs
(Encrgy Separating Agents). Synthesis of MSA induced physical separation is known as
mass exchange network synthesis (El-Halwagi, 1997), while the use of reactive MSAs 1s
termed reactive mass exchange networks (REAMEN) (El-Halwagi and Srimivas, 1992),
Network synthesis techmques for other separation systems such as membrane separation
(El-Halwagi, 1992) and heat-induced separation (HISEN) (Dunn et al, 1995), (Dye er al.,
1995) have also been developed.

Sink generator manipuiation uses design or operational changes 10 alter the composition or
flow rate of streams entering or leaving the process units (Crabtree and El-Halwag, 1995),
(Lakshmanan and Biegler, 1995).

El-Halwagi employs several methods in synthesising the MEN, namely graphical, algebraic
and mathematical’optimisation programming methods, which are swrong analogics of the
techniques applied to thermal pinch analysis. For details on mathematical programming
approaches the reader is referred 1o El-Halwagi, (1995),

2,52  Wang and Smith (1994-1995)
This series of papers has been very influential in shaping the theory of water pinch analysis.

2.5.2.1 Basic Methodology

According to Wang and Smith (1994a) there are four gencral approaches to waste
minimisation:

1) Process Changes - This involves reducing the inherent demand of & process for water.

2) Reuse - Waste water can in some cases be reused directly in other operations, provided
the level of contamination introduced in the previous operation does not interfere with
the process. It may require blending of wastewaters or the blending of wastewater with
fresh water.

3) Regeneration Reuse - Wastewater can be regenerated by partial treatment 1o remove
contaminants which would prevent its reuse, and then its reuse in other operations. It
may not be reused in the operation that generated the waste in the first place, as this
recycling will eventually lead to build up within the process. The regenerated water may
be blended with other wastewater or with fresh water.

4) Regeneration Recoveling - Waste water can be regenerated to remove contaminants that
have built up, it 1s then recyeled back 10 the process that generated the waste originally.
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Figure 2.2: The water-using process considered by Wang and Smith



Wang and Smith initially considered the water-using process in which a single contaminant is
removed from a process stream using water as in Figure 2.2

Different water flow rates and contaminant levels can solve the same problem. In order 10
maximise the possibility of water reuse from other operations the inlet concentration to a
particular operation is set as high as possible, then by specifying the maximum possible
outlet concentration, the minimum water flow is defined. This case s known as the limiting
case, any water supply line below this (and hence water flow rate above) will satisfy the
process requirement. These maximum mlet and outlet concentrations might be fixed by:

1) minimum mass transfer driving force;

2)  maximum solubility;

1) corrosion imitations;

4) fouling: cte.

The hmiting water profile is used in the analysis because this approach can applied 10
operations that are very different in nature, and the use of the hmiting case allows all the
processes 1o be treated in a standard way,
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Figure 2.3: Graphical representation of a process using water to reduce the
contaminant level in a process stream - water with different contaminant levels and
Slow rates can achieve the same effect.

The Wang and Smith procedure begins with the generation of a table of limiting process
water data. This is done for any given process by:

1) Specify the mass load of contaminant (m) to be removed from the process stream.

M-Q,... (Cp-u - C’t-—~' (2.2)

2) Specify the maximum allowable contaminant concentration (C. . ..} in the feed water or
in the outlet (C. . ~n) determined by process or equipment limitations such as
precipitation or corrosion potential,

3) Calculate the maximum concentration of the contaminant in the water outlet stream or in
the water inlet,

4) Calculate the minimum wash water flow for cach process.

Q- -m/’C- - — 'C- ..ﬂ’ (2-3)
This is repeated for cach process and the results arc tabulated in the format of Table 2.1.
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Table 2.1: Limiting process water data (after Wang and Smith (199%4a).

Process Mass load Conmn Commn  Water flow
number  COntamunant (kg/h) (ppm) (ppm) (kg/h)

] 2 0 100 20 000

2 S 50 100 100 000

3 30 50 800 40 000

4 4 400 8O0 10 000

The hmiting data presented in Table 2.1 are those given as an example by Wang and Smith
(1994a) and are used here to illustrate the single contaminant procedure. For dilute systems
mass transfer 1s assumed 10 be a linear function of concentration. For concentrated systems
cach curve can be approximated as a series of lincar segments.

The limiting water data are then plotted as limiting profiles, Figure 2.4, (note the figures are
not 10 scale). These limiting profiles are then used o construct a limiting compaosite curve
(night half of Figure 2.4). Combining the operations within concentration interval gencrates
this composite curve. This curve now represents how the entire system would behave if it
was a single water using process and incorporates the process constraints directly.
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Figure 2.4: Limumg water profiles and composite curve for the problem of Table 2.1

The composite curve shows the cntical sections of the plant. These sections are those at or
close 10 the pinch point. These critical sections of the plant require close attention in order to
minimise the water flow rate. This composite curve is then matched 10 a water supply line.
The mlet contaminant concentration of the water supply line 1s assumed 10 be zero and bence
the water supply line will always pass through the origin.

Any line through the origin below the composite curve represents a water supply flow rate
that will sausfy the system. The minimum water supply line, representing the minimum water
flow rate, is the line that which just touches the composite curve. Each point where the
supply line touches the limiting profile creates a pinch in the design. There will generally be
at least one pinch point. The inverse of the gradient of this water supply line then specifies
the target for the mimimum water flow rate.
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It is important to note that at the pinch point the case of zero mass transfer driving force does
not occur. This is because minimum mass transfer driving forces have already been built into
the limiting data,

Having specified the minimum water flow rate. Wang and Smith then present two methods
for the network design. The first method maximises the concentration driving forces in the
resulting design and takes full advantage of the concentration difference between the limiting
composite curve and the water supply line. The strategy involves dividing the limiung
composite curve into vertical mass load intervals at each point where the gradient changes
(Figure 2.5). Wang and Smith then use the gnd diagram (lower part of Figure 2.5) for
network design that is & concept initially developed by Linnhoff and Flower (1978).

The generation of the opmum network starts with fresh water in interval 1. In this interval
only Process 1 exists and it is matched with fresh water. The water has now reached
11.1 ppm as defined by the water supply line. In interval 2 the water from the exit of interval
1, 1s now be split between Process 1, Process 2 and Process 3. In the next interval only
Process 3 exists and the outlets of Process 1, Process 2 and Process 3 (having reached the
pinch concentration) are mixed and passed on to Process 3 as a feed. In the final interval both
Process 3 and Process 4 exist and the outler from interval 3 is sphit between these processes.

O
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Figure 2.5: Division of the compasite curve into mass-load imervals, and grid diagram
for the water-use network design specified in Table 2.1

While this produces a design (Figure 2.6) which meets the minimum water flow rate, it also
leads o unnecessary complexity. Wang and Smith solved this problem by identifying
independent loops in the design (Figure 2.7) and then breaking them (Figure 2 8). This leads
to & far less complex design that still uses the minimum water. This procedure is analogous to
that introduced by Linnhoff and Hindmarsh (1983), used in energy relaxation techniques for
the simplification of heat exchanger networks.

14



Figure 2.6: Resulting network design for problem defined in Table 2.1

In regions far away from the pinch pont the dnving forces between the compeosite curve and
the water supply hine are large and it 1s possible 10 break loops in the design without incurming
a penalty in the form of an increased water flow rate. Breaking loops around the pinch docs,
however introduce a increased use of water.

“l

Figure 2.7: ldentification of independent loops in the network design generated by
Wang and Smith's maximum driving force method.

Figure 2.8: Simplified network design with independent loops broken, generated by
Wang and Smith's maximum driving force method

The second method introduced by Wang and Smith ensures the minimum numbers of water
sources are used. This second method involves following concentration intervals instead of

mass load intervals (Figure 2.9)



Figure 2.9: Network design according 1o the minimum water sources method - the
compaosile curve is divided into concentration intervals,

In cach match only sufficient water is used to maintain network feasibility i.e. the minimum
amount of water required by the process is used; the unused water is bypassed to be mixed in
later. The design procedure then follows that of the first method including wdentification and
breaking of loops in the initial design. This design strategy combines the mimimum flow rate
and network simplicity by explonting bypassing and mixing. It produces a design with only a
single water source that still achieves the minimum flow rate target.

2.5.2.2 Regeneration Reuse

Wang and Smith (1994a) consider first the placement of regeneration processes for a single
contaminant when reuse but not recycling is allowed. Figure 2,10 shows a limiting
composite curve with a water supply line matched against it. The water supply line also
shows a regeneration process. In Figure 2,10, the water is taken to concentration Cege. 10 the
limiting composite curve. It then enters a regencration process, which brings the level of
contaminant down to a concentration C..

The mass transfer 1s completed with regenerated water. In Figure 2.10 they assume that the
flow rate of water before and after regeneration is the same hence, the water supply lines
before and after regencration have the same slope. If there is a significant change in flow rate
before and afier regeneration, the construction is easily modified 1o take this into account by
relating the slopes to its flow rate charactenistics.

¢ | .
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Figure 2.10: Placement of a water regeneration process relative 1o pinch
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The placement of the regencration process as shown in Figure 2.10A clearly brings a
reduction in flow rate. To determine whether the flow rate 1s mimimised it 1S necessary 1o
create a composite of the water supply lines before and after regeneration and match this
against the limiting composite curve as shown in Figure 2.108.

The composite water supply line in Figure 2.10B just 1ouches the limiting composne curve,
which seems to indicate that the water flow rate with regencration is minimised. However,
the dotted line shows what would have happened 1if the water had been allowed to reach a
higher concentration before entening the regencration, there is clearly a gap between this line
and the composite curve indicating that the water flow rate is not minimised.

Figure 2.11 shows the same limiting composite curve from Figure 2.10A, but with the water
having been allowed to reach pinch concentration C,... before entering the regeneration
process.  The outlet of the regeneration process is specified (C,) and the flow rate before and
after regeneration 15 unchanged. This scems to be infeasible, since the water supply line
crosses the limiting composite curve. Once again feasibility can only be determined by
creating a composite of the water supply lines before and afier regeneration. This is shown in
Figure 2.11. The placement with regeneration a1 pinch concentration 1s seen to be feasible
and the water flow rate 1s mmimised.

(ppm)

m (kg m (kgh)

Figure 2.11: Placement of a water regencration process to minimise water flow rate.

By allowing the water supply line to achieve pinch concentration before regeneration allows
the designer to achieve both the minimum water flow rate and the minimum concentration
reduction in the regeneration process. A simple mass balance calculates the water supply
flow rate:

o Mt o s
s Cpmer = €,

(2.4)

Returning to the first example used 10 illustrate the single contaminant approach and applying
regeneration with a unit capable of reducing the contaminant level to 5 ppm. The minimum
water flow rate (Equation 2.4) 1s 46.2 vh. To design with regeneration the same design
procedures are used as before, however above the pinch only regenerated water must be used.
Below the pinch both regenerated and unregenerated water can be used.

Figure 2.12 shows an initial design based on design method 2 10 achieve the target minimum
flow rate.
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Figure 2.12: Network design for minimum water use with regeneration.

Figure 2.13 shows the design with regencration after the breaking of loops. Although
process 2 1s contacted with water before and afier regeneration, there is no recycle. Different
parts of process 2 are serviced by different sources of water.
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Figure 2.13: Final Network design for minimum water use with regeneration.

Situations can arise in which partial regeneration of water is called for. In these situations the
slope before regeneration (£..) 1s equal 1o that afier regeneration (fy.), indicating total water
regeneration. The process cannot support a lower flow rate before regeneration but can
support a lower flow rate afier regeneration. The unregenerated water with flow rate
(far = frges) 18 @ls0 available above the pinch concentration. A simple mass balance gives the
regencrated water flow rate:

- m”\-ﬁ __f-n ” ("ni G
jlﬂw - Cpmeb = Co (-.5)

It 1s possible to apply the principles developed for regeneration with a specified outlet
concentration 1o a regeneration process defined by removal ratio.
2.5.23 Regeneration Recycling

If recyeling is allowed, it is possible to reduce the supply flow rate below that for reuse only,
with the flow rate reduced to that dictated by the slope of the limiting composite curve below
C, as in Fagure 2.14. If this flow rate is allowed to reach C,..s and regencrated as shown in
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Figure 2.15 then there is insufficient water 1o satisfy the problem. The flow rate needs to be
increased after regencration by recycling. In this figure, the slope of the water supply line
after regeneration indicates the total flow rate of regencrated water. Figure 2.16 shows a
composite curve of the water supply line before and after regencration.

Applying this approach to the single contaminant example, the new target flow rate of
freshwater and wastewater i1s 20 vh for regeneration recycling as opposed to 46.2 vh for
regencration reuse. The target regencration flow rate 1s 73.7 vh. Figure 2.17 shows the new
design after loop breaking,

This 1s an interesting concept, but does not apply when the exit stream from the process is not
available for recvching 1.e. the exit stream now appears in a final product, or when the
‘comtaminant’ is a desirable species. In such a case, any regeneration is actually destruction
of a final product or & valuable reagent. This has some senous implications for almost all the
procedures that are available, especially when applied 10 a real industrial case, since this
introduces a further sct of considerations to the problem.
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Figure 2.14: Slope of composite curve Figure 2.15: Water supply does not
helow C, sets the minimum water flow satisfy the problem and an increase in flow
rate. rate is required implying recycling is
necessary.
C

m(kgh)

Figure 2.16: Composite water supply line after regeneration and including recyveling,
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Figure 2.17: Final design with regeneration, afier breaking loops.

2,524 Single Operations with Fixed Flow Rates

Wang and Smith (1993a) investigated single operations with fixed flow rates and the use of
pinch technology to mimimise this flow. Consider an operation with a maximum inlet
concentration of C.. w. and a maximum outlet concentration of C.. .. and the water flow rate
fixed at f; (Figure 2.18).
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Figure 2.18: Minimum water flow rate for a single process with a fixed flow rate.

It is possible that during the construction of the water supply line that the minimum water
flow rate suggested is lower than the required flow rate for the process. This may suggest that
this mimimum flow rate is now infeasible, However the solution to this problem is relatively
simple and takes the form of local recyching around the offending operation. A simple mass
balance proves that the inlet concentration to the process is within the limit,

Consider now how this operation illustrated in Figure 2.18 can be designed using /.. but
without local recycling, and exploiting reuse only. Figures 2.19 and 2.20 illustrate a method
of designing for reuse with /... but maintaining the flow rate constraint.
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Figure 2.19: Split operation with part 1 1aking fu. a feasible design with the lower
flow rate fed first,

In Figure 2.19 the operation has been split into two pans.  Whether or not an operation can
be split into parts depends very much on the nature of the operation. For example, a
multistage washing operation can be readily split, whercas a steam stripping cannot be. In
Figure 2.19 the operation has been split such that each part has a flow rate requirement which
15 less than or equal 10 fo.. Here part 1 of the operation has been taken to have a flow rate
equal 10 fu., part 2 taking the remainder of the flow rate. Figure 2.19 shows that if water is
reused between these two parts, the design will be feasible if the part requiring the lower flow
rate is fed first. On the other hand, Figure 2.20 shows the same split but in a different order.
If water is reused between the two parts, with the part requiring the larger flow rate being fed
first, the outlet concentration from part | exceeds the maximum inlet concentration for part 2
and the design is infeasible.
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Figure 2.20: Split operation with part | taking fe., but used in a different order to that
in Figure 2.19 - reuse with the iarger part being fed first leads to an infeasible design.

2.5.2.5 Multiple Operations with Fixed Flow Rates.

Consider now the limiting composite curve in Figure 221, in which all of the operations,
which comprise the composite curve, have a fixed flow rate. A water supply line has been
matched agamst the hmiting composite curve. The construction has also been split into
vertical mass load intervals.

In mass load intervals 11 and [ the total flow rate requirements exceed fa.. This implies that
the straightforward design method will produce an infeasible design.
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Figure 2.21: Composite curve of several fixed-flow-rate processes, flow rates in some
of the mass load imtervals are larger than the minimum flow rate.

Of the two intervals, interval 11, leading up to the pinch, is the most constrained. Consider
this interval in more detail. The only difference in principle between the single process in
Figure 2.18 and interval 11 in Figure 2.21 is that the stream in interval 11 comprises several
streams. It is therefore always possible to design for this interval using local recyching. The
outlets from the individual operations may be mixed before local recycling takes place.

If local recycling is not acceptable it is possible to design using the philosophy adopted for
reuse with single operations. The difference now is that the operation is naturally split since
the overall system already consists of several operations.  As long as cach operation requires
a flow rate less than or equal o fmin there is no need to spht individual operations. 1f needs
be individual processes can be split into parts satisfying the constraint that each operation or
part-operation should require a flow rate less than or equal 1o fmun. The order of reuse must
also be in increasing order of flow rate requirement. A simple mass balance can demonstrate
the feasibility of the design.

If local recycling is not desirable and operations cannot be split, then the target for cach
interval can no longer be f.. Since cach operation for rcuse must have a flow rate
requirement less than or equal to /.. for reuse, if operation splitting is not allowed for the
interval then the target flow rate f; given by:

fr= Max| fu, [} (2.6)

Where the steepest water supply line gives fo., which can be matches against the limiting
composite curve and /.. are the flow rate requirements for the individual operations. Note
that equation 2.6 only guarantees that operation sphitting within any individual interval is not
necessary. 1t might sull be necessary to split an operation between intervals.

Wang and Smith (1995a) combined the insights gained in their first paper (1994a) with their
ideas on splitting operations and local recycling and presented a design method, which
produced mimimum flow rate designs. This design method closely follows that presented in
the previous paper, but satisfies flow rate constraints by one of the methods discussed above.

To adapt the approach above for single contaminants to the placement of regencration
processes with multiple contaminants, a reference contaminant is chosen, and the limiting
composite curve is constructed based on that contaminant (using shifting where necessary).



2.5.2.6 Multple Sources of Fresh Water.

Consider a situation where there are three sources of freshwater available, demineralised
water, potable water and bore hole water. The highest quality is demincralised water and the
lowest purity is bore hole water. Figure 2.22 shows a limiting composite curve using only
high quality freshwater with no comtamination. Potable water s available with a
concentration of contaminant Cror.

In Figure 2.23 denmuneralised water is substituted by potable water above Crgr . The slope of
the limiting composite curve below dictates the mimimum amount of demineralised water
which is necessary. The difference in slope between the water supply line below and above
Cror dictates the amount of potable water. In Figure 2.24 part of the water is now substituted
by bore hole water above concentration Cyy. This construction now maximises the use of low
quality water.
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Figure 2.22 : Targetting minimum flow Figure 2,23 : Targetting minimum flow
rate using only high quality water. rate using high guality and intermediate
quality water.
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Figure 2.24 : Targening using high quality, intermediate quality and low gquality water

On most industrial sites steam is extensively used as a heating medium. On condensation this
steam 1s often a source of a large volume of high purnity water. This may appear 1o present a
large opportunity to minimise both the water discharge and intake of the site. However, the
tempcerature of the condensate needs to be taken im0 consideration in addition to its
composition, which leads to the 1ssue of combined water and thermal pinch analysis, for
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which very little theory or methodology has been developed.  In some cases it might be
possible 1o achieve a sausfactory representation of a system by simply treating lemperature as
a psendo-contaminant, but this device would have only limited applicability.

2.5.2.7 Processes with a Water Loss.

Many processes involve a water loss. Operations such as boiler feed water, cooling tower
make-up and reactor feed water are not mass transfer operations but they can, in some
circumstances, use spent water from previous mass transfer operations. The involvement of a
water loss in these processes means that some, or perhaps all of the water fed 10 these
processes, does not become available for reuse in other processes. Wang and Smith extended
their methodology to cover this situation.

Consider how such losses can be included in the analysis. Figure 2.36 shows a limiting
composite curve with water supply hine matched against it. Now suppose a process with a
maximum inlet concentration Cio has a specified flow rate loss. This loss 1s shown in
Figure 2.25 as an increase n slope of the water supply line at Cioss The flow rate loss
dictates the change in slope.  The target is now infeasible. Figure 2.26 shows the required
increase in flow rate to attan feasibility. The slope of the water supply line below Co gives
the freshwater target and the slope above C,oss gives the wastewater target.
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Figure 2.25 : Targetting minimum flow Figure 2.26: Waier loss increases the
rate with no water loss. slope of the minimum water supply line

and the target is now infeasible
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Figure 2.27 : Water flow rate is increased to restore feasibility.



2.5.3  Olesen and Polley (1997)

Olesen and Polley (1997) presented a new procedure for the design of water networks for
systems involving single contaminants. It is an extension of Wang and Smith's conceptually
based design strategy and uses a Load Table, which shows the distribution of duties about the
Pinch and the minimum water needs for cach operation. The procedure also uses the concept
of Remaining Problem Analvsis,

2.5.3.1 Classification of Operations

The network design procedures reported to date all use some level of numerical analysis.
Olesen and Polley (1997) consider these design strategies to be unnecessarily complex. The
design of networks for problems having up to four or five individual operatons can generally
be satisfactonly achieved by inspection. They considered all the possible operations that may
be present in a system and classified them into distinct types (Figure 2.28) each of which has
distinet design implications
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Figure 2.28 : Stream classification according to Olesen and Polley (1997)

Type 1. Operations that require fresh water and terminate at the Pinch

These streams can be assigned a fresh water flow rate that provides for a spent water
concentration that equals the pinch concentration. This is the minimum flow reguired for the
operation and it does not prejudice the minimum water target. The operation can then be
removed from further consideration. This type of operation should be dealt with first in order
to reduce the size of the design problem,

Type 2. Operations that require fresh water and terminate above the Pinch.

These streams can be treated in the same manner as fype / streams. Fresh water is assigned
at the minimum flow rate. The minimum flow rate target is not prejudiced. The operation
can be removed from further consideration.

Type 3. Operations that require fresh water and terminate below the Pinch.

The spent water from these operations must be reused in another operation prior to the Pinch.
Having dealt with operations of fypes 1 and 2 the presence of operations of this type must be
flagged before other types of operation are addressed. However, no firm decision on how
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these operations fit into the network can be taken without reference 10 the others. The flow of
fresh water used for the operation will depend on how the operation is subsequently matched
with others.

Type 4. Operations that can use spent water from other operations and terminate below the
Pinch.

Again, the spent water from these operations must be reused in another operation prior to the
Pinch. If only one operation of this type 1s present in the system fresh water should be used.
The water flow rate will depend on how this operation 1s subsequently matched with others.
If more than onc of these operations is present the designer may need 1o consider using spent
water from one operation to feed another.

Type 5. Operations that can use spent water and terminate at the Pinch.

If the system does not contain operations of fypes 3 and 4, fresh water can be used for this
type of operation. The treatment 1s the same as for a nype 7 operation: otherwise it may be
necessary to use spent water for this type of operation.

Type 6. Operations that can use spent water and terminate above the Pinch.

This is the most difficult type of operation 1o satisfy. Care and consideration must be taken
with regard to both the pinch concentration and the maximum water outlet concentration. The
water flow will be limited by the duty on one or other side of the pinch. The designer should
start by determining the minimum water flows on cither side of the pinch. The minimum
water flow required above the pinch is estimated by dividing the above pinch load by the
difference between the maximum water outlet concentration and the pinch concentration. The
minimum water flow required below the pinch can be determined from the below pinch load
and the difference between the water inlet and pinch concentrations. The water used for the
operation may be fresh water but it could be spent water from a fype 3 or 4 operation. The
larger of these two water flows is the minimum required for the operation and 1s subsequently
the sclected value.

If the above-pinch load is controlling. it is the maximum allowable water outlet concentration
that must be met. The required water inlet concentration is then determined from the
operation's load and water flow rate. If the below-pinch load is controlling, it is the inlet
water concentration that is specified. The subsequent water outlet concentration is computed
from the load and water flow.

Type 7. Operations that commence at or above the Pinch.

These operations must use spent water that is at (or above) the pinch concentration. Generally
the designer has a significant amount of freedom in the design.

2.5.3.2 Load Table for Network Design

From the discussion of types of operations (particularly that relating to operations of fype 6),
it is clear that a table listing the above and below pinch contaminant loads and potential
flow/concentration profiles would be a useful tool. Such a table is given in Table 2.2 for the
single contaminant design problem introduced by Wang and Smith (1994a). The composite
curve and mmimum water supply hine are constructed using the procedure described by
Wang and Smith (1994a).



Table 2.2 : Load 1able for Wang and Smith's single comtaminant problem (After Olesen
and Pollev (1997).

Below the Pinch Above the Pinch
Operstion  Type  Tetal Losd Minimum Outhet Losd Miaimam Lot
Lasd Flow Concentration Tow L oncentralion
(kg™ (kg “ww) ppm) hg'h) “ww g™
1 1 2 2 20 100
2 S 5 5 50 100
3 6 30 2 20 1500 28 40 50
4 7 4 R 57 100

This load table 1s constructed by considering the operation classification (npes 1 to 7), 1ol
contaminant load, above and below the pinch loads, above and below the pinch minimum
water flow rate for each operation as well as the related nlet and outlet concentrations. (The
data defining this problem are given in Table 2.1)

The design for minimum water flow rate is as follows:

Operation 1 is of npe 1 and tackled first, The fresh water flow required for the operation is
20 vh. There are no operations of fypes 3 or 4. Operation 2, which is of yype §, can be treated
in the same way as a npe 1 operation. Fresh water is used at a flow rate of 50 vh. Auention
is now directed at operations of fnpe 6. Only operation 3 falls into this category. The
minimum flow rate required for the above pinch part of the operation will be 40 vh. Taken
over the full operation the maximum outlet concentration of 800 ppm is reached if the water
has an inlet concentration of 50 ppm. The minimum water flow rate for the below pinch part
of the operation (assuming that fresh water i1s used) 1s 20 vh,

It is scen that the above-pinch part of the operation 1s limiting. The operation is set as having
a flow of 40 t'h at an inlet concentration of 50 ppm. The available freshwater supply is 20 th.
This can be mixed with spent water from operation | (flow 20 th, concentration 100 ppm) 10
provide the exact flow and the required concentration. The only operation remaining is
operation 4. This 1s of gype 7. 1t 1s casily satisfied using the spent water from operation 2.

The final design (generated by inspection and meeting the minimum water target of 90 vh) is
shown in Figure 2.29. This design is achieved without the complications of the design
methods presented by Wang and Smith, namely the use of a gnd diagram followed by loop
breaking procedures and finally conversion to a conventional flow sheet.
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Figure 2.29 : Final design for Wang and Smith's single contaminant probiem.
The load table concept is a simplification of the Wang and Smith procedure and one would

expect it 10 demonstrate the same limitations as the parent technique. It 1s however a useful
concept and should be kept in mind when tackling a real problem.

27



2.5.3.3 Remaining Problem Analysis

For larger more complex problems, the designer can be guided using a procedure that could
be considered 10 be analogous to the Remaining Problem Analysis used in thermal pinch.

1) An clement of the design 1s developed:
2) the operation i1s removed from the data set;

3) spent water from the operation s introduced into the data set as a secondary source of
fixed flow;

4) Targeung is reapplied to the new data set;

5) The water demand for a system employing the proposed design clement now equates
with that used in the clement plus the target for the remaiming operations.

Olesen and Polley (1997) also found that this new design strategy could casily be applied to
situations where there are water losses and those where regencration occurs, without
substantially modifying the procedure. This 15 a useful concept that may be used to
substantially reduce both the size and complexity of any given problem.

2.5.34 Two Composite Plots

The approach was developed by Buchner and Rossiter (1996), and is represented in
Figure 2.30. This procedure uses purity as the vertical axis and water flow rate as the
horizontal axis. Each water using process has input and output water streams. There can be
several input and output water streams at different purities for & single operation. The input
streams of all the water using processes are combined in a demand composite curve in order
to define the water demand for the entire plant. The output water streams for all the
operations are combined 1o construct the source composite curve for the entire plant. This is
an elaboration of the method suggested by Dhole er al. (1996).
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Figure 2.30 : Demand and source composite overlap indicates the scope for water
rewse (Buehner and Rossiter, 1996).



The overlap between the source and demand composites indicates the scope for reuse. The
pinch pont limits the available overlap. Minimum fresh water demand and wastewater
generauons without wastewater mixing are also identified in Figure 2.30,

The water pinch diagram also provides network design guidelines in order 10 increase water
reuse. By combining water sources from units A and B, a mixture of intermediate purity is
generated (Mix). This mixture now relicves the bottlencck created by the pinch point
(Figure 2.31) allowing further overlap and hence greater reuse potential. This 1s continued
until the appropriaste network is designed.
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Figure 2.31: The waier pinch diagram guides the designer to identify specific actions
10 increase waler reuse.

2.6 Mathematical Programming Approach to Water Pinch Analysis

The graphical approaches considered so far provide many valuable insights to the water
optimisation problems, but become increasingly difficult to apply when multiple
contaminants or special process constraints are involved. They also cannot deal with
optimisation in terms of objective functions which include factors other than water use, in
particular ecconomic factors. Previous investigators have used mathematical programming for
mass-transfer networks, (¢.g. Takama er al., 1980 ; Rossiter and Nath, 1995), the formulation
which corresponds to the water pinch approach was set out by Doyle and Smith (1997) and
extended by Alva-Argacz er al. (1998). The WaterPinch software from Linnhoff-March and
the programs written as part of this project are largely based on this approach,

2.6  Doyle and Smith (1997)

Doyle and Smuth considered that a water-using network is not simply a special case of a
mass-exchange network, because operations such as cooling towers, steam systems and
hosing operations cannot be considered as mass-exchangers. They pointed out that
non-lincar mathematical programming techniques suffered from difficulties in ensuning that
they found the global optimum 10 a problem, rather than a local optimum, particular for
problems involving many variables. Lincar programming techniques, on the other hand, can
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handle very large problems, and global convergence is readily obtained. They therefore
presented lincar and non-lincar formulatons of the problem, and proposed a combined
lincar non-linear approach 1o overcome the previously encountered difficulties.

The basic model of a water-using operation (Figure 2.32) is similar 10 Wang and Smith’s
fixed-load model (see Figure 2.1). except that:

1) an alternate option is considered, where the mass load is allowed 1o vary in order to fix
the outlet concentration of contaminant ;

2) a water gan or loss 1s allowed, to model operatons such as cooling towers or

evaporators.
Comaminant » lﬁj, W, 1 Warer
Water in . Water out
—_— Process j R

Crm

Figure 2.32 : A water using process.

The basic concepts of limiting flows and concentrations, and the relationship between them
via the mass balances, arc exactly the same as mn Wang and Smith (1995a) (sce
Section 2.5.2.4).

To automate the procedure for finding the optimal set of connections between units, a
superstructure for the network is considered (Figure 2.33).  This allows, in principle, all
possible connections.

Fresh Waslte

Figure 2.33 : The superstructure for a simple 2-process network,

In the original paper, several different versions of the balance equations were given. which
made the treatment difficult 10 follow. Here a somewhat different formulation is used, for
compactness and clanty.

The balance over process | can be expressed as
Flow balance: SF+IF.-CF, + ZF, +W) =0 (2.7)

Balance for component n. ;F, Co + .f.'l",. Cin+0p =|\'2F, + .‘..'.F, + "',) Ce (2.8)

Where

F,, is the flow of (reused) water from outlet of process i to inlet of process j
F.. is the flow of (used) water from outlet of process i 10 waste sink w
Fu is the flow of (fresh) water from source & 10 inlet of process
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C.. 15 the concentration of ion » in outlet stream from process ¢
8. 15 the mass gain of contaminant n over process /
W, 1s the water gain over process .

Balances of this form exist for cach of the P processes and A contamunants in the system, and
can be viewed as the basic set of process constraimts.  Specific limits on flows and
concentrations, for a particular system, will form additional constraints.

To complete the formulation, an objective function must be defined 10 provide the basis for
optimisation. A rather general form for the objective function was proposed, representing
fixed and vanable costs associated with each stream in the system, 10 be minimised:

Q= ‘-' la, +b(F,)) (2.9)

(in fact, this form [als W address an important practical issue, namely where the cost
associated with a particular stream 1s dependent on the contaminant load, rather than just the
flow rate, however there is no particular problem in including terms to represent this.)

This formulation of the problem has non-lincarities in the objective function (Eq. 2.9) and in
the component balances (Eq. 2.5). It should usually be possible 10 use a lincarised objective
function as an approximation, but, in the case of fixed contanunant loads, the component
balances are intrinsically non-lincar because the terms which are products of flow rate and
concentration, since both are variables in the problem. In the case of fixed outlet
concentrations, however, Eq. 2.8 1s lincar in the flow rates, since the concentrations are then
known constants. Thus, if all processes in the system are of the fixed-outlet-concentration
type, the problem could be formulated to a lincar programming (LP) optimisation. Although
this 1s a most unlikely scenario, it is reasonable 10 suppose that, in an optimised system, the
concentratons will approach their hmiting values. This means that the LP solution could be
taken as a good starting estimate for a non-linear programming (NLP) optimisation.
Providing a good starting estimate is the most important means of achieving satisfactory
convergence in non-lincar programming. This ratonale forms the basis of the
linear/non-linear approach,

2.6.2  Alva-Argaez, Kokkosis and Smith (1998)

The extension to the Doyle and Smith treatment consisted of noting that, once a set of flow
rates had been obtained from the lincar-programming solution, which assumes that the outlet
concentrations are at their himiting values, one can calculate the corresponding set of
concentrations, and determine where the assumptions are in error.  If the calculated
concentrations are below the limits, the errors are of no consequence. For concentrations
which exceed the limits, the errors can be added into the objective function to be minimised,
so that running the LP algorithm again will tend 10 drive the errors 1o zero. This provides the
basis for a method which uses a senes of LP optimisations which converge to the NLP
solution, taking advantage of the particular mathematical structure of water pinch problems.

A further refinement introduced binary vanables corresponding 10 cach possible connection
in the network. For these, a value of 1 indicates that the connection exists, and a value of 0
that it does not. This formulation allows automatic control of features such as the elimination
of streams which fall below a specified flow rate, or the maximum number of connections
allowed in the nctwork, to avoid excessive complexity. These variables move the
optimisations into the class of Mived Integer (M) programming - once again mixed integer
lincar programming (MILP) is very much more tractable than mixed integer non-lincar
programming (MINLP).
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2.7 Pinch Analysis of Batch Processes

All the methodologies discussed above deal with continuous processes. It was nitally
thought that the application of pinch analvsis techmiques n batch processes would have very
limited benefits due to the intrinsic tme constraints. Moreover, the incorporation of process
imtegration in batch processes was perceived 10 lead 1o reduced flexibility, which 1s the main
advantage of batch processes. There was also a general understanding that batch processes
have intrinsic vanations which eventually lead to deviations from predetermined schedules,
This would make targeting extremely difficult. if not impossible. Morcover, pinch analysis
was regarded as only an encrgy optimisation technique which would not have much
significance i batch operations, since energy usually constitutes & small component of batch
operating costs (Obeng and Ashton, 1988).

2.7.1  Barch Heat Transfer Pinch Analysis

The use of pinch analysis in the optimisation of batch heat-trunsfer operations only started
following pubhcations by Kemp and MacDonald (1987), Obeng and Ashion (1988) and
Kemp and Deakin (1988).

Obeng and Ashton (1988) drew the companison between the Time-Temperature Cascade
(Kemp and MacDonald, 1987,1988) and the Overall Plant Bottleneck (OPB) approaches. The
cascade approach generated a time dependent analysis of energy flows with respect 1o time
and temperature. This was achieved by setting up the problem table analogous 1o that in the
analysis of continuous processes (Linnhoff and Hindmarsh, 1983), but allowing heat to be
cascaded with respect 10 time and temperature. Other than setung the energy targets, this
approach also allowed the heat storage opportunitics to be identified. In setting energy
targets, the OPB approach first removed the time constraint by using the concept of the Time
Average Model (TAM). In this model the heat loads were averaged over a chosen period
followed by the construction of the hot and cold stream composite curves as in continuous
processes (Linnhoff and Hindmarsh, 1983). The Time Slice Model (TSM) was then used to
set targets based on a chosen schedule. The time slices were constructed by plotting cach of
the process duration times on a ume plane. The target was then set by calculating the energy
demand in cach of the time intervals. This target was then optimised by increasing the direct
heat transfer opportunities between hot and cold streams by schedule modification. The
schedule modification was achieved by allowing some processes to start carlier, end later or
finish carhier than prescribed in the initial schedule. Attention was drawn 10 the fact that these
process changes could have an impact on plant capacity, flexibility, process yields as well as
energy consumption.

It was then concluded that the TAM target could be achieved by modifving the initial
schedule using the time slice diagram. The cascade approach also viclded the same energy
target as the TAM when applied 10 repeated batch operations. The cascade analysis was,
therefore, found 10 be ngorous with respect 1o the energy target, but not with respect to the
heat storage capacity, since this i1s highly dependent on the mitial assumptions made. The
implication was that the TAM could be used as a shoricut in setting the targets. This was,
however, later reproved by Kemp and Deakin (1989). Both the cascade analysis and OPB
techniques did not include cost factors,

Kemp and Deakin (1989) produced a senes of three papers on cascade analysis, In their first
paper, the application of cascade analysis in setting energy targets was revisited. This was
compared to the OPB approach presented by Obeng and Ashton (1988). Rather than
confiming the targeung procedure to simple scheduling diagrams, the thermodynamic
potential of hot and cold streams to exchange heat was explored in sufficient detail. The
shortcomings of using the TAM in dealing with batch processes was highlighted by using a
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simple batch process flow sheet with one inlet and one outlet stream. Each of the streams was
fully specified in terms of thermodynamic properties. The conclusion was that an analysis
method that does not allow for variations with time, like the TAM, is inadequate for even the
simplest batch processes (Kemp and Deakin, 1989). This paper also introduced the use of a
three dimensional cascade plot to aid visualisation of heat flows and the mathematical
formulation of the techmque for computer programming.

In the second paper of the series, the application of cascade analysis in the design of
maximum heat exchange (MHX) networks was presented. Attention was drawn to the fact
that, unlike continuous processes, batch processes do allow the transfer of heat across the
overall pinch without compromising the maximum efficiency of the network. The implication
1 that the pinch wviolastion rules which apply to continnous processes (Linnhoff and
Hindmarsh, 1983; El-Halwagi, 1997) do not apply to batch processes. Rescheduling
opportunities were also divided into four broad classes and their effect in the overall targetng
procedure assessed.

The third paper of the series presented a case study on the application of pinch analysis in a
system of batch operations from speciality chemicals plant. The problem formulation had
cight cold streams and five hot streams with their supply and target temperatures, start and
finish times and heat capacity flow rates specified. The study showed that the apphication of
cascade analysis to this problem could lead 1w 28 % and 122 % savings in energy
consumption using heat storage and direct heat exchange, respectively.

In 1995, Wang and Smith introduced an entirely new methodology for the setting of encrgy
and water demand targets in batch operations. The methodology was initially applied to the
integration of heat wransfer operations including the utility system design, and later applied to
wastewater minimisation. In their approach (Wang and Smith, 1995b), time was taken as the
prnimary constraint and temperature (for heat transfer operations) or concentration (for mass
transfer operations) taken as secondary constraints. This constituted a slight vanation from
the methodologies published by Kemp and Deakin (1989) and Obeng and Ashton (1988), in
the sense that these authors did not prioritise with respect to temperature and time constraints,
However, it 1s worthy of mention that the nature of the cascade analysis is such that
temperature is given first preference to ume, but this does not necessarily mean that
temperature is treated as the primary constraint.  The implication of the time constraint n
batch operations is shown in Figure 2.34. If the schedule 1s such that the energy source (in the
case of heat exchangers) or the water source (in the case of water networks) appears before
the sink, then it is possible to transfer energy or reuse water from the source 10 the sink.
Nevertheless, if the source appears after the sink in the time schedule, time constraints will
forbid the transfer of cnergy or reuse of water.
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Figure 2.34 : The implication of the time constraint in batch operations.

As with continuous processes, batch operations are also constrained with respect to driving
forces, 1.e. temperature and concentration for heat and mass exchangers, respectively. The
implications of emperature and concentration constraints are shown in Figures 2.35 (a) and
(b), respectively. If the hot stream is supplied at a lower temperature than the cold stream,
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then the temperature constraints will forbid the transfer of heat from the hot stream to the
cold stream, Fig. 2.35 (a). Simlarly, if the nch stream 1s supphed at a lower concentration
than the lean stream, concentration constraints will forbid the transfer of mass from the rich
stream 1o the lean stream, Fig. 2.35 (b).

Temperature Concentraton
o o
e ~e
wet* T
v v
&
9@" /f
Q
£ s
Enthalpy Mass load
& M

Figure 2.35 : Effect of (a) iemperature and (b) concentration constrainis
in batch operations.

The foregoing discussion puts more emphasis on the time constraints, however, for heat
transfer 10 be feasible, temperature constraints must also be satisfied. To introduce
temperature constraints in the targeting procedure, Wang and Smuth (1995) adopted the
Problem Table Algorithm of Linnhoff and Flower (1978). In this algonthm the designer
itially sets the minimum temperature difference (AT...) between the cold and the hot
streams. In order 10 ensure that this temperature difference holds throughout the temperature
intervals, the hot stream temperatures are reduced by AT..2 and the cold stream
temperatures are increased by AT..2. Applying the time constraint analysis in cach of the
temperature intervals ensures that both time and temperature constraints are satisfied.

Having demonstrated the application of their methodology in sctting energy targets and
identification of storage requirements, Wang and Smith, (1995b), extended the application of
this methodology to utility system design. This was based on the realisation that, in general,
the capacity of utility svstems for batch operations is based on peak demands. This implies
that for the off-peak times the utility systems operate incfficiently due to the loss of surplus
encrgy as shown in Figure 2.36.

Demand (kW)
lnstalled capacny

Twwe ()

Figure 2.36 : Heaving demand of batch processes over time.

The methodology was apphied to the sizing of accumulators to cater for increases in energy
demand. It was also used as a formal wol in making a choice between increasing the capacity
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of the existing plants and providing an adequately sized accumulator to handle vanations in
energy demand. An example was given where a choice had 10 be made between replacing
one of the boilers which had come to the end of its life in a plant consisting of two boilers,
and providing an accumulator which was going to operate with the remaining boiler. The
Wang and Smith analysis showed that the installauon of an accumulator and the removal of
the old boiler was a viable option.

272  Bawch Water Pinch Analysis

Wang and Smuth (1995b) introduced thewr method for analysing the water requirements of a
set of batch processes by way of a single illustrative example, which set out the framework
and context within which the method may be applied. The specification of this hypothetical
problem contained a number of implied assumptions, which were not explicitly discussed,
and which constitute important limitations on the type of processes which can be considered.

The problem was specified in terms of a set of water streams, cach characterised by a flow
rate, @ start ume, an end time, and maximum limits for the nlet and outlet concentrations of a
single contamuinant. At first sight this appears to be a rather general framework for
representing such problems, apant from the obvious restriction of considering only one
contaminant. However, the way that these specifications were used in their method imphied
some less immediately obvious assumptions:

1) The processes involved are not truly batch processes (at least, with respect to the water
streams ), but operate in a continuous flow mode between their starting and ending times.,

2) The primary purpose of each water stream is to absorb a fixed mass-flow of contaminant
from the process.

) The water flow-rates are fixed.

4) Of cach pair of mnlet and outlet concentration himits, one is fixed directly in terms of
concentration, and the other is determined from it, together with the water and
contaminant flow rates, by material balance.

Targeung was performed by cascading water from one concentration interval to the next,
until the last concentration interval. Within cach concentration interval, water was cascaded
from one time subinterval 10 the next without degradaton. This appears 10 be the mass
transfer version of the targeting procedure presented for heat exchangers, Methods for
allocating water so as to meet the targets, and for establishing intermediate storage
requirements were presented.

When an attempt was made to apply these techniques in practice it became apparent that
these assumptions do not always apply, and that modifications would be needed to account
for the different circumstances that can anise. Some possible variations are:

1)  The semi-continuous mode of operation envisaged by Wang and Smith does not seem
likely 10 be encountered commonly in practice.  Frequently processes operate in
completely batch mode, by which i1s meant that a fixed quanuty of water is added to the
vessel at the start of the period, and remains there untl 1t is discharged at the end of the
penod. This has quite differemt implications for reuse potential from the
semi-continuous case. Firstly quantities rather than flows are relevant, and secondly the
effect of time on the problem is almost completely reversed.  In the semi-continuous
case, effluent Mows continuously. and so is available for reuse during the ume when the
process s active. To reuse it at any other time is problematic, in that it requires
provision of a storage facility. In the completely batch case, the water 1s needed in the
process during the time when it 1s active, and 1s not available for reuse until the process
comes to an end. The issue of storage also presents itself differently, as the reactor
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vessels provide inherent storage facilities which can potentially be used when they are
not active 1n the process.,

2) Assumptions i) , i) and 1v) above between them contrive to fix the water quantity,
contaminant load and inlet and outlet concentrations as equality constraints. However, a
number of vanations are possible in the way that the process constraints on quantity (or
flow) and concentration present themsclves. For instance, it could happen that there is
no direct specification of the water quantity in a particular stream, as long as the
contaminant load and outlet concentration constramnts are observed. The reactor vessel
will probably have maximum and munimum levels for effective operation. In such a case
the water quantity and inlet concentration fall away as equality constraints, 10 become
inequality constraints, thereby changing the nature of the optimisation problem.

2.8 Conclusions

The concepts of pinch analysis. originally developed for the optimisation of complex heat
exchange systems, has undergone extensive claboration and adaptation to vanous ficlds,
water and effluent management being of particular interest here. This process of elaboration
and adaptation continues to gather momentum, and it scems probable that it will eventually
Icad to a gencralised resowrce pinch analvsis. which includes the current branches of the
theory as special cases.  Essentially, pinch analysis involves optimising the use of the
resource, subject 1o the constraints which apply to the particular system involved. The
generalised theory provides insights and analogies which translate between different
branches of apphication, the adaptation and specialisation anises mainly from the specific
practical considerations which apply to the use of a particular resource.

Water pinch analysis faces some special challenges because of the almost universal use of
water in industnal systems for a great variety of purposes. The straightforward analogies with
energy transfer are limited, because water quality can seldom be expressed in terms of a
single measure, in the way that temperature represents the quality of energy. Hence, single
contaminant theory has little applicability, and has at least to be extended to deal with
multiple contaminants. Many recent advances have been concerned with addressing this
aspect.

In practice, however, multi-contaminant theory still has fundamental limitations, as it treats
water as the single resource in the analysis. Often water serves as the camer for other
resources, for mnstances chemical reagents, chemical products and energy, which may have
complex interactions with cach other, both in the physical and economic senses. This area has
received very little attention in the literature up to now, although some work is starting on
combined heat and water pinch analysis. (Savalescu and Smith, 1998).

Practical casc studics involving water pinch analysis arc also very sparse in the current
literature.  As these appear, it can be expected that they will stimulate the development of
new theory to deal with the new issues that they raise.
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3 A GUIDE FOR WATER PINCH INVESTIGATIONS

In this project, a number water pinch investigations were undertaken at industrial sites in
order to promote the concept 10 South Afncan industries and to build local capacity to use it
effectively. Each of this case studics had its own successes and failures: in this chapter an
attempt is made to distil the lessons leamed into a guide which will assist someone who
wishes to conduct such an imvestigation.,

The overall course of a water pinch investigation may be outlined as follows:

*  sclection of the system boundaries:

* denufication of the scope of the investigation;

* selection of contaminants;

*  connectivity and network reduction;

¢ data gathening |

*  data reconciliation;

¢ pinch problem formulatuon;

*  optimisation;

¢ implementation.

It is seldom possible 1o proceed in a neat linear fashion through these steps, as later steps may
expose issues which require earlier ones to be revisited.

Furthermore, despite water pinch analysis being a rigorous and technical approach towards
the rationalisation of freshwater use and effluent production within a factory, the success or
failure of the investigation relies heavily on the interactions between people in the
investigation.

3.1 Involvement of Factory Personnel

One of the barners that have hindered the rapid adoption of water pinch analysis techniques
has been the gap that remains between the pinch ‘expert’ and the personnel who run the
factory. The approach and skills involved in mathematical modelling and optimisation are
often at odds with those involved in the practical running of a plant, however the task of the
modeller is to capture the critical operational constraints and objectives of the process in a
mathematical representation. It follows that there must be a very close co-operation between
the modeller and the practitioners, and they need to have a good understanding of cach
other's requirements and concerns. In this project, the difficulty was accentuated by the
academic/industnal division between the parties, with the differences in objectives that that
entailed. In particular, problems with the interactions between the researchers and the factory
management plaved a significamt role n the faillure of the SA Tioxide mvestigation
(Section 7.1) 10 achieve useful practical results.

3.1 Management Commitment

The mamn aim of a pinch analysis is to idenufy changes to the configuration of a plant which
will lead to more efficient use of water. This obviously can have a major impact on the
running of the plant. Unless there is a willingness on the part of management to consider
implementing such changes, undenaking a water pinch analysis has little chance of a
completely successful outcome. This has been a particular problem with doing pinch
analysis on an academic research basis. The willingness to allow a factory 10 be used as the
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subject of an academic rescarch analysis i1s very different to the willingness to implement
design changes based on its outcome.  Another barrier that can exist is that, where there have
been water conservation programmes in place, the management may not be convinced that it
1s possible to achieve significant further improvements, and so may not be willing to
wholcheartedly commit resources to the investigation.

312 Technical Personnel

It 1s vital that the factory should designate a technical liaison person to interact with the water
pinch mvestigator. and that this function should be assigned as part of his or her offical
duties. with an adequate ume allocation. The person should be expenienced in the plant's
technical issues and operating constraints, and able to relate these, in a broad conceptual way,
1o the mathematical models. A person of this calibre 1s usually already very valuable to the
factory. which is one of the reasons that management commitment is so necessary.,

Of the investigations that proved successful, the liaison person was the station chemist at the
Lethabo Power Station (Carl Woodhouse), a semior engineer at Polifin (Ron Saver) and a
process engineer at Sanachem (Thokozam Majozi).

313 Communication

From the above discussion it 1s clear that there must be very good communication between
the water pinch analyst and the factory personnel in setting up the pinch models and
obtaining data. However, during the investigation at AECI Bioproducts, another less obvious
lesson was leamed. After the data has been obiained. it is important that communication be
maintained during the initial modelling and optimisation phases, hecause the investigation
does not proceed lincarly from data gathering through modelling and optimisation to
implementation. What happened during the project was that several months were taken up
with modelling and optimisation, until results were obtained which were deemed good
enough to present to the factory. At the presentation of these results, several issues were
raised which had been previously overlooked, and some of the difTiculties which had caused
the long delay were due to aspects of the model which did not represent the factory correctly,
and so were not actually relevant. The conclusion was that it would have been much more
efficient 1o have presented preliminary and incomplete results much earlier, so as 1o engage
the factory personnel in the process. Since it 1s practically inevitable that the investigation
will go through a number of iterations, these should begin as carly as possible.

3.2 Selection of System Boundaries

Water pinch analysis secks 10 optimise the water use within a specified system through
integration of the of the requirements of the various parts of the system. Clearly the results
that can be achieved arc completely dependent on what constitutes the system to be
considered. In general, the larger the system, 1.¢. the more individual operations it contains,
the greater the potential benefits of integration, however the more difficult it becomes to
operate on an integrated basis. The difficultics may be geographical (units 0o far apan),
temporal (units subject to different scheduling constraints) or organisational (units operated
by different divisions or organisations with different objectives and priorities). The selection
of what should be included in or excluded from the analysis is an important preliminary step
for a pinch analysis.

If the system is 100 small, the pinch analysis will yield little or no benefit. The size of the
system, 1n this context, is not necessarily related to the volumes of water involved, or even to
the complexity of the flows. It is usually related to the number of process subsystems which
were not previously operated together on an integrated basis. In the South African context,
the relative scarcity of water has meant that companies have for many years been under
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pressure to reduce water consumption, and one can expect that many individual operations
alrcady use water efficiently. This means that one needs to look for opportunitics where
several such subsystems can be integrated.

Thus. at the Lethabo power station (see Chapter 6), it was found that the power station water
circuits were already operating close to opumally, if the svstem boundary was drawn around
the power staton. However, if the associated coal mine was considered to be part of the
system. the pinch analysis suggested significant changes 10 the operating strategy. At the
Mondi Mercbank paper mill (Chapter 7). the pulp preparation plant and the individual paper
machines were effectively countercurrent operations, with very little scope for improvement
when considered separately.

It is self-evident that the difficulties of operating and controlling a svstem will grow as the
number of subsystems increases, or the diversity in their operating objectives increases,
however none of the investigations undertaken during this project reached a point of
providing an opportumity for practical experience of this issue.

33 Scope of Investigation

Pinch analysis, in the broadest sense, is concerned with the optimal use of resources (such as
energy or materials) in a multi-process system. Water pinch analysis, a special case of
mass-cxchange pinch analysis focusing on the optimal use of water, has developed due 10 the
widespread use of water as a multipurpose resource.  Because of the wide range of processes
which use water, a particular approach has been developed in the literature which involves a
specific set of approximations and assumptions. These are chicfly that the system can be
divided into process sireams and water streams. In this conceprual framework, the process
streams are fixed by the technology of the process, and come into the analysis only as
boundary conditions: that is, their flow rates and compositions are considered invariant. The
mass transfer between the process streams and water strcams is represented implicitly by
contaminant mass loads transferred to the water, with concentration limits being applied to
the water streams. This model applies very well to an oil refinery, for example.

The standard approach of pinch analysis is to consider the core technology of the process as
fixed while optimising the resource allocation network. In the larger problem of optimising
the entire process, changing the technology would be considered in a separate step, after
which the pinch analysis would have to be repeated. The term wrilitv-water pinch analysis s
proposed 1o describe the methodology which is currently standard.

This standard approach will often have limitations for systems where the process streams, 1.¢.
the streams which embody the technology of the process, are themselves water streams. A
paper mill and a hydrometallurgical process are examples of this type. The term
process-waler pinch analvsis 15 proposed 10 describe the case where process streams are
included, with the understanding that utility water streams would also be included in such an
analysis. Following this terminology. most of what appears in the literature is utility-water
pinch analysis, and a comprehensive theory has yet to be developed for process water pinch

The distinction between process and utility pinch analysis was not clearly understood during
the carly investigations of the project. At SA Tiwoxade, where a large part of the process 1s
hydrometallurgical, we attempted 1o apply utilty-pinch methods where a process-pinch
analysis was required, which yielded no usable conclusions. At Polifin, the first study by
Gardner focussed on the internal use of NaOH and HCI in the factory, and concluded that
‘conventional pinch theory® was inadequate to deal with the issue. Gardner developed a new
methodology, which was rather specific to the situation at Polifin. In hindsight this can be
seen as a case of discarding utility pinch analysis and venturing into process pinch analysis.
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Since a comprehensive theory for process-pinch analysis has yet to be developed, in most
practical cases one has 1o attempt to fit the problem into a utility pinch analysis framework,
by classifying water streams as cither process streams or water streams. Process streams are
then excluded from the analysis, except possibly as fixed sources or sinks of water, with fixed

compositions.
34 Selection of Contaminants

Within the context of a water pinch investigation, the waterborne species which restnict the
reuse of water in the system are termed contaminants. The identification of these species 1s
done simply by questioming what prevents the reuse of a water stream in a particular area of
the system. Contaminants may be single entities such as ions or molecules (e.g. Ca™ ions) or
aggregated groups e.g. total dissolved sohds (TDS).

In some cases it becomes necessary to distinguish between contaminants and reagents which
are introduced deliberately (this can be seen as another aspect of the process/utility question).
Some like NaOH may be a reagent in one part of a process, and a contaminant in another.
One may have to consider the part of the system where a solute 1s a reagent as an invariant
part of the process, i.e. excluded from the pinch analysis.

Because the pinch analysis will consider re-routing streams to services which are different to
those currently in place, it is important that the limits are found for all relevant contaminants,
Thus there should be global set of contaminants which is applied to all streams and nodes. If
this is not feasible for certain streams or nodes, then these may have to be excluded from the
system analysis. ldenufying all the relevant contaminants at the outset of the investigation
may be very difficult, because a configuration suggested by the pinch analysis may bring a
contaminant into prominence which previously was not critical. This provides another reason
why the water pinch analysis often requires an iterative approach.

Contaminants which can only appear in one or two streams can usually be left out of the
analysis and handled by common sense. For example, in the case of the Lethabo power
station, suspended solids and carbonates go directly to sludge in the sofiening clarifiers
(assuming that these are operating correctly ), and have no effect on any other streams. These
components were therefore left out of the model.

Not all water quality determinants are suitable to be taken as contaminants, pH s a case in
point, as it not a conserved quantity in the matenal balance sense. The process unit models
currently used in water pinch analysis are based on simple material balances, and cannot
predict the pH resulting from combining streams.

Furthermore when sclecting multiple contaminants, 1t is important that each individual
contaminant is independent of the others.  For example, an ion such as Na“ should normally
not be used with total dissolved solids (TDS). since Na® forms part of the TDS measurement.

3.5 Data Gathering

The basic information required for a water pinch analysis consists of a set of the following
items for each water using unit operation in the system under consideration:

*  volumetnic requirement of water at the inlet(s) of the unit ;

* volume discharged from the outlet(s) ;

* water lost or gained in the unit (e.g. by evaporation) ;

* mass loads of contaminants transferred to or from the water by the unit ;
* limiting concentration for contaminants in the unit,
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In its simplest formulation, water pinch analysis considers the design of a new water using
system, in which case this kind of information should be provided as part of the design
specifications. However it is much more common for a water pinch analysis investigation 1o
be applied 10 an existing water using system. In such a case, flow and concentration data for
the vanous operations will be available as measurements from the existing system rather than
design specifications. These will have the advantage of being proven in practice, but the
disadvantage that, as they almost centainly come from a non-optimal system, they do not
represent genuine limits for the processes. 1f they are treated as such, it may well happen that
the pinch analysis will not be able to come up with sigmificant water savings.

A data gathering and mass-balancing exercise is therefore a major part of a water pinch
investigation: indeed, the expenence of this project has been that it has been the most
difficult and ume-consuming aspect. Its objective 15 1o obtain a flow and contaminant balance
for the existing water system. This will be set up in the context of a set of nodes 10 be
connected by water streams.  Each node will correspond 1o & process which may have
quantity and quality requirements, and mass loads of contaminants which are cither added to
the water stream or subtracted from it. The purpose of the flow and contaminant balance is
o estimale these requirements and limits from the existing operating data,

351  Connectivity

It is often convenient to start the data gathering from a flow sheet. which shows how units are
connected by flows in the existing plant. It is not essential 10 approach it this way, because
the pinch analysis will be concerned with finding the optimal connectivity, which may be
quite different from what exists. However a flowsheet 1s a standard way of representing such
systems, which engineers are familiar with,

For water balance purposes, the flow sheet should generally represent all water-containing
streams on the plant, whether these will be included in the pinch analysis or not. The
exception to this guideline will occur when a stream is completely isolated from the streams
that will be included in the analysis, such that no water can be transferred to or from them by
the excluded stream.

In drawing up a complex flowchart, it can casily happen that various topological problems
anse as a result of connection errors, These can often be difficult to find, and lead to
situations where the associated mass balance equations have no solution. This problem is
inhcrent 10 the fMlowchart-based approach. Because the Linnhoff-March WaterTarget™
software, which is used to assist the data gathening process, takes a flow sheet as its starting
point, it has sophusticated algorithms to check a flow sheet for topological consistency.

During the investigation of the Lethabo Power Station (chapter 6), the approach that was
taken did not use a flowchart as a basis for the data gathering exercise. This happened
because the mamn source of data was a set of monthly water usage reports which were
routinely prepared by the station, and which already contained figures that were largely
balanced and reconciled. Figure 3.1 1s a flow sheet that was prepared up to aid visualisation
of the system when drawing up the model.
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Figure 3.1: A moderately detailed flow diagram of the Lethabo Power Station Water
Circuits. Numbers indicate individual plant streams.

This diagram was only used indirectly to prepare the next diagram, Figure 3.2, This shows
the pinch model component blocks which were extracted from the flow sheet. Its notable
feature i1s that 1t shows no connectivity between the components whatsoever, since pinch
optimisation will be used to determine how the components should be connected.
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Figure 3.2: Pinch model components jor the Lethabo Power Station.

During the investigation of the Polifin chlor-alkali plant, which had somewhat more complex

water circuits, an attempt was made to make this process of nerwork reduction more formal
and systematic (see Section 3.5.2).
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352 Nerwork reduction

Network reduction forms an important conceptual step in the water pinch imvestigation. This
step sees the transformation of the existing process network, containing nonessential process
features, into a more specific network which contains only those aspects of the existing
process which are essential to the optimisation problem - this network is then optimised in
the solution stage of the vestigation.  Network reduction 1s a pon-quantitative exercise
requinng only a knowledge of the process structure and general operation of units within the
process. The results from this exercise may be used as a tool 10 guide the data collection

process.

In terms of standard water pinch theory, network reduction rehies on the distinction being
made between what 1s considered a process stream and what 1s considered a water stream. It
is important 10 be aware that a standard water pinch analysis does not change the process in
terms of the progression of raw materials to products - it 1s therefore possible 1o group
operations mvolving process streams together.  Water pinch further does not alter the
functioning of unit operations. hence, provided the quality of water permitted into the
operation is acceptable to that operation from the beginning, it is possible to disregard what
takes place beyond the point at which water enters the operation.

Consequently, individual unit operations may be grouped or split, as necessary. into
Sunctional operations, funcrional demands and functional supplies. A functional operation is
any grouping of operations over which a contaminant concentration difference exists. This
categonsation includes fixed mass-load operations as well as other operations such as
backwash stages on filters. A functional supply refers to a group of operations which
produce a supply of water of a particular quality. available to the rest of the system. A
functional demand is similarly a group of operations requiring a supply of water of a
particular guality from the system. These ‘groups’ of operations may consist of multiple
operations, single operations or even individual stages of operations.

Presented below is a series of heuristics 10 guide network reduction. A simple example will
be used to illustrate the procedure at cach point. Figure 3.3 represents the process flow
diagram for a section of a hypothetical process in which a raw matenal is converted into a
crystalline product.  Water is used within the process in various capacities - dilution,
mass-load removal, heating and cooling, and different effluents are produced. Some degree
of water reuse does already take place in the network through the reuse of wash water and
condensate.
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Figure 3.3: Flow diagram of a hypothetical process.

Procedure

1)

i)

i)

iv)

v)

vi)

Represent all phases of the process operation appropriately and as they occur on the
plant. For example, consider the clarifving filter presented in Figure 3.3. The normal
operation of the filter is represented as an inlet stream producing a cleaner outlet
strcam. The material removed by the filter is represented as a stream from the normal
operation stage 1o the backwash stage - this material is removed by a backwash stream.
Eliminate all irrclevant streams from the network. These are the streams that do not
involve water and are not mvolved in contaminant mass loading or removal.  In the
hypothetical process, Figure 3.4, the air stream is chminated from the network.

Split all indirect contact operations present in the network according to the number of
independent paths used by the matenals flowing through the operation. The heat
exchangers HEX#1 and HEX#2 represented in Figure 3.4 are each split into two opera-
tions (HEX#la, HEX#1b, HEX#2a, HEX#2b) representing the passage of material
through the shell sides and tube sides of these exchangers.

Eliminate all storage vessels from the network by grouping them with adjacent units.
The tank in Figure 3.4 is grouped with the adjacent filtration operation.

Eliminate all single phase split operations (resulung from step i) from the network by
grouping them with adjacent operations. In Figure 3.4, HEX#la and HEX#2a are
grouped with the adiacent reactor and HEX#2b is grouped with the cooling tower.
Represent all parallel equipment present in network by a single unit of the same type,
but of combined capacity. This grouping applies only to parallel equipment of the
same performance and type, e.g. filters. In Figure 3.4, Cryst¥] and Cryst#2 are
grouped together. Figure 3.4 represents the nodal diagram for the process for step vi).
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Figure 3.4: Nodal diagram of hypothetical process following step vi).

Separate all effluent streams that are currently mixed explicitly or cnter a common
drainage system but not any stream that is reused within the existing process network.
It may be the case that some level of water-reuse already takes place in the existing
process network c.g. condensate (an effluent) being recycled back to the process
instcad of additional freshwater usage or a single supply of walter being used for
contaminant removal in multiple operations. These are features of the existing process
and may not utilise the water 1o its full potential. These features will be dealt with in
stage xi) and are left until then,

In terms of the hypothetical example, the effluent streams from the combined crystalliser,
cooling tower blow down, filter backwash and wash water emerging from Wash #1 are

separated.
viil) Separate all water streams coming from the same source - good quality water may be

)

being supplied 10 operations when it 1s not needed.  Each water demand is shown 1o be
satisfied by its own independent source of water following this stage.

Group operations involving process streams together such that all operation groupings
fall into the categories of functional operations, functional demands and functional
supphies. Do not overlap functional groupings. In Figure 3.5, the filter backwash stage
is grouped together with the normal filter/tank grouping: the humidification operation
is grouped with the reactor/heat exchanger grouping: the cooling circuit is grouped
with the cooling tower grouping. The resulting nodal representation is presented in
Figure 3.5,
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Figure 3.5: Nodal diagram of hypothetical process following step ix).

The simplified network obtained by the application of the above principles can now be used
to guide the data acquisition stage of the study. These data are reconciled to produce a
consistent data set from which the final problem is formulated.

x) Resolve the contaminant concentration differences over the functional operations into
contaminant mass load additons or removals. In Figure 3.5, a mass load is transferred
1o the filter operation grouping and the two washing operations and a mass load is
transferred to the crystalliser operation grouping (contaminated supply).

xi) Remove features of the existing process network. Condensate currently reused in the
process should be represented as a supply of water available 1o the rest of the process;
the point at which this condensate enters the existing process is represented as a water
demand. A similar approach s adopted for a single water stream used for the removal
of contaminants in multiple operations. Both of these cases are present in the
hypothetical example (Figure 3.5). The final nodal diagram for the hypothetical pinch
problem 1s represented in Figure 3.6
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Figure 3.6: Final nodal diagram for hypothetical pinch problem.

353 Contaminants

It is unlikely that all the required contaminant concentration data will be readily available on
the plant. In practice, certain essential determinants will be monitored at critical points in the
system for process control purposes.  What is sufficient for controlling a specific
configuration of the process will probably be inadequate to predict what will happen when
the configuration is changed.

Overcoming this obstacle usually requires the collection of samples or the use of design data.
In terms of the collection of samples, it must be considered that cach sample collected will
have to be analysed in some form. This is usually where 1t becomes important to know
specifically which arcas of the system need to be sampled (which can be determined from the
network reduction exercise) - indiscriminate and unnccessary sumpling is firstly expensive
and secondly troublesome and annoying for in-house personnel involved in the analyses of
the samples. Where appropriate, the simplest indicator should be also chosen - for example,
if a simple TDS analyses will be acceptable for the purposes of the pinch investigation, there
is no reason to request detailed speciated analysis.

Another point of consideration regarding the accumulation of contaminant concentration data
surrounds the degree of redundant data collected. Consider a simple process involving two
inlet streams and & single outlet stream. Collecting data for two of the three streams will
allow the third to be determined by mass balance. Collecting data for all three streams will
result in the system being over-determined, and a reconciliation of data will be required to
determine the best data for the model to represent the process. While the collection of data
for the third stream does improve the rehiability of the model it is not essential - this should
be taken into consideration when chemical analyses are requested.

A word of caution should be issued regarding the period between sampling and sample
analysis. An cffort should be made 10 understand what 1s likely to happen if the sample is
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left 1o stand for any length of ume. Frequenly, the operating temperature and conditions
from where the sample is taken are different 1o those 1n the laboratory. These factors should
be taken into account when phenomena such precipitation or oxidation are likely to occur if
the sample 15 left to stand.

354 Sources of Data

Once the significant processes and their inter-process connectivity have been established, the
water mass flow rates must be determined. The are several sources for flow data:

1) Existing plant records. This 1s the most obvious source. Sophisticated facilities may have
computenised monitoring of process flows throughout the plant.

2) Design data, Where available and sull reasonably relevant, the onginal design figures
can be used to estimate missing data. However, of all the aspects of a process, the water
systems are perhaps the most likely 1o be altered as circumstances change.

3) Control data. There are several types of control settings that may be of interest, two are
mentioned here:
< Ratio control: Flows of inter-process streams dependent on others will have a
corresponding control valve setting. For example, the mass flow of dilution water
required for dilution of reactor feed may be dependent on the flow rate of raw materials.
- Composition: Valve settings that respond 1o changes in stream composition or density.
For example, the mass flow of steam 10 an evaporator may be dependent on the density
of the inflow.

4) Unit operation data. Plant operations can offer a wealth of vanous types of flow rate
data and relationships:

-Through flow: The typical flow rate that the operation is designed 1o handle may be

used,

- Flow relationships: Design relationships between outlet and nlet low rates may be

useful, such as sphitting fractions of inlet streams;

Flow losses: Some losses are inherent 10 the process and must be taken into account

such as leaks, evaporation rates, overflows, ctc.

£) Manual measurements, Many smaller streams or npon-process streams may not be
monitored. Sometimes these streams cannot be inferred from mass balance calculations.
Although not as accurate as plant records, manually measuring streams where data arc
not available can provide an indication of typical stream flows if several measurements
arc taken over a representative time interval. Manual measuring techniques range from
the simple bucket-and-timer methods (or timing tank levels) to more sophisticated
portable magnetic flow meters.

6) Personal communication. Plant personnel experienced with plant operating conditions
can provide estimates of relevant flows, when other data are not available. This is the
lcast reliable form of data, but can provide a quick insight into relative flow rates.

3.5.5 Data Reconciliation

It is usual that a set of flow and concentration data taken from a plant will be incomplete, in
that measurements of flow and composition will not be obtained for every stream. It is also
not necessary to measure everything, as material balances can be used to infer missing data.
Conversely, some degree of redundancy will usually be present in the data set collected for 2
particular system, in that measurements exist for some data which could also be estimated
from material balances. Since all measurements are subject to a degree of error or
uncertainty, there will be inevitable discrepancies between the redundant measurements. Data
reconciliation is the procedure whereby the best consistent set of data is found 10 represent
the system. The usual method involves calculating an adjusted sct of flow rates and
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concentrations which conform 1o steady-staic material balances, and which are as close as
possible 10 the set of measurements, using a constrained optimisation technique. In this
procedure, measurements or estimates which are considered more reliable can be given more
weight than those that have greater uncertanty.  The procedure will simultancously provide
values for the unmeasured data that can be calculated by material balance. The
Linnhoff-March WaterTarget™  software contains a data reconciliation module,
WaterTracker™., with a number of special features for analysing incomplete data sets, which
are designed 10 assist the daa gathening process.,

In applyving the technique, one must be particularly aware of the implications of steady state
assumpuion. In most cases, the pinch analysis will involve a steady state model of the process,
so it is appropriate for the data conciliation to use steady state balances.  However, a
chemical plant is @ dynamic system and plant measurements taken at @ particular moment are
subject 10 the condions prevailing at the ume e.g. load, type of feed stock, ere. Since the
collection of daa will usually be done over a period of weeks in which conditions of
operation vary, it 1s unlikely that the measurements will reflect steady operating conditions.
It may cven happen that, during this time, changes might be effected to the plant which,
although not largely significant on their own, will be significant enough to make the
supposedly best set of data, as determined through data reconciliation, not as representative
as imtially intended.

3.6 Modelling of Unit Operations

Because of the complexity of the optimisation procedures, it is desirable that the modelling of
the individual processes should be as simple as possible, while still representing the essential
behaviour of the system over the range of conditions that will be considered in the
optimisation process. The approach usually taken 1s 1o formulate material balances for the
various units, with cenain coefficients derived from plant records, which substitute for the
equilibrium and kinetic relationships which would be required in a more fundamental model.
Furthermore, since the optimisation 1s concerned with altening operating conditions, those
parts of the system which may not be altered need not be modelled explicitly.

Many water using processes can be represented by the very simple mass pickup model
proposed by Wang and Smuth (1994a) (see Section 2.2, figure 2.1), or by a combination of
two or more such models. However, occasions arise where it is not possible 10 represent the
behaviour of a unit operation in this way, and special models have 1o be constructed. The
Lethabo Power Station study includes examples of special models for a Reverse Osmosis
plant and an lon Exchange plant (Section 6.1.3). The Linnhoff-March WaterTarget™
software includes several special built-in models, and a facility for constructing new ones,
within certain mathematical limitations.

37 Optimisation

Water pinch analysis 1s essentially based on optimisation techmiques: this applies 1o all its
forms, including the graphical methods. The problem is formulated as a constrained
optimisation, 1 which the objectuve function to be minimised s related 10 the costs
associated with water use, and the constraints to be met are related to the matenal balances
and process requirements that anse from the technologies under consideration. In such a
formulation, when the optimum configuration is found, some of the meguality constraints
will be acrive, 1.e. directly preventing any further improvement in the objective function, and
others will be inactive. The pinch i1s an abstract concept that refers to the set of active
constraints. Pinck analysis refers to the investigative and design methods which ry 10
sdentify the pinch and design systems which explicitly take it into account.
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Once the optimisation problem has been mathematically formulated, there are very many
techmgues available 10 seck the optimum solution. However, there are none known which
are universally effective, cach has a parucular class of problems that 1s best suited for.

B0l Constraints

The types of constrants encountered 1n the design of water reuse networks are presented
below:

Mass Balance Constraints

These equality constramnts are used 1o describe the relationships that exist between flows,
contaminants and contaminant mass loads over operations and between operations.

Flow Constrants

These constraints control the flow nto and out of operations and also between operations.
Maximum flows and minimum flows into, out of and between operations are described by
“less than" and “greater than”™ (ineguality) expressions respectively.  Flows into, out of and
between operations may be set by equahity constramnts.

Concentration Constrainis

These are inequality ("less than") constraints which are used w0 limit the contaminant level
entering or leaving an operation.

Logical Constraints

These constraints are inequality constraints involving logical variables and are used to
control various structural charactenistics of the water-reuse network. They may be applied 1o
ensure that if a quanuty of water is supphied between two operations, the quantity is greater
than a certain value (thereby prevenung small volume connections being made). A further
usc of these constraints is to prevent direct and indirect recycles in the reuse network.

Within WaterPinch™ these constraints may be introduced into the problem in a tabular
format. Mass balance relationships are expressed through the inclusion of the vanous
process models available in the software. In both cases, an actual knowledge of the
mathematical structure of the constraint 1s not required.

3.7.2  Objective Function

To complete the optimisation problem formulation, an objective function must be chosen. In
the first papers that introduced water pinch analysis, the objective function was simply the
total fresh water used by the system, to be minimised. By mass balance, this results in
cifluent generation being minimised at the same time.  The simplicity of the objective i1s what
allows the use of the graphical methods of solution. However, this approach is usually too
simplistic in practice. As a simple example, in a system with a treatment process that
regenerates effluent 1o a quality that allows it 10 be reused, the cost of the treatment must also
be taken into account: optimising in terms of fresh water use alone could lead to an absurd
result. Where a pinch analysis 1s applied 10 an existing plant, the situation is complicated by
the cost of changing the system, or conversely by the benefit of retaining as much of the
existing system as possible.

Mathematically, the objective function has to be formulated in terms of the decision
variables, 1.¢. those vanables which are free to be manipulated. Typically these are the water
flows between the unit operations in the svstem. This can lead two difficulties with
representing the engineering investment costs of nstalling equipment, which are not
obviously related to flow rates. This is the standard issuc of fixed and vanable costs in
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engineening design, and there are several standard methods of dealing with it (see e.g. Biegler
et al, 1997, Chapter §)

The objective function used need not constitute @ full costing of a process. Costs which will
not change as a result of the changes allowed 1o the pinch model can be left out. Thus, in the
Lethabo investigation, lime sofiening contributed a significant proportion 10 the running costs
of the water system, however this was fixed by the carbon dioxide absorbed in the cooling
towers, which would not be altered by any changes 1o the way the units in the circunt were
interconnected.

Conversely. the objective function might include terms which were not strictly financial
costs, in order 1o represent goals which are extra-economic. Environmental or social goals are
an obvious example. however these raise difficult problems of how to express them on a
common basis with normal financial costs.  Once agan. the Lethabo Power Station
mvesngaton serves as an example, in that it attempted 1o incorporate the cost of discharging
sall 1o the environment,

373  Solution Techniques

Once the pinch problem has been formulated. a number of techmiques are available which can
be used 10 solve the problem. These techmques may be divided into three categories -
heuristic procedures, graphical methods and mathematical programming techniques.  The
hierarchy of solution methods is as follows: heunistic procedures. graphical methods and
mathematical programming techniques. Heuristic procedures and graphical methods offer
the advantage that they do not require specialised computer software packages or computer
programming. The techniques are however unlikely to produce the opumal water
management solution when 1t comes to larger problems involving multiple contaminants. In
addition, the economic aspects of the problem, which is usually the critenia against which the
pinch problem is to be optimised. cannot be dealt with in much detail resulting in solutions
which appear good from a water-reuse perspective, but are costly to implement.
Mathematical programming techniques offer greater flexibility in terms of problem size,
number of contaminants and economic analysis of the problem, but these techniques are
generally only accessible through computer packages which are often expensive and require
some expenience in order to use. The benefits of these packages are however that the water
reuse strategy produced 18 more likely 10 be economically viable. A brief description of the
differem techniques is presented below:

Hewristic Techniques

These procedures are based on rules of thumb rather than a formalised approach - see Liu
1999 (Liu 1999). No experience was gained with use of these techniques during this project.

Graphical Methods

Two methods are prominent:  the approach initisted by Wang and Smith (1994a, 1994b,
1995a) and that proposed by Beuhner and Rossiter (1996). The Wang and Smith method 1s
generally suited to simple systems mvolving single contaminant mass-exchange type
operations. The technique has been extended to deal with multiple contaminants but the
procedure becomes increasingly cumbersome for greater numbers of contaminants, The
techmique also breaks down when no mass-exchange operations are present in the system.

The method proposed by Beuhner and Rossiter is more general in terms of the types of
operations that can be handied, but the technique s still best suited 10 single contaminant
problems. In addition, because of the nature of the supply and demand composite curves.
some degree of abstraction 1s introduced n that the link between process inlet and process
outlet is removed.  For example, the infet demand and the outlet supply from a
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mass-exchange type operation will be represented independently - the link between the two
will have 10 be included externally and the graphs plotted once more.

The method of Beuhner and Rossiter has been extended 1o deal with reagent dilution
operations with some success - this modification however only applies to the single desirable
species case. The procedure is presented in Sections 4.2 and 4.3

Mathematical Programming Techniques

Mathematical programming techniques are by far the most flexible when 1t comes to the
design of water-reuse networks.  The type of programming technique used for the design
depends primanly on the complexity of the system under consideration.  In general, a
non-hincar programming (NLP) formulation of the problem is required, though in some cases
sequential linear programming techniques may be used. The inclusion of mixed integer (or
logical) variabies in the problem (resulting in a mixed integer non-linear programming
(MINLP) formulation of the problem) results in the most general and complex description of
the problem,

A verbal statement of the mathematical programming problem as it pertains to the design of
water-reuse networks is as follows:  mumimise the objective function subject to a set of
constraints. The objective function will cither take the form of the amount of freshwater
used or more hikely the water cost (which then can include wastewater treatment costs and
other costs associated with the network). Constraints are the mathematical expressions used
to describe the model physically. Equality constraints describe the absolute relationships,
e.g. mass balance relationships, that exist between operations while iequality constraints are
used 10 describe other characteristics of the model such as the maximum permitted
concentration into or out of a particular unit operation.

In general, mathematical programming techniques are only practicable through the use of
computer packages. Some of these packages require the problem to be set up ab inirio, while
others provide building blocks and built-in process models for formulating the problem.
Expenience gained in this arca during the course of this project 1s himited to MATLAR, which
was used in the solution of the Lethabo Power station problem, and WaterTarget™ which
was being used for the later projects. MATLAB provides a high level programming
language, with toolboxes of specialised subroutines, in particular a non-lincar constrained
optimisation solver, however all the process models have to be programmed by the user.

WaterTarget™

Linnhoff-March's WaterTarget™ is a software suite used for the design of water-reuse
networks, The software suite comprises two modules - Water Tracker™ and WaterPinch™
(which can be purchased separately or together). WaterTracker™ 1s a 100l designed 1o assist
the data gathering and reconciliation part of the investigation. The solution of the formulated
water-pinch problem is then produced by WaterPinch™ module.  More specifically,
WaterPinch™ is a fromt-end tool to the solution algorithm which is written in GAMS
(General Algebraic Modelling System), a mathematical programming language for the
soluton of mathematical programming problems. WaterPinch™ allows the problem 10 be
formulated in a user-friendly environment and transfers the formulated problem to the
solution algorithm. The results produced by the solution algonthm are then transferred back
to WaterPinch™ which presents these in a report- and graphical format.

374  Convergence

Most optimisation methods use iterative algorithms: the term convergence describes the
process of approaching the optimal solution by series of approximate estimates. Convergence
properties vary with the class of problem and the algorithm. With lincar problems,
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convergence can be guaranteed in almost all cases. Convergence is usually much more
difficult with non-lincar problems. Furthermore, a non-linear problem has the difficulty that
it may contain both a global optimum and one or more local oprima, and an algorithm may
converge towards a local opumum mstead of the desired global optimum. The role of the
starting estimare is crucial: a good starting estimate will lead o convergence to the global
optimum.

The main practical 1ssue ansing out of these considerations is the need to check any solution
achieved by an optimisation algorithm to establish whether it corresponds to the global
optimum. The problem with this is that the only way to guarantee that a particular point is the
global optimum is 1o do an exhaustive scarch of the feasible region (i.e. the set of all
combinations of vanables which satisfy the constraint relationships). To carry this out is
usually impractical. A more realistic strategy 15 10 ry a number of different starting
estimates, and to see whether the algorithm converges to the same solution; if not, 1o choose
the best one encountered.  In the case of an existing plant, choosing the current situation as
the starting estimate has the advantage that any better solution must at least represent an
improvement on the current practice.

3.7.5  Sensitivity Analysis

Once a mathematical solution has been obtained for the optimisation problem, it is necessary
to evaluate how well the solution corresponds 10 the physical system it is supposed 10
represent.  Clearly, in view of all the approximations and simplifications involved in pinch
modelling. the correspondence will never be complete. Sensitivity analysis, which involves
checking the sensitivity of the model to key assumptions and coefficient values, is a valuable
general technique for establishing the validity of a model. In pinch analysis it has a special
key role, in that the pinch can be viewed as the set of limiting constraints on the system, so
that pinch analysis can be considered as a special case of sensitivity analysis. Thus, the
Linnhofl-March WaterPinch™ software provides tools for examining the sensitivity of the
solution to the critical concentration constraints, and treats this process as central to the pinch
analysis. These take the form of a sensitivity coefficients for each limiting constraint. The
sensitivity coefficient is defined as the gradient of the cost objective function with respect to
& change in the concentration constraint in question, assunung that all other factors in the
model remain fixed.

In most cases the investigator must go even further. In the first instance, the sensitivity
coefficient 1s only guaranteed to apply over an infinitcsimal change from the calculated
optimum solution. As the limit is relaxed, the solution may encounter another constraint
which becomes limiting. Secondly, is may be important to investigate coefficients and
constraints other than the concentration hmits, since the pinch model will probably be
multidimensional, involving uncertainties in factors other than just concentrations. As an
example, in the Lethabo Power Station investigation, in order to prevent the discharge of salts
1o the environment, an environmental cost coefficient had to be introduced, which forced the
reverse osmosis plant to be used. The estimated value of this coefficient was subject to
considerable uncertainty, and so it was necessary 10 establish the sensitivity of the model to
this value,

3.7.6 Scenarios

In undertaking a comprehensive sensitivity analysis of the pinch model, there may be too
many factors involved for it 10 be practical to investigate them all. It is also usually the case
that the model will be completely insensitive 10 many of them, If it were known in advance
which these were, the task could be made more manageable by eliminating them from the
sensitivity analysis. A practical approach to the difficulty is to use engineering intuition to
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construct a number of scenanios 10 investigate, in which vanables that are expected 10 have a
strong effect on the model, and which are subject to sigmificant uncertainty, are vaned. The
Lethabo investigation once agam provides and example, where two scenanios were presented
in which the separation performance and operating costs of two differemt RO plants were
used, based on two actual plants operated at different power stanons.

3.7.7  Significance of Results

The preceding paragraphs should have made it clear that the results yielded by a pinch
analysis often have to be interpreted with great care, taking nto account modelling
uncertainties and assumptions, together with practical engineering nsight into the physical
processes nvolved. This will be particularly important where the optimum plant
configuration determined from the pinch analysis differs substantially from the existing
configuration. because contaminants which where not considered in the model might become
limiting n the new configuraton. Assessing the results of the analysis should be a
consultative process between the modeller, who understands the assumptions of the model,
and plant personnel who understand the realities of their processes,
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4 THE SASOL POLYMERS CHLOR-ALKALI PLANT

The mitial study was carmed out duning 1997 by Grant Gardner, and form the basis of his
MScEng thesis (Gardner, 2000), which provides a more detailed account of the matenal of
this chapter . At this ume we had not fully appreciated the 1ssues of distinguishing between
process water streams and utility water streams, nor had we found a systematic way of
dealing with multuple contaminants or solutes. The methods found o address these problems
were very specific to the process in question. The key issue was the presence of hvdrochloric
acyd (HC1) and sodium hydroxide (NaOH) in the system.

4.1 Process Description

The following sections briefly describe the processes on the site, as they were configured at
the ume (1997). The relationship between the plants is illustrated in Figure 4.1,
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Figure 4.1: The chlor-alkali and related processes at the Sasol Polvmers plant,
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411 Brine Circuin

A 22 % m/m solution of sodium chloride circulated through the membrane plant, at the exit
of the cells the brine had a pH of 4. The pH of the brine was lowered 10 2 by in-line injection
of 31 % m/m HCL The acidified brine was then passed through a senies of dechlorinators and
dechlornnated 0 6 ppm (as chlorine). The chlorine-contaminated air was then fed into the
weak chlonne mamn. The dechlonnated brine was then fed into a brine retumn tank, where the
pH was raised 1o 8.5 using a sodium hydroxide solution with a density of 1 200 kg/m’
(18.5 % m/m m 25 °C).

The alkali brine was then passed to a sct of resaturators where the concentration of NaCl was
controlled 1o 26 % m/m by the addition of salt and process water as required. At this point
several impunities were ntroduced, the most notable were calcium, magnesium and
sulphates. The sulphates did not cause a serious problem, but could build up 1o problematic
levels in the circuit if not occasionally purged.

The 26 “c m'm brine solution was then fed to a calcium reactor where the calcium ions were
precipitated out of solution as calcium carbonate by the addition of 2 sodium carbonate
solution with a density of 1 110 kg/m’ (10.9 % m'm at 25°C). The pH of the brine was then
raised 10 10 by the addition of sodium hydroxide (18.51 “o m/m) n the magnesium reactor in
order 1o precipitate the magnesium ions as magnesium hydroxide.

A flocculant (Anikem) was added to the brine prior to it being pumped to the clanifiers,
where the CaCO, and Mg(OH); precipitates were allowed 1o settle, and were continuously
drawn off as sludge. This sludge was then disposed of by Wastetech. The clarified brine was
then drawn through filters 10 remove any solid carry over. The filters were routinely back
washed using brinc. The backwash then passed into a brine recovery tank, re-entering the
system before the clarifiers.

4.1.2 Chlor-Alkalh Membrane Plant

After leaving the filter on the brine plant the 26 % m/m brine solution was pumped to the
membrane plant. Here the brine was chemically dechlorinated and a-cellulose is added
before the brine is polished m the polishing filter to remove any trace of heavy metals. Afier
polishing the brine flowed into a holding tank and then onto a secondary purification stage.
The brinc was then passed though two cation exchange columns in series to punfy it. The
purified brine was stored in a head tank before being passed 10 the membrane cells as the
anolyte. Migration of sodium ions occurred through the membranes into the catholyte. The
catholyte was a 30 % m/m solution of sodium hydroxide that was concentrated to 32 % m/m
by the migration of the sodium ions and the subsequent reaction of these lons with water o
form sodium hydroxide and hydrogen.

The catholyte then passed through a hydrogen separation unit before part of it was sent to a
series of concentrators, where it was concentrated to saleable sodium hydroxide (48 % m/m).
The remaining 32 %% m/m sodium hydroxide was diluted with demineralised water and
became the circulating catholyte,

The hydrogen was cooled before being sent 1o storage and was distributed as a feed stock o
ALLIANCE PEROXIDE and the hydrochloric acid plant for the manufacture of hydrogen
peroxide or hydrochlone acid. Chlonne was formed on the anolyte side of the membranes,
the chlorine and the lean anolyte underwent a natural separation (gas and liquid). The
chlorine was cooled before it was sent to the chlorine processing plant. The lean anolyie was
then passed to the lean brine tank, dechlonnated and treated with sodium bisulphite before
being retumed to the brine circuit.



4.13  Chlorine Processing

Apart from producing liquid chlorine, the chlorine processing plant consisted of several
smaller plamts, namely the Cereclor. Sodium Hypochlorite, the Hydrochloric Acid and the
Solvents Plants.

4.1.3.1 Liquid Chlorine Plant

Chlorine gas from the cell room flowed into the chlorine processing plant where it was
cooled and the excess water knocked out by passing it counter currently to circulating water
in a cooling tower. The circulating water passed through a water-cooled heat exchanger
before re-entering the cooling tower. The water overflow from the cooling tower passed
through air dechlorinators with the chlorine contaminated air being vented into the weak
main. The overflow water was then pumped to a holding tank before being pumped to the
hypochlonite plant, where it was used as makeup water for the sodium hydroxide dilution,

The wet chlonne then flowed through a wet candle filter where any solids and a small
amount of water was knocked out. The knocked out water was then mixed with the cooling
tower overflow. The chlorine gas was then dried with 98 % m/m sulphuric acid in three
drving towers. The spent sulphunc acid was dechlonnated before being sent to
KYNOCHEM. The chlorine was then compressed, and some of it tumed into liquid chlorine
by means of refrigeration system. It was then distributed to customers in road tankers,
I 000 kg drums and 70 kg cylinders. The hiquid chlorine was stored on the plant.

Some of the hiquid chlorine was vaporised and used as a gas feed for the manufacture of
Cereclor. The remainder of the chlorine gas (the part which was not hiquefied, known as
chlorine tail gas) passed cither 10 the Solvents Plant, the Hydrochlonie Acid Plant or the
Sodium Hypochlorite Plant as chlorine feed.

4.1.3.2 Cereclor

Cereclor was produced by the reaction of chlorine gas with a high purity straight chain
paraffin in batch reactors at 105 °C, with the evolution of HCI gas. Liquid chlorine was
vaporised using steam and then introduced to the reactor via a sparge nng, and the
temperature of the exothermic reaction 1s maintained at 105°C by passing cooling water
through the reactor jacket and a monel coil.

The HCI was withdrawn from the top of the reactor. It passed through a catch pot with
de-mister to remove entrained n-paraffin before it entered a carbon block absorber/scrubber,
where it was absorbed into process water. This produced a 31% industnial grade hydrochlonic
acid. The hydrochloric acid was sold in bulk,

The chlonination of the n-paraffin continued until the desired end-point density was reached.
The chlorine flow was then stopped and dried filtered air was introduced to remove unreacted
chlorine and traces of HCL. The gases leaving the carbon block scrubber were vented to the
weak chlonne main. Once air blowing was completed, an cpoxidised soya bean oil stabiliser
was added and the batch pumped 1o stock.

4.1.3.3 Sodium Hypochlorite

The Sodium Hypochlorite Plam produced sodium hypochlorite from sodium hydroxide, and
all the weak chlorine gas vented from the Brine Plant, Membrane Plant and Chlorine
Processing Plant. This plant ensured that no chlorine gas escapes to the atmosphere.



The sodium hypochionite plant had two main functions:

1) 1o act as a rehable sink for chlonne-comtaming vent gasses, both for normal routine
operational vents and emergency venting: and

2) 1o produce sodium hypochlonte of saleable quality from as much of the chlorine which
entered the Sodium Hypochlonte Plant as possible.

The sodium hypochlorite plant consisted of five primary absorption towers. The primary
towers were for hypochlorite production. The secondary absorption section comprises of one
backup tower in series with the primary towers. The secondary absorption section acts purely
as an ultra reliable standby chlorine sink.

In the sodium hydroxide mixing tank an & m’ batch of 22 % m'm sodium hydroxide was
made up by the dilution of 32 % m/m sodwm hydroxide with process water while being
agitated with air. The 22 %% m'm solution was pumped 10 a circulating tank; the sodium
hydroxide was then circulated over the absorption tower, which drew suction from the weak
main (typically 1 % m/m chlorine). The liquor leaving the tower passed through a
water-cooled heat exchanger before being returned to the circulating tank. This was
continued until the batch was complete. A completed batch of sodium hypochlorite contained
approximately 15 % m/m [18 % m/v] available chlorine.

4.1.3.4 Hydrochloric Acid (HCI)

HCI was made by burning chlorine tail gas and hydrogen in a carbon block Hydrochloric
Acid Synthesis Umit. The chlorine was bumt in an excess of hydrogen, in the carbon
combustion chamber at the base of the unit.

The hydrogen chlonde gas and any unreacted hydrogen passed up the unit through the carbon
block absorber and scrubber sections. Water was added at the 1op of the scrubber section and
passed down the unit counter currently to the HCL. The HCl was absorbed in the water to
produce 31 % HCI, which was drawn off the unit above the combustion chamber, and the
unburned hydrogen left via the vent at the 1op of the unit. This then passed through a scrubber
where the unburned gas was scrubbed with a weak circulating sodium hydroxide to remove
any chlorine and hydrochloric acid before being vented to the atmosphere.

Chemically pure hydrochloric acid was made by reducing the chlonne flow and increasing
the hydrogen ratio so that the acid produced had low free chlonne. Demincralised water was
uscd for absorption of the hydrogen chloride. Any iron in the acid was removed by
circulating the acid produced through an iron-specific ion exchange resin.

4135 Solvents

Trichloroethylene, a chlorinated solvent, was produced in a three-stage process. Acetylene
and chlorine tail gases were reacted at an clevated temperature in a stirred cooled monel
reactor that operated full of tetrachlorocthane.

The reaction was catalysed by ferric chlonde, which was added as won powder. The
tetrachlorocthane overflowed to stock via a catch pot in which the solid catalyst was
removed. The vent gases from the tetrachlorocthane reaction passed into a water-cooled
condenser where the trichloroethylene and tetrachloroethane vapour were condensed and sent
to the heavies recovery tank. The remaining gases flowed through a senes of scrubbers where
they were scrubbed with & 1 % m/m sodium hydroxide solution in order 10 remove any
chlorine before venting to the atmosphere. The aqueous effluent from the scrubbers flowed to
the MHyvdecat Unit where the destruction of any sodium hypochlonte took place. The
tetrachloroethane was pumped continuously from the tetrachlorocthane stock tanks into two
cast iron converters, where the tetrachlorocthane was dehydrochlorinated to form crude
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tnchloroethylene. This was achieved by reaction of the tetrachloroethane with lime slurry
(calcium hydroxide) at 95 “C. The hime slurry was a by-product of acetylene generation.

The crude tnchloroethylene formed boiled off and was condensed in a water-cooled
condenser. The crude tnchloroethylene then passed through the first water separator where
the excess water was removed. The crude tnchlorocthylene then passed through the first set
of calcium chlonde drvers and ran to the crude trichloroethylene stock tanks. The crude
inchloroethylene was purificd by continuous distillation. The overhead product of the
distillation process was washed with process water and passed through dryers where it was
dried with calcium chlonde before being run to product stock tank. The tnichloroethylene
heavies were continuously removed, and transferred 10 the crude tetrachlorocthane stock
tanks for return 1o the converters with the tetrachloroethane feed.

4.1.3.6 Acewlene generaton

Calcium carbide was reacted with water in an acetylene gencrator to produce acetyvlene gas
and a lime slurry by-product.

The acetylenc gas was then compressed and dried before being piped to the Solvents and
VCA Plant. The calcium hydroxide slurry was pumped to the slurry pits before being pumped
to the Solvents Plant where it was used in the dechlonnation of tetrachlorocthane in the
converters. Acetylene production was 4 500 m'/day.

4.1.3.7 Vinyl Chloroacetate

Monachloroacetic acid reacted with acetylene 1o form vinyl chloroacetate in a batch reactor.
Mercuric oxide was used as a catalyst and hydroquinone was used as an inhibitor against
polymerisation.

After reaction the vinyl chloroacetate was vacuum distilled to a purity better than 95 %, and
inhibited with methyl ether of hydroquinone [MEHQ]. At the end of the distillation, the
reactor heel was drummed and the top organic layer is recycled back to the reactor. The
bottom sludge was disposed of by encapsulation in concrete. All the vapours generated by the
process were removed through a ventilation system and scrubbed with a circulating 15 %
m'm sodium hvdroxide solution 1n a scrubber.

4.13.8 Hydecat Plant

Effluents containing free chlonine, mainly the Solvents Vent Scrubbers effluents and
off-specification sodium hypochlonite product, were pumped to holding tanks on the Hydecat
Plant. Here the vent scrubber effluent was used to dilute the off-specification sodium
hypochlonte product, such that the feed to the Hydecat reactor contained less than 3 % m/'m
sodium hypochlorite. The Hydecat reactor consisted of two beds packed with the
nickel-containing Hydecat catalyst. The level of free chlonne in the reactor feed was reduced
to 10 ppm. The outlet stream was then sent to drain as an ¢ffluent.

4.2 Theoretical Issues

The reactivity of the HCl and NaOH species present in the system introduced a further
dimension to the problem of water minimisation. They are expensive relative to water, 50 it i1s
important to use them efficiently. This means that the situation presented by the complex is
one in which the optimal solution relative to cost is most unlikely 10 comcide with the one
featuring the lowest water consumption and effluent gencration. A further significant feature
was the presence of a number of dilution-type operations on the complex. These operations
involve the dilution of either concentrated NaOH or concentrated HC acid wiath fresh water
such that a stream or intermediate strength is produced. Three utilisation patterns for the
diluted reagent stream were identified: it could be used 10 manufacture a product, it could be
sent directly to the efMuent handling facility, or it could be sent 10 an operation in which the

59



reagent is completely or partially used, with the resulting stream being sent 1o the effluent
handling facility. As such, the reagent contaming streams from the last two situations could
be recovered by using them for dilution purposes instead of freshwater; this practice would
result in savings in concentrated reagent and water utilisation and effluent production.

In practice, dilution operations are required on an industnial plant to bring the purchased and
concentrated reagent 1o the various lower strengths required on the plant as determined by
process requirements.  As such, the flow and concentration of the stream produced by the
dilution operation are fixed and a specific quantity of water and a specific quantity of
concentrated reagent are needed 1o meet these requirements.  From a different perspective,
the outlet stream of the dilution operation compnises a particular mass of reagent species and
a particular mass of water, both of which arc significant and set by the process requirements.
The concentrated reagent similarly comprises a reagent fraction and a water fraction. Where
only freshwater and concentrated reagent are used 10 produce the dilute stream, the water
balance compnses contributions from both the fresh water swream and the concentrated
reagent stream; the reagent balance 1s however satisfied completely by the concentrated
reagent source. Where a reagent contamnmng effluent is used for dilution purposes, both the
water and reagent balances are satisfied by contnbutions from both the effluent and
concentrated reagent sources. As a consequence of the effluent’s contribution to the reagent
species balance, a smaller quantity of concentrated reagent is required by the operation.
However, in order 1o meet the fixed flow rate requirement of the dilution operation, an
additional amount of water must be added using cither fresh water or additonal reagent
containing effluent.

Hence, in summary, the use of a reagent containing effluent for dilution purposes corresponds
to a decrease in the amount of concentrated reagent required by the operation, but an increase
in the amount of water supphied either through fresh water or reagent containing effluent.
Diluting the concentrated reagent using only fresh water corresponds to the lowest volume of
water but the greatest amount of concentrated reagent. Conversely, the lowest requirement
for the concentrated reagent occurs when the reagent containing effluent is at the
concentration produced by the dilution operation. Thus in effect. the amount of water
required for dilution purposes is dependent on the level of reagent present in the diluting
stream.

In wWdentifying an approach 1o targeting the optimal water and reagent management strategy
for the complex, it must be recognised that most of the operations within the complex do not
fall o the mass-exchange category. For this reason the use of the Wang and Smith
approach (Wang and Smith, 1994a) and that proposed by El-Halwagi and Manousiouthakis
(1989a) are not directly applicable, The reactivity issue, associated with the presence of HC)
and NaOH, is circumvented by dividing the complex’s streams and opcrations into three
distinct groups: one for HCI wlerant streams and operations, one for NaOH tolerant streams
and operations, and a third group for the remaining streams and operations. This
decomposition strategy allows cach sub-problem to be approached from a single contaminant
perspective, which can be justified since the HCl concentration limit for an NaOH tolerant
operation would be zero and vice versa. A further simplification is made by excluding from
the analysis those streams for which the flow rate falls below a particular threshold value.
This simplification is justified on the basis that it is economically impractical to recover these
streams.

The approach adopted in addressing the problem presented by the complex was a
maodification of the Two-Composite methodology proposed by Buehner and Rossiter (1996)
and Dhole er al. (1996) and involved the construction of source and demand composite
curves with the reagent species as the contaminant.  This modification was required because
the reagent demands are characterised by a fixed concentration requirement instead of a
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maximum concentration limit. In representing the demands, the assumption was made that
the dilution operation is able 10 accept water of a quality up 10 the reagent concentration
produced by that operation: this assumption is aimed at promoting the recovery of reagemt
contaiming cffluents, which in turn represents the most effective total cost strategy. Since the
water demand for the operation is dependent on the concentration of reagent present in the
diluung effluent, the targeting procedure requires an iterative calculation,

43 Calculation Procedure

The procedure is best illustrated by example. The data in Table 4.1 were obtained from the
subsystem at Polifin involving NaOH tolerant streams and operations .

Table 4.1: Data for the NaOH subsystem of the Sasol Polvmers Chior-Alkali Process.

Process Number Total Flow NaOH Conc,
Ikg/h Ippm|
Demancs
3 2476.27 220 000
Bl 2 467.50 185 131
5 49844 185 131
6 701.16 19057
8 33592 13129
1 3 769.46 10 000
Sowrces
2 4 093.69 8§94
7 689.38 2300
9 332.03 1575

Step 1

Each reagent source and demand operation is characterised by the mass of reagent species
and the mass of water required or available. Initially 1t is assumed that only fresh water is
used as the diluting agent for each reagent dilution operation. The amount of fresh water
required by each reagent dilution operation is determined by subtracting the amount of water
accompanying the concentrated reagent source from the total mass of water in the outlet
stream (Table 4.2). The supply concentration of the concentrated reagent is 320 000 ppm.
The amoumt of water accompanying the reagent contaiming effluents is presented in
Table 4.3.
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Table 4.2: The freshwater requirement for the reagent demands from Table 4.1

Process  Total Conc.  Reagent  Water Water Freshwater
Number  Flow Mass Mass R'::m Demand
Ikg/h) [ppm]| Ikg/h]  [kg/h) [kg/h) Ikg/h|
Demands

3 247627 220000 54478 193149 115766 77383
Kl 2467.50 185131 45681 201069  970.72 103997
5 40844 185131 92.28 406,16 196.10 210,06
6 701.16 19 057 13.36 6RT RO 2839 6594)
8 33592 13129 441 331.51 9.37 322,14
1 3 769 46 10 000 3769 373L.T7 80.09 J651.68

Table 4.3: The warer supply available from reagent containing effluent sources

Process Total Conc. Reagent Water Water Supply
Number Flow |ppm| Mass Mass Flow
[ke/m) Ike/h| [ke/h] Ikg/b]
Sources
2 409309 894 36,60 4 057.09 4 057.09
7 6K9 3K 2300 1.59 687.79 687.79
) 332.03 1575 0.52 331.51 331.5)
Step 2

The source and demand composite curves are plotted on axes of concentration versus water
flow rate (Figure 4.1). The demands are characterised by the flow rate of water determined
in Step 1. and the concentration of the reagent in the outlet stream of the dilution operation.
The sources are charactensed by the water flow rate determuned in Srep J.

Step 3

Verucal lines are drawn from the termination points of cach operation making up the demand
composite curve 1o create flow intervals (Figure 4.2). Water sources available within each
flow interval are used to satisfy the demands with that flow interval, and the network
designed accordingly.
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Figure 4.2: The source and demand composite curves for the first iteration in the
design of the network involving NaOH 1olerant streams and operations.

Step 4

The implications of using the reagent containing effluent streams for dilution instead of
freshwater are quantified in this step. The amount of concentrated reagent required by the
dilution operation 15 determined by subtracting the mass of reagent contnbuted by the
cffluent stream from the total requirement. The amount of water required for dilution 1s
determined by subtracting the amount of water contributed by the concentrated reagent from
the total requirement for the operation.

Siep §

The source and demand composite curves are re-plotted, except in this case, the updated
water demands determined in Step 4 are used in the construction of the demand composite
curve. The network s redesigned as laid out in Step 3. lterations around Siep 3, Step 4 and
Step 5 continue until convergence.

44 Results

Figure 4.3 shows the final network design for the NaOH using section of the process. The
final network design for the HCl using operations and streams is presented in Figure 4.4 The
corresponding calculation results are summansed in Table 4.4,
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Table 4.4: Summary of the results obtammed from the imual Water Pinch Analvsis study
carried out ar Sasol Polvmers

Original Flow New Flow Percentage

Ike/b) Ikg/h] S
NaOH Nerwork
Water 4 7RS 0 100
Effluent 5667 1971 65
NaOH (100% m/m) 1180 1146 29
HCl Network
Water 763 0 100
Effluent 5467 4114 25
HC1(31% m'm) 5963 $723 4.2
Non-NaOH/HC! Network
Water 9034 4 061 55
Effluem 11047 6074 45
Overall Savings
Water 14 582 4061 72
Effluent 22 181 12159 45
N2OH (100° m/'m) 1180 1 146 29
HC1(31% m/m) 5963 5723 42

45 Conclusions

The chlor-alkali process uses water in a more complex role than has been addressed by
standard pinch analysis theory. The most important feature of this is the presence of reagents
and products such as NaOH and HCI in the water streams. The recovery and reuse of these
components may be more important than the reuse of water.  Furthermore, such components
introduce process constraints which are quite different from those ansing from contamunants.

The Two-Composite Methodology was extended to address 1o the simultancous targeting of
water and reagent use, although restricted 10 a single reagent. It was however recommended
that theory pertaining to the targeting and design of networks involving reactive species be
further developed to take into account the multiple contaminant nature of the problem.

The restricted nature of the method did not allow the presence of other contaminants in the
system, such as calcium and magnesium, 10 be accounted for. The results of this study
therefore have 10 be considered as preliminary, and further investigation 1s required to
consider whether they might preclude any of the suggested reuse options.
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5 THE SANACHEM AGRO-CHEMICALS PLANT

This investigation was the topic of Thokozami Majozi's MScEng thesis (Majozi, 1998),
which contawns a more detailed presentation of the material in this chapter.

Sanachem. one of the Sentrachem subsidianes, has production sites in KwaZulu-Natal,
Gauteng and Cape Provinces. Sanachem 1s an agrochemical company producing msecticides
and pestucides. The KwaZulu-Natal site is situated a1 Canclands which is about 30 km north
of Durban.

This company used water in the production of methyl isocyanate (MIC), pyrethroids,
monosodium methylarsonate (MSMA), alachlor and bromoxynil octanoate processes. This
water is used either as a solvent or for product washes, A substantial amount of water s also
used in cooling towers (88 tons per day) and boiler make-up (45 tons per day). This water is
discharged as effluent into the nearby niver, the manne outfall and dedicated landfill sites.
Other than the costs involved, 1.e. R250.00 per kL. disposing of water via the marine outfall
is sull not much of a problem, since this effluent meets the existing regulatory critena.
However, landfill disposal continues 10 be one of Sanachem's main challenges as there is
currently no landfill site for highly toxic waste in KwaZulu-Natal. This was accumulated and
transported to Port Elizabeth at a cost of about R9 000KL. The effluent treatment plant
designed 1o remove arsenic in process streams, handled all the water flowing into the nearby
river. The treatment process involved formed arsenic beaning sohid waste which is classified
as highly toxic waste. This too was transported across provincial borders to Port Elizabeth for
disposal. According to Government policy, each province is responsible for its own waste,
implying that toxic wastes from other provinces cannot be readily accepted in another
province. The other solid waste, especially from the laboratonies, 1s transported to the
Shongwem landfill site.

In the face of these problems, Sanachem decided to invest in rescarch for the development of
a formal methodology to manage waste in a most sustainable manner. The applicability of
water pinch analysis, as one of the emerging techniques for waste management and an
mtegral part of cleancr production, was assessed. At the time of the study the available
literature dealt mainly with continuous processes. However, most of the processes at
Sanachem arc batch, which called for the adaptation of the existing methodologies to batch
processes. The processes were chosen on the basis of the nature of contaminants present in
their effluent streams. It will be noticed that only those processes with the same major
contaminant were used in the development of the methodology for batch processes.

51 OBJECTIVE OF STUDY

The study was aimed at assessing the applicability of WaterPinch principles in water demand
reduction, waste minimisation and waste management in general, at Sanachem Canclands.,
This site contains a number of processes using water as a reaction solvent or a washing
solvent for the final products. Consequently, water from these processes is contaminated with
salts as well as traces of organic matter (pesticides) from the products. Due to the traces of
pesticides, the hazard rating (HR) of most of these streams 1s quite high which implies that
they can only be disposed of in high toxic waste sites, 1.e. H:H sites. The streams with low
toxicity are dispensed with via the sea outfall.



5.2 THEORY DEVELOPMENT

Batch processes, unlike continuous processes, are constrained with respect to time and
concentration. Water reuse can only be effected subject to these two constraints. This implies
that water can be used in another process if, and only if, 1t 1s available at the right time and
concentration. Wang and Smith (1995b) have sct the background for the application of water
pinch analysis to batch processes. However, their approach assumed a semi-batch behaviour
in processes, implying that water from one process could be reused in other processes even
before the process is complete. This is related to the inclusion of water flow rates in their
problem specification,

The application of the Wang and Smuth technique to a sequence of actual batch processes at
Sanachem, necessitated a number of modifications which were not immediately obvious.
These modifications are outlined below:

1) The processes in question operate in a completely batch mode, which implies that a fixed
amount of water 1s added to the vessel at the beginning of the water demanding process,
and remains there until 1t 1s discharged at the end of the process. The semi-batch mode
envisioned by Wang and Smith was then not applicable, since the reuse potential of
water could only be realised afier the completion, and not during the course of the
process. Therefore, quantitics rather than flow rates were relevant in the problem
formulation.

2) It s evident that water flow rates appearing in the problem formulation (Wang and
Smith, 1995) present themselves as cquality constraints. However, a number of
variations are possible in the way that the process constraints on quantity (or flow rate)
present themselves. For instance, it could happen that there is no direct specification of
the water quantity (or flow) in a particular stream, as long as the contaminant load and
the outlet concentration are observed. Furthermore, the vessel probably has minimum
and maximum levels for effective operation. In that case the water guantity falls away as
an equality constraint, to become an inequality constraint, thereby changing the nature of
the optimisation problem. The problem can be further complicated by allowing
flexibility in the sequencing of batches during problem formulation. This is possible if
different sequences give similar near-optimal solutions.

3) Wang and Smith did not consider that the first sequence will be different from the
subsequent sequences. This implics that the water demand for the first sequence will be
different from the water demand for the cyclic operation. This issue 15 discussed in
Sections 5.2.1.2 and 5.2.1.3.

Therefore, 1t is important to recogmise that there are several different forms which process
constraints can take, and to consider these carefully when formulating the problem
specification for pinch analysis.

To demonstrate the applicability of the above-mentioned adaptations to completely batch
operations, an hypothetical set of processes was formulated. This example was drawn from
experience at Sanachem. Initally, ume is treated as the primary constraint and concentration
as the sccondary constraint. Subsequently, the priority of constraints is reversed so as w0
demonstrate the effect of the targeting procedure on the final design. Attention is also drawn
1o the fact that first sequence and cychic-state targeting are essential in completely batch
operations. The methodology by Doyle and Smith 1s also applied to bawch processes.
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5.2.1  Time Pinch Analysis

To illustrate the apphication of this analvsis to completely batch processes, a hypothetical
example for the production of an agrochemical which contains three organic components
identified as A, B and C, was considered (This example resembled a process at Sanachem,
but was simplified in some respects). These components are produced in batch reactors. All
three reactions form sodium chlonde (NaCl) as a by-product which is later removed from the
final product. The removal of this by-product is cffected by the use of fresh water. It 1s worth
mentioning that, although the aim of the washes 15 10 remove NaCl, there will be traces of
organics in water. In formulating the problem, however, it was assumed that the
concentration of these organics s virtually ml.

In the case of A, the reaction takes place in an organic solvent which is highly immiscible
with water, so that water is required solely for washing the salt. In the case of B and C,
however, water is used as the reaction solvent, and a further quantity is used for washing the
product. While investigating this secondary washing of B and C, it was found that the salt
load removed from the product was essentially zero due to the fact that most of it is removed
with the reaction solvent water. However, it was considered that the washing step should not
be discarded, as 1t constituted a quality control precaution in case of unforeseen process
problems. The timing of the reaction and washing sequences was considered to be fixed by
product requirements, which implies that there was no freedom to change the sequence o
optimise the use of water,

5.2.1.1 Problem Specification for Pinch Analysis

The vessels operate in completely batch mode, implying that masses of water, rather than
flow rates, are the relevant quantities

Setting the concentration limits presented some conceptual difficulties. The situation for
component A was straightforward, as laboratory tests have shown that acceptable product
quality can only be achieved if fresh water is used at the stant of the wash. The reaction
solvent water for B and C was also casily specified, since the only requirement s that the salt
must not precipitate, which sets the salt concentration at just less than 35 % by mass at the
end of the reaction. Precipitation of salt Jeads to the erosion of glass lining in the reactors.
The quantity of the wash water for B and C was based on experience. It was found that using
water below 400 L led 1o lower product vields. This could be due 1o incfficient mixing in the
vessel. The gquanuty of water was then set at 400 L.

The imput concentration (which is clearly the same as the output concentration) should be set
as low as possible without increasing the overall water use. These have been replaced by the
variable x in Table 5.1. Duc 10 the fact that the lowest concentration for contaminated water
in this example 1s 0.1 kg saltkg water, x was eventually set to this value. This constituted a
radical departure from the type of specification envisaged by Wang and Smuth (1995b).

Since the sequence of batch operations is repeated during production, waste water from the
previous cycle would normally be potenually available for reuse. if storage facilihes are
provided. However this 1s not the case in the first cycle. so the targeting procedure for this
first cycle is different from subsequent cycles.
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Table 5.1: Hiustrative Problem Specification

Process Time Ecnd [ o T Water Salt load
[b) [kg salt/kg warter] kgl
A wash O3 0 0.1 1 (00 100
B reacuon w4 0.25 0.5 280 728
B wash 4105 X S 40 O
€ rcactnon 206 025 0.51 280 728
C wash 6w 7.5 v ~ 400 0
Total 2 360 245.6
n.51
£
£
i i 0.2
S&
010

Time (h)

Figure 5.1: Graphical representation of the problem specification, with x set to 0.1

5.2.1.2 Targeting for the First Cycle

In Wang and Smith's method, the targeting procedure consists of dividing the problem into
concentration intervals and time subintervals, with boundanes set by the endpoints of
individual processes, and grouping together the streams that are required or available for
reuse in cach time subinterval. In each concentration interval, water which is available is
reused, where possible, in its own time subinterval. Any surplus can be reused in subsequent
time subintervals in the same concentration interval, or stored for reuse in later concentration
intervals. Water cannot be reused in lower concentration intervals or in previous times. Any
shortfall in any time subinterval can be made up from previous time subintervals, either from
the same or lower concentration intervals. Fresh water is then used once all these
opportunitics have been exhausted. The eventual surplus becomes the system effluent, and
the accumulated fresh water make up constitutes the system intake, According to this
procedure, the capacity of storage that must be provided 1o achieve the mimimum target can
be identified. 1t will be realised during the analysis that this storage can be traded ofY against
water use and efMuent production.

This problem solution is such that in cach time subinterval, the concentration constraint 1s
met. This implies that, as long as water is available at the nght time, it can safely be reused in
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any of the ume submmtervals within the concentration mterval, 1e. the secondary constraint
(concentration) is met 1n every step of the analysis, and the primary constraint (time) guides
the formulation of the final solution (target design network).

To accommodate completely batch operatons, the procedure s casily modified by
recogmising that water 1s required or available in discrete amounts, only at the beginning and
end of both concentration and time intervals. The unknown concentrations (x) in the problem
specification can be handled by repeating the calculations for a senies of successively lower
values for x, and selecting the lowest value that does not cause the overall water demand to
increasc.

Water demand (kg)

3

1000

Time (h)
Figure 5.2: Targening imterval (0 1o 0.1) kg salt/kg water.

Figures 5.2 10 5.4, show the targeting procedure with x set at 0.1 kg salt’kg water. Figure 5.4
shows targeting in the first concentration mterval. Only process A is available in this interval,
(see Figure 5.1), hence 1 000 kg of fresh water is required. Figure 5.2 depicts targeting in the
concentration boundary. Both the washes lie in this boundary, since no load 1s removed from
the product, and the concentration of water remains constant. Since cach of the washes has a
water demand of 400 kg, the overall water demand at the boundary i1s 800 kg as shown
Figure 5.3,

Water demand (kg)
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Time (h)
Figure 5.3: Targeting the boundary 0.1 kg salvkg water
Both B and C washes start afier the completion of A wash. Moreover, the outlet
concentration from the A wash corresponds to the required boundary concentration, i.e.
0.1 kg salt’kg water. Therefore, water from the A wash can be reused in B and C washes,

with a surplus of 200 kg However, this water cannot be used directly since A wash finishes
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1 h before the start of B wash, and C wash only starts 3 h afier the A wash. The time gap
between the end of the A wash and the stant of the B wash requires a storage facility with a
capacity of 1 000 kg of water.

Water demand (kg)
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Figure 5.4: Targeting interval (0.25 10 0.51) kg sali/kg water.

Figure 5.4 represents targeting in interval (0.25 1o 0.51) kg saltkg water. This interval, as
shown in Figure 5.1, has the B and the C reactions with an overall water demand of 560 kg.
Since both these reactions start before the completion of the washing process of component
A, no reusable water is available in the reaction time subintervals. This implics that fresh
water will have 10 be used. The accumulated fresh water demand 1s, therefore, 1 560 kg. As
this 1s the last concentration interval, this quantity is the target for the optimal design.

It is worth noting that interval (0.1 10 0.25) kg salvkg water did not need o0 be considered
since no processes fall within it: see Figure 5.1.

280 kg

B reaction

0 1560 kg
2 [T s Ry

200 kg

o] =

Figure 5.5: Water reuse network resulting from pinch analysis (first evele).

It 1s typical of such problems that the solution shown in Figure 5.5 is not the only one that
meets the mimimum water usc target,

5.2.1.3 Targetting for Subsequent Cycles

It 1s assumed that the process sequence in subsequent cycles is the same as the first cycle
(although it 1s possible that would not be s0). In this case, the time constraints simply fall
away, as long as storage 1s available. Figure 5.6 shows one of the possible minimum water
use configurations for the problem.
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Figure 5.6: Water reuse network resulting from pinch analvsis (subsequent cyveles).

5.2.1.4 Stworage

In general, there 1s a trade off between the capital cost of providing storage for intermediate
effluents which could be reused and the running cost of extra water usage. However, the
intrinsic storage potential of the process vessels themselves during their idle time should be
considered in the analysis. Figure 5.7 indicates the storage potential for the illustrative

problem.
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Figure 5.7: Inherent storage availability diagram.

It can be seen that the B and C wash vessels can be used to store water from the A wash, as
these washes start well after the A wash has been completed. Figures S8 and 5.9 shows the
resultant water reuse networks without any dedicated storage facility.
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Figure 5.8: Waler reuse network with storage in process vessels (first cvele).
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Figure 5.9: Water reuse network with storage in process vessels (subsequent cycles).

5.2.1.5 Mathematical Programming

The mathematical programming approach of Doyle and Smnh (1997) is discussed in
Section 2.6. Adapting it to the baich processes of the type described i the illustrative
problem proved remarkably simple. A trivial step was 10 replace flow rates in the Doyle and
Smith formulation with batch volumes (or masses). Time constraints were introduced by
simply setting to zero any transfers which would require going backwards in time, or
unavailable storage. The method yielded identical results 10 the manual methods described
above. The major advantage of of the mathematical programming approach is that it readily
deals with multiple contaminants, which are very awkward to handle with the manual
targetting method.

5.3 Application at Sanachem, Canelands

A group of processes at the factory were sclected for the case study, because they all
involved the common “contaminant™ NaCl, which 1s, in fact, reaction by-product in the
formation of all the products involved. Bromoxynil octanoate is a herbicide, and fernvalerate
and cypermethnin are pyrethrins (insecticides).
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5.3.1  Process Descriptons

Step
1 : - ’ 1 H
Reactin | s . : - '
. . .
Distillation 4 ’ 1 - -
. . . L) .
Wash |- ¥ + ' :
Solvent v v . . S
recovery ] : H ‘ H
' ' ' ' '
ofbe A A A 4 -
[ g . .
0S 16 23 26 Is
thme (W)

Figure 5.10: Bromoxynil Octanoate production sequence.

The process to produce bromoxynil octanoate involves two reaction steps. The first reaction
forms the intermediate product bromoxvnil with the evolution of water as a by-product, and
takes an average of 6.5 h. Since the second reaction to form bromoxynil octanoate is
adversely affected by the presence of water, the water from the first reaction is removed by
vacuum distillation (-80 kPa) at about 80 °C, Some of the organic solvent is also carried over.
The water-solvent vapor collects in the receiver as a binary phase mixture via the condenser.
Water 1s then separated and put in a dedicated container. This step takes about 9.5 h and
about 400 kg of water is removed. This water is later used in the washing step. Since the
washing step requires 1 000 kg of water. 600 kg of fresh water is added. This explains the
origin of this figure in Table 5.2. Afier water removal, the batch 1s drawn into the next reactor
under vacuum where the second reaction takes place. This reaction takes about 7 h, after
which water 1s introduced for washing the product of all impuritics. NaCl 1s the main
impurity, formed as a byproduct in the second reaction. The washing step takes 3 h. The last
step n the entire process is solvent recovery, which takes about 12 h. This step takes place in
a dedicated vessel and is effected by applying vacuum (-80 kPz) and raising the temperature
10 about 130 “C.

The pyrethroids cypermethnn and fernvalerate are produced by very similar processes, with
exactly the same process steps, but different raw materials, and in different vessels.
Figure 5.11 shows the sequence which applies to both products.

. . .
Reaction . . -
PT—— . .
T R N ——— S -
. . .
Solvent H :————-——:
. . .
recovery | H A M
0 7 &S 12.5

Figure 5.11: Cypermethrin or Fernvalerate production sequence.

The first step in the production of cypermethnn and fernvalerate is the reaction which takes
about 7 h, assuming that all the potential process problems have been taken into account.
These process problems are poor quality raw matenials which tend 10 slow down the rate of
reaction and the slow titration of onc of the raw materials into the reactor. The reaction step
uses 280 kg of water to dissolve one of the raw materials used in the process. Afier reaction,
the batch is drawn under vacuum into the next vessel wherein the product wash is conducted
to remove NaCl formed by the reaction. This takes about 1.5 h and uses 400 kg of water. This
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step 1s followed by solvent recovery in the same vessel. Solvent recovery takes an average of
4 h. It can be seen that three batches of cypermethrin/fernvalerate can be produced for every
batch of bromoxynil ocatanoate

5.3.2 Concentration limits

For bromoxynil octanoate, sbout 100 kg of salt (NaCl) 1s formed as a byproduct per batch.
Since 1 000 kg of water is used, and only fresh water can be utihized, the maximum outlet
concentration is 0.10 kg salt’kg water.

For cypermethnin and femvalerate, it was discovered using the potentiometric method of
analysis that almost all the salt 1s removed with the solvent water used in the reaction step.
Since the solubility of salt under the reactor conditions is 35 %6 (m/m), and the reactor is lined
with glass, the maximum outlet concentration was set at 34 % (m/m) n order to ensure that
all the salt remams in solution 50 as to avoid the crosion of glass. This concentration
corresponds to 0.5] kg saltkg water. About 72.8 kg of salt 1s formed dunng reaction,
therefore, the maximum inlet concentration was set at 0,25 kg salvkg water.

Table 5.2: Limiting process data for first production evele

Process Time Ca [ o Water Salt
L) [kg salt/kg  [kg salt/kg (gl [kl
water] water|

Cypermethsin = 0 07 0,25 0.51 250 728
Reaction (1)
Cypermethrin 7t0 85 010 0.10 400 0.0
Wash (1)
Fernvalerate 0 a7 0.25 051 280 728
Reaction {1)
Fernvalerate Jw8S5 Q.10 010 400 0.0
Wash (1)
Cypermethnn . 710 14 0.25 0.51 280 728
Reacnon (2
Cypermethrin 1410155 0.10 0.10 400 0.0
Wash (2)
Fernvalerate T 14 0.25 051 280 72
Reaction (2)
Femvalerate 1410155 0,10 010 400 0.0
Wash (2
Cypermethnn 1410 21 0.25 0.51 280 728
Reaction (3)
Cypermethnn 21 10 225 0.10 010 400 00
Wash (3)
Fernvalerate 141021 025 0.51 28 728
Reacnion (3)
Fernvalerate 2110225 010 0.10 400 0.0
Wash (3)
B Octancate 231026 0.00 010 Ax) 600
Wash

Total 4680 496.8

As almost all of the salt 1s removed with the solvent water, very little, if any, salt is removed
during the product washes. Also, the analysis conducted on the wash water did not measure a
significant level of salt. However, it was decided to retain this step as a precautionary
measure in case of process deviations. Since this step is used as a precaution, relatively clean
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water should be used so as to avoid product contamination. In this case study, other than
fresh water, 0.10 kg salt’kg water 1s the least contamination level. This was then chosen as
the concentration specification for the wash water. Since no load is removed, the inlet and the
outlet concentrations in this step are the same. Table 5.2 summarises the discussion given in

the foregoing paragraphs.
533  Resuhls

The targeting calculations were camied out according to the procedures cxplained in
Section 5.2, Accordingly, reuse configurations are shown for the first production cycle and
subsequent cycles.

5.3.3.1 First Cycle

The final network based on this wrgeting procedure appears in Figure 5.12. In this diagram,
C, F and B stand for cypermethnn, fernvalerate and bromoxynil octanoate, respectively. The
subscripts r and w stand for reaction and wash, respectively. The existence of time gaps
between washes requires the provision of storage. The diagram shows three storage blocks,
however only one physical tank is actually required, because the three storage requirements
occur at different umes in the cycle It s clear in the diagram that water from the first wash is
reused in the second and third washes for cypermethrin and femvalerate. This water 1s later
used in the bromoxynil octanoate wash prior to its disposal as effluent. All the water from the
reactions is discharged as effluent, since it does not have any reuse potential.

—{

280 kg

D

D

2480 kg __ﬂ:mu ::)—- ‘4oot
280 kg ® “"kmk'

e [ iTloent

Storage

B0 kg @
0,078 kg sal'kg waser

b
:

280 kg —_— £‘1®_
® 200 kg

1680 kg 42 026 kg
saltg water

I Muent

Figure 5.12: Reuse nerwork for first production cycle.

5.3.3.2 Subsequent cycles

The first cycle of production of bromoxynil octanoate takes 38 h, however the second cycle
does not have 1o wait for the first 10 finish, because the second reaction and product washes
take place in different vessels from the first reaction. Hence the cach subsequent cycle can
begin 16 hours after the previous one, as illustrated in Figure 5,13,
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Figure 5.13: Overlapping bromoxynil octanoate production cycles,

The combined schedule for the three processes under these conditions 1s shown in Table 5.3,
The effect is that only two cypermethrin/fernvalerate batches can be produced per batch of
bromoxynil octanoate.

Table 5.3: Limitng process data for subsequent production cyeles

Process Time C. Con Water Salt
[h) [kg salt/kg  [kg salt/kg [kg) [kg)
water) water|
Cypermethnin U to7 0.25 0,51 250 728
Reaction (1)
Cypermethnn T 85 010 0.10 400 0n
Wash (1)
Femvalerate 0w’ 0.25 0.51 280 728
Reaction {1)
Fernvalerate T 85 010 0.10 <00 0.0
Wash (1)
Cypermethnin 710 14 0.25 0.51 250 728
Reacuon (2)
Cypermethnn 1410155 .10 0.10 400 0.0
Wash (2)
Fernvalerate Tw 14 0.25 0.51 280 728
Reaction (2)
Fernvalerare 40155 010 0.10 400 0.0
Wash (2)
B Octanoate 16w 19 000 0.10 GO0 600
Wash
Total 3320 351.2
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The corresponding reuse network appears in Figure 5.14
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Figure 5.14: Reuse network for subsequent production cycles.

54 Conclusions

During the course of these investigations, an overall reduction of 96 kL per month of toxic
effluent, 216 KL of non-toxic efMuent, and an increase of 25 % in production capacity (due to
reduced batch times) were identified as a result of the pinch analysis, together with other
waste mimimisation measures. This represented about a 40 % reduction in water use by the
processes involved. Unfortunately, before the implementation stage was reached, Sanachem
was bought by Dow Chemicals, and the processes in question were closed down as part of an
international rationalisation program.

Although pinch analysis of baich processes have received little attention in the literature, this
study showed that the methods developed for continuous processes can be adapted fairly
readily. The main advantage of batch over continuous processes is their greater flexibility. In
the pinch analysis context this means that the kinds of process constraints that have to be
considered are more vaned. This was demonstrated by the issuc of the fully hatch processes
of this study, as opposed to the semi-bhaich processes considered by Wang and Smith (1995b).
In practice, however, the basic ideas expressed in the literature need 1o be carefully adapied
and extended to suit the nature of particular systems. The possibilities explored so far are by
no means exhaustive, and a general method still has 1o be established. In drawing up such a
general method, the effect of the different types of process constraints that may be
encountered, and how these affect the trgeting and network design methods, will have to be
carefully considered. It 1s clear that, even in the same problem, different streams might be
subject to different types of constrants. The mathematical programming approach of Dovle
and Smith (1997) appears 1o offer the flexibility 10 address many of these 1ssues.
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6 THE LETHABO POWER STATION

A coal-fired power station contains a number of interconnected water-using systems, which
present a number of opportunities to use membrane separation to recover water of suntable
quality for reuse. The chief of these are: the condenser cooling circunt, the ultra-pure sicam
circurt, the potable water system for personnel as well as general factory use, and the
ash-handling system. In addition, associated mining operations involve substantial flows of
water, often contaminated, which may constitute both an opportune source of water if treated,
and an environmental liability otherwise. Membrane applications which might be considered
are: reverse osmosis (RO) or electrodialysis reversal (EDR) to concentrate the cooling water
blowdown and return permeate 1o the cooling circuit: RO or nanofiliration (NF) pre-treatment
of the feed to the 1on exchange plant which produces ultrapure water for the steam circuit; NF
treatment of mine water 10 upgrade it 10 a suitable quality for use in the power station
systems: or ulirafiltration (UF) 10 provide potable water.

evaporaton MINE RIVER

‘ station use & huma,
CONSUMPION

Figure 6.1: Schematic diagram of water circuils at a coal-fired power station

South Africa has a number of very large coal-fired power stations, concentrated in the coal
ficlds of the province of Mpumalanga. This arca also shares its relatively scarce water
resources with the man mining and industnal region of the country, and indeed the
availability of water is considered 10 be one of the chief lmitanons for economic
development in the region. Consequently, 1t is a major concern of the national power utility,
Eskom, 10 achicve the best possible water efficiency and the least possible environmental
impact in operating their stations.  Membrane processes have been an accepted part of
Eskom's strategy for over a decade, with a large RO plant and a large EDR plant (recently
replaced by a RO plant) operating at two of the more recently built stations. The membrane
plants at these power stations recover desalinated water from the cooling circuit blowdown
and return it to the circuit. Operating experience has led to questions as 10 whether this is the
most effective role for a membrane regeneration process in the overall system. Water pinch
analysis provides a systematic approach to determiming the most effective location for a
regeneration process in the system as a whole.
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The Lethabo Power Station

In this investigation, a start was made with formulating an approach 10 applying the
principles of water pinch analysis to the water systems of a power station, with the particular
objective of establishing the best use of an existing RO plant in the system. The study was
based on the Lethabo Power Station located close to the Vaal niver near Vereeniging, South
Africa. Thas 3.6 GW plant is built adjacent to the opencast coal mine which supplies 1ts fuel.
The main source of water for cooling and for boiler operation 1s the Vaal River. The station
was designed according o a zero-ligud-¢ffluen: philosophy, in which effluents are
concentrated to the point where the residual volume can be accommodated on the coal-ash
heaps, where the liquid serves a dust-suppression function. A tubular reverse osmosis (TRO)
plant is used to achieve the necessary concentration ratio at umes when this cannot be
accomplished by evaporation alone: this only occurs occasionally. so the TRO plant does not
operate continuously. The associated coal mine 15 a source of contaminated mine water, most
of which was discharged at the time under a permit granted by the Department of Water
AfTairs, which was 10 be withdrawn, because of the quite severe problem of salination of the
Vaal River.

The standard situation addressed by a pinch analysis calls for minimisation of the total
amount of fresh water supplied 1o the set of processes. The situation under consideration here
i1s more complex, because there is more than one water source (niver water and mine water)
and because increasing the salt concentration in the feed to the ion exchange increases the use
of chemicals for regencration. Furthermore. the use of mine water in the cooling circuit
reduces the evaporation ratio that can be achieved, which ultimately increases the overall
effMluent discharged from the station, to the point where it can no longer be retained by the ash
heaps. This appears to be precluded by Eskom’s zero effluent discharge policy, but only if the
power station is viewed n 1solation from the mine. If they are considered together, it 1s clear
that any mine water that the power station does not accept must be treated separately, or
discharged to the environment.

Thus there is a balance that must be struck between use of river water, use of mine water, use
of regencration chemicals, and volume of efMluents. This is represented in the model as a cost
coefficient for cach of these factors, which must have values which are in the correct
relationship to one another. In principle, these should include a representation of relative
environmental costs, not simply financial costs.

6.1 The Warter Pinch Model of the Power Station

The water system was divided into five essential component sub-systems, as illustrated in
Figure 6.2. This is a simplification of the actual system which omits a number of details.

80



-1 ~ ]
MBKOUD i =5y v, CARCANT ‘——> curge food = apvenst osmous | permeate
|
-———'_——d
' \
SUaQe 10 AN CONAIBONING Relentate
WATER L | recovered
raw - -, _j - &= potable potable 8=  aragaay USE —— sewage
- e n— S——
\J
sludge

|
POLRtAS @ M EXCHANGE [P yrapure

\J
Rugernraton eiuens

Figure 6.2: The basic set of water circuit sub-systems used for the Pinch Analysis

6.1.1  Modelling Simplifications and Assumptions

Because of the complexity of the optimisation procedures, it is desirable that the modelling of
the individual processes should be as simple as possible, while still representing the essential
behaviour of the system. The approach taken was to formulate matenial balances for the
vanious units, with certain coefficients denved from plant records, which substitute for the
equilibrium and Kinetic relationships which would be required in a more fundamental model.
Furthermore, since the optimisation is concerned with changing operating conditions, those
parts of the system which may not be changed neced not be modelled explicitly. Thus, for
instance, the condenser circuit does not appear in the model, except indirectly in the cooling
circuit model, in that it sets the evaporation rate and the himits on the concentrations.

Other notable omissions are the lime softeners and the potable water clarifiers. Here again,
they are represented indirectly.  The lime softening principally removes carbonate, which
enters the system by atmosphenc contact in the cooling towers, which constitutes an invanant
load. The lime dosage to remove this carbonate i1s consequently also invaniant, and the results
are fixed concentrations of calcium and carbonate in the cooling circuit. Since there are no
other significant sources of carbonate in the system, it was not considered as a vaniable
contaminant, and the only way that this whole sub-system appears in the model is as a fixed
calcium concentration in the cooling circuit model. which was presumed to be fixed by the
solubility product of calcium carbonate (although the figure was obtained from the station
records). In effect, this ignores the fact that the lime dosage would need to vary to maintain
the fixed concentration as the flow network is modified: however it was assumed that the cost
imphications would be neghgible.

Somewhat similar arguments were used for the suspended solids removed by the clarifiers,
both in the cooling circuit and in potable water production. It was assumed that changes in
the flow network would not significantly alter the flows of suspended solids or how they
were removed, and there was consequently no need to include suspended solids in the model.
The sludge flows indicated in figure 6.2 refer only to water and dissolved components. For
these streams, the effect of sohids was accounted for by flow rate constraints which prevented
their being used for any purpose other than ash conditioning.
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The storm water and station dam system was omitted for lack of flow rate and quality data at
the tme.

6.1.2  Conceprual structure of the model

The pinch analysis formalism allows (in principle) efMluent from any sub-system w0 be
recycled 1o the mlet of any sub-system (including nself). The matrix of these inter-system
flows 1s taken as the set of vanables in a constramned optimusation problem, with the
constraints anising from process requircments with respect 1o the resulting concentrations and
flowrates. In principle, all contaminants that can affect the various processed should be
included in the model, together with the operational limits for the different processes. In
practice, it is sometimes easier o use flow constraints 10 achieve the desired effect. A good
example to illustrate this anses from the use of recovered sewage. Its use in potable water
would be limited by the concentration of pathogenic micro-organisms, however the
appropriate result is achieved by constraining the flow of recovered sewage to the potable
water system to be zero, without including pathogens in the model as contaminants.

6.1.3 Mathematical Structure of the Model
Symbols:

F, flow of (reused) water from outlet of process i 10 inlet of process /.

Fa flow of (fresh) water from source & to inlet of process /.

Ce concentration of ion » 1n outlet stream from process i.

Con concentration specification for ion » in the product stream from the ion-exchanger.
a. mass gain of contaminant n Over process i.

W, Water gain over process f,

Za charge on ion n,

6.1.3.1 The Basic Maodcl for Standard Processes

The standard model for a process node has a single input water stream and a single output.
Mass transfers to non-agueous streams are accounted for by specified gains in mass-flow of
contaminant and/or water across the process (losses are represented as negative gains).
These gains or losses are assumed to be independent of the flow or composition of the inlet
water strecam. The components of the power station model represented in this way were: the
cooling circuit, production of sludge from the cooling circuit, potable water, potable water
sludge, and the sewage recovery.

Balance for component n over process j.

LF,ca+ .‘..'.F,. Catlp= (;F,. + IF.+ ”: Cp (6.1)
This is re-arranged as follows in order to solve for concentrations:

[“_'F,. + “..'.F,. +W,)c,.—;F,. Co = ;F. Cin 40, (6.2

The maximum water that can be reused from the process is limited 1o the outlet flow, which
leads to:

SF,~(SF, + $Fu +W) <0 [6.3)

For a system where all the processes can be represented in this way, the set of equations [6.2)
can be solved simultancously for the concentrations if the values of all the flowrates are
specified. A simple modification occurs where an outlet concentration is fixed at a known
value, the equation for ¢ 1s replaced in the set by:



=X (6.4)

where X, is the known fixed value. This situation occurs in the case of the calcium
concentration in the cooling circuit, which is fixed by the solubility of calcium carbonate,
since carbonate 1s continuously introduced by absorbtion of atmosphernic carbon dioxide n
the cooling towers.

This basic model was unable to represent the essential features of the on exchange and RO
processes, and special models had 1o be constructed.

6.1.3.2 A Simple lon-Exchange Model.
The load of 1on » removed from the feed water by the jon-exchanger 1s

L= ;F, (Co=Cw) + ;Fa(ﬁ. - Cha) l("sl

The quantity of regenerant chemicals used is determined by the total number of equivalents
removed from the product water, calculated as:

E= ;F, (Co=Cullz.| + };’.F (Con = C)lz.] 16.6)

The quantities involved in making up regencrant solution are assumed to be proportional to
£

Acid added = A*E 16.7)
Basc added = B*E [6.8)
Dilution water added = W E [6.9]

A. B and W are constants inferred from plant operating data,

The regenerant effluent stream was constructed by combining all the ions removed from the
product water (L) with those added via the acid (4 *E) and the base (B> E) in the dilution
water (WxE). This requires the ionic make-up of the acid and base used. Since the water
used for dilution is ultrapure, taken from the ion-exchange product stream, the flow rate
specification for the unit must be expressed as:

FlowSpec =XF, + E‘.'F,. ~-WxE [6.10)

6.1.3.3 A Simple Reverse Osmosis Model.

The RO plant has an overall water recovery R (0<R<1) and a permeate selectivity factor S,
for each solute n.

(SFu + $Fu)cm=SFaca = SFuce [6.11]

Here the subscript m represents the feed stream to the plant. If p represents the permeate, and
r the retentate:

F,=R-(SF. + Fd) (6.12)
F.=u-m.(;r.. + $Fa) [6.13)
- =S50 * Con [6.14]
("‘“ )(_, [6.15)

The component balance across process j becomes:

RS \1

(}.F,. + -F,. *u, Cp™ ...F Ca ™ [F,S.*F,.L e = ;Fd Cin+0m [6.16]
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Across the membrane plant itself (process m) :

1-RS,
1-5.

However, F.. . W, and 4. will all be zero except in very unusual cases.

(SFa + $Fu +Wo)cm = |FuSus Fu )Jem= FFuicuvin 6.17)

The flow constraints for the membrane plant are:
Permeate: ZFe~R-(EFa + XFu +W,) <0 [6.18)
Retentate:  ZFo=(1-R)-(EF. + ZFu +W,) <0 [6.19)

A further special constrmint applies to the RO plant. The concentrations of calcium and
sulphate in the retentate have to be himited 10 avoid scaling of the membranes due to
precipitation of calcium sulphate. The criucal parameter is A, the effective solubility
product of CaSO.2HO. This is strictly a function of the ionic strength of the solution; for
simplicity the jonic strength was taken as fixed at a typical value observed on the plant. The
constraint was then taken to be of the form:

Crce® Coson =Ky <0 16.20]

The equations and inequalities [6.2 10 6.4, 6.4 10 6.10, 6.12 10 20] constitute the basic model.
To these were added specific constraints which himit individual values of concentration or
flow rate according to particular process requirements.

6.1.3.4 Concentration and Flow Rate Constraints

Average flow rates over July 1997 for the vanous streams were obtained from a water usage
repont for the Lethabo Power Station. Concentration limits for the different systems were
obtained from Eskom operating standards. In this preliminary analysis, only four ionic
contaminant species were considered: Na', CI, Ca™ and SO, which is a further
simplification of the real situation. The parameters for the ion-exchange model (4, B and W)
and the RO model (R and values of S, for cach jon) were inferred from the July 1997 report,
and thus also represent average values for the month. The tbular RO plant at Lethabo
operates at 75 %6 water recovery, and has a relatively low salt reject of 80 %,

The source concentrations and process concentrations used in the model are shown in Tables
6.] and 6.2.

Table 6.1: Contaminant levels in water sources

River Mine

Img/L| mg/L]
Cl 8.0 330
SO, 14.0 458.0
Na 123 159.0
Ca 396 268.0




Table 6.2: Contaminant limits for processes

Cooling  Ash  Potable Sludge Recovered Ultra Pure RO RO

circuit Sewage Water brine Permeate
img/L} mg/L} mg/L)  jmg/L]  (mg/L) ime/L] mg/L]  jmg/L)
C1 4000 - 2000 202.0 - 0.0 -
SO, 10000 - 2500 2520 - 0.0 Ko -
Na  500.0 - 5000 502.0 - 0.0 - -
Ca . 240.0 - 48.0 480 - 0.0 Ko -

In the case of the RO brine, K, indicates that the Ca and SO, concentrations are limited by
the solubility product relationship. The value of the constant (1.92*10° [mg'L)’) was inferred
from measured concentrations, rather than using a literature value, to account for the effect of
other solutes on the solubility.

The Mlows that were taken as fixed were (ML /month):

Evaporation rate: 2753,5 Potable water: 2323  Pouable water sludge: 2.3
Ultrapure water: 1048 Recovered sewage: 47.9 Ash conditioning: 86,9
Mine water: 114,0

6.1.3.5 Other Process Constraints

As mentioned in the conceptual description of the model, various constraints can be
accounted for indirectly by simply forbidding certain flow connections. Thus, the suspended
solids in the clarifier sludges prevent re-use of those strcams, and pathogens or dissolved
organics in the recovered sewage limit its re-use to cooling circuit make up. The flow
connections that were allowed are summarised in Table 6.3

Table 6.3: Connectivity mairix (0 - connection disaliowed, 1 - connection allowed)
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6.1.3.6 Objective Function

The objective function to be minimised was a sum of terms, cach involving a simple cost
coefficient and & quantity, as show in Table 6.4

Table 6.4: Cost coefficients used in the model objective function
(R= South African Rand, 1997 values)

Quantity Cocfficient Quantity Coefficient
Raw water used (ML/momnth) 759 (R'ML) | Water wreated by RO (ML/month) |1 S50 (R'ML)
Volume discharged 45 (R'ML) | Mine water used (ML/month) 45 (R'ML)
(ML/month)
Salt removed by IX (keg'month) 819 (R'’keq) | Salt discharged (t'month) 1 520 (RN)

The flow-related coefficients were estimates supplied by power station personnel (the figure
of 45 R/ML is a pumping cost only, the mine water is essentially a free resource).  The
ion-exchange cost was derived from the water usage report for the July 1997, The 1 520 R1
for discharging salt to the river 1s based on a study of the economic impact of salination of
the Vaal River (Urban-Econ, 2000), which gives estimates of the cost to the South Afncan
cconomy as a whole of a rise in the salinity in the Vaal. The use of the coefficient in this way
is debatable, as, unlike all the other coefficients, it does not represent a direct cost to the
power station. It can be viewed as an attempt to provide an alternative to the regulatory
approach which effectively permits free discharge now (albeit strongly discouraging it), with
the prospect of a total ban (infinite cost) in the imminent future.

6.2 Results

From the forgoing development, it is clear that, because of simplifications in the model and
the possibly controversial basis for the objective function, the results that can be presented
are only possible scenarios for further investigation. The scenarios presented below were
sclected after running a series of other cases, which are not presented in detail, but which
yiclded the following general conclusions:

* if the power station was considered in isolation from the mine, the RO plant was not
required at all; indeed up 10 about 30 ML/'month of mine water could be used without
bringing the RO plant into play, and without discharging any effluent beyond the capacity
of the ash beaps 1o absorb the entire fMlow. This corresponded quite well with operating
experience on the power station, and indicated that the model was at least realistic.

* if the cost of discharging salt was ignored, the low cost of the mine water caused the full
quantity available 10 be used in the cooling circuit, once again without the RO plant
running, however 46 tmonth of salt were discharged to the environment.

When all the cost coefficients presented in Table 6.4 were included, (i.c. including the
environmental cost of discharging salt) the model used all the available mine water, and
employed the RO plant 1o reduce the effluent volume to the ash capacity, resulting in no
liquid discharge to the environment. The opumal arrangement of flows for this case 1s shown
in Figure 6.3.
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Figure 6.3: Optimal configuration determined using the cost coefficients in Tabie 6.4

(flow rates in ML /month).

The estimated R1 520 per tonne salination impact involves considerable uncertainty, so a
sensitivity analysis was carmed out.  The threshold between the RO plant operating or not
operating was found to be R1 150 per tonne, which allows for a reasonable margin of error in

the coefficient,

Up 1o this point, only changes to the flow configuration using the existing equipment had
been considered, that is, changes which require modification of the pipework only. The TRO
plant at Lethabo was relatively inefficient and expensive 1o operate in comparison with more
modem designs. Data from the recently installed spiral RO plant at the Tutuka power station

was used to generate the scenano shown in Figure 6.4
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Figure 6.3: Optimal flow rates for a high efficiency spiral RO plant

(flow rates in ML /month).
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The parameters for the spiral RO plant were 97 %6 salt rejection, 87 % water recovery, and an
operating cost of R900 per ML of feed, otherwise the cost coefficients were as before
(Table 6.4). The most stnking feature of this solution was that the primary role of the RO
plant had changed from balancing the cooling circuit, in order to prevent discharge of salts o
the environment, to pretreating the feed to the ion-exchange plant, mn order reduce
consumption of regenerant chemicals, This new configuration results in a saving of R16 700
per month over the previous one, which represents the incentive to invest capital in a new RO
plant.

6.3 Conclusions

Although the model 1s not sufficiently complete for the results 1o be considered definitive, it
appears to represent enough of the essential characteristics of the power station for the results
10 be realistic. The cases considered indicate that:

* It is technically feasibly 10 run the mine and the power station together on a
zero-ligud-effluent basis, which captures all the saline cffluents on the ash heaps, by
using the existing TRO plant.

* An incentive is needed 1o justify this economically. It appears that the magnitude of this
required incentive is of the order of the cost 1o the national economy of salination of the
water supply, which should be of interest to regulatory authorities.  Eskom s currently
sponsonng rescarch to develop a decision-support methodology which can take into
account issues like this, which are difficult 10 quanufy in purely techno-economic terms.

*  The optimal role of a membrane plant changes as its technical performance characteristics
and its operating cost change.

This case study was the first in which the reactivity of species in the water was taken into
account. In terms of the distinction between utility and process water, referred to in
Section 3.3 on the scope of a pinch analysis, this system represents an in-between case - the
role of water the power station is clearly that of a wtility, yet the issues of reacting species
were important in the analysis. This situation arose because of the extreme demands that the
power station places on the water it uses, in terms of evaporation ratios for the cooling water
and punty for the stcam circuit, which make the extent of water treatment required to keep it
fit for use a highly significant factor in the analysis.

If, at a simple level, one considers the power station in isolation, and looks only at the water
use, the evaporation is the dominant flow, and the pinch analysis can only optimise the minor
flows, which will not have a major effect on the overall water use. However, if one considers
that the problem is not really with the water flows, but the salt flow, then the salt remains
with the minor flows, and it becomes important to get them right.  So it might be better 10
think in terms of a salr pinch rather than a warer pinch problem. This becomes even more
relevant if the mme i1s considered as part of the system.



7 OTHER INVESTIGATIONS

This chapter briefly describes those investigations which were not completed during the
project period. Even though they did not reach satisfactory conclusions in themselves, they
added to the expenence of undertaking such investigations, and thereby contributed to the
Guide 10 Conduction a Water Pinch Analvsis Investigation presented in Chapter 3.

71 SA Tioxide

Tioxide Southern Africa (TSA). at that time a member of the Tioxide Group Lid. world wide,
is a producer of a white Titanium dioxide pigment, which is used, amongst others, in the
paint, paper. food and cosmetics industnes.

TSA produces this pigment by applying the Sulphate Process, which is a process whercby a
raw 83% rich tamum dioxide ore 1s reacted with sulphuric acid to produce a utanium pulp.
This pulp 1s then washed as the ore contains ron and other metals which are harmful to the
crystal growth of ttanium dioxide crystals. The washed pulp is then allowed to crystallise by
calciation. The pigment is then milled to reduce the agelomerated crystals to single crystals
in the size range of < 20 mm and packed into bags for selling. In the TSA sulphate process,
44 1onnes of water are used per tonne of pigment produced. This fresh water comes from the
Umbogintwini River (treated by AECT Operational Services AOS) and from Umgeni Water,
and liquid eMuent leaves TSA at a rate of ca. 1600 Ml / annum (1996 figures) via the
Tioxide pipeline into the Indian Ocean just off the coast of Southerm Durban.

The investigation was started in 1997 by Paul Henry, who received excellent support from
the factory. He spent several months in the Tioxide factory working almost as an operator to
familiarise himself with the process, and compile a water balance. A preliminary pinch
analysis was attempted, using iron as the critical contaminant, however this led to apparently
contradictory results. It was suggested that these were probably due to the multiple
contaminant nature of the problem. At the ume we had not made much progress with
techniques to deal with multiple contaminants, and it was recommended that this should be
an important direction for further work.,

At this point Mr. Henry left the University of Natal, and attempts to find a replacement
investigator were unsuccessful. A scemingly ideal opportunity to use a former SA Tioxide
employee 10 continue the research failed most unexpectedly at the Jast moment when it
turned out that there had been an unresolved employment issue at the tme he had resigned,
and he was not accepted by the company.

It 1s probably, however, that we would have not been able 1o make much more progress at the
time, as the theoretical basis for dealing with muluple contaminants, and with chemically
reacting components had not been developed.

7.2 AECI Bioproducts

The AECI Bioproducts plant at Umbogintwini was one of the first to be sclected for water
pinch investigation at the start of the project in 1997, as 1t 1s one of the major users of
freshwater on the complex and hence discharges a commensurate quantity of wastewater,
amounting to approximately 400 ML per annum. Bioproducts is 8 manufacturer of I-lysine,
which is an animal feed addiuve.

Commissioned in 1995, AEC] Bioproducts is a modern facility and has sophisticated quality
and environmental standards. Freshwater is withdrawn from the Umbogintwini River and is
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pre-treated before use. The |-lysine is produced by batch fermentation and is extracted from
the fermentation broth by 1on exchange. Two effluent sources anse from the manufacturing
process: a concentrated broth effluent and general process effluent, which are handled
separately. Process effluent anses mainly from the foliowing sources

¢ the utlity system;

¢ tank and unit operation cleaning;
*  pump secals;

*  storm water runoff and

* contaminated process condensate.

Process effluent is discharged via a sea pipeline and stringent environmental regulations
himited the concentration of pollutants expelled in this manner. What remains after lysine
extraction is broth effluent. which is removed from the site and handled by a local sewage
works. In accordance with an agreement with the Department of Water Affairs and Forestry
(DWAF), nesther broth effluent nor failed fermentation batches were 10 be discharged via the
sea pipeline.

Umbogimtwini Operating Services (UOS) is an efMuent and water treatment facility that
exists at the industnial complex. Umbogintwini river water 1s treated to an acceptable level of
concentration by UOS for use in the plants at the complex. Some industries utilise the UOS
effluent treatment facilities, however the Bioproducts process effluent is of a suitable quality
for direct discharge via the sea pipeline; no additional treatment s required. Barmng pH
correction of the broth effluent, no onsite effluent treatment takes place. The degree of
integration in the system is high; clean process condensate is reused in several operations.

The investigation by Grant Gardner began well. The factory designated a process engineer,
Mike Greening, to provide internal support. A prelimmnary process flow sheet and water
balance were drawn up. However, at this point Mike Greening left the company, and the
investigation came to a halt: Grant Gardner tumed his attention 10 the Sasol Polymers
chlor-alkali plant..

In 1999, at the request of DWAF, the investigation was restarted by another MScEng student,
Janos Schneider. By this time it had become feasible to undenake a multi-contaminant pinch
analysis, which meant that the data gathering had to be re-visited. At the end of the project
penod the investigation was still in the data gathering stage, and was carried over to the
follow up project KS/1158 The Further Application and Development of Pinch Analysis for
Water and Effluent.

7.3 Mondi Merebank Paper Mill

This investigation was the first of what developed into a significant relationship with the
paper industry, involving the two major groups Mondi and Sappi. It was started in 1999
through Gladys Naylor (née Crampton), a process engineer at Mondi Merebank. She
registered for a pant-time MScEng to undertake pinch analysis of pans of the Merebank paper
mall,

Mondi Paper, a division of Mondi Litd., produces pulp from softwood timber using
groundwood and thermo-mechanical pulping and from recycled fibre (waste paper). The
pulp is used. together with purchased chemical wood pulp, to produce approximately
500 000 vy of various paper products. In addition some of the uncoated woodfree paper
produced 1s used as base paper for producing approximately 12 000 vy of carbonless coated

paper.



The paper making process is a large user of water and the shortage of water resources in
South Africa has made it imperative for industry to make the most effective use of water and
recycle as much as possible for re-use within the process.

The incentives for process water recycling include:

¢ Improved economy
*  Smaller volume of effluent per ton of paper produced
* Potential fibre savings

There are however, difficulties associated with recycling water, for example difficultics with
wire and felt cleaning on the paper machine, formation of shime, objectionable odour and
increased corrosion.  Adverse effects are associated with the build-up of dissolved organic
and morganic substances. Their presence in the paper making system causes a higher
cationic demand, thercby increasing the amount of cationic retention aid required 10 achieve
optimum flocculation.

Water is used as transport and processing medium.  Water is essential n developing
hydrogen bonds between fibres which gives paper its strength. Water is also used as dilution
water for chemicals, coolant in process equipment, scalant in vacuum pumps and as cleaning
Nuid of equipment surfaces. Fresh water is introduced 1o the process mainly through paper
machine wire and press section showers and is then led counter-currently to vanous washing
and diluting duties in the pulp production plant. The role of the showers is to lubnicate and to
keep the fabnics used to support the paper web clean. Shower water is heated (40 1o 60 °C) in
the paper machine heat recovery system.

Recycling of process water is restnicted by water soluble materials released from fibre and
other raw materials. Especially in mechanical pulping, hignin, carbohydrates, resin and fatty
acids are dissolved or dispersed into process water.

The solubility of wood components depends on the quality of raw material, temperature, pH,
residence time, turbulence of mixing and consistency.  For example, at boiling water
conditions the amount of matenal dissolved is three times the amount dissolved at room
temperature, measured as COD.

The concentration of dissolved and colloidal substances in the shornt circulation (forming
section - silo - deculator - headbox ) depends on their retention on the paper and on the intake
of fresh water. Introduction of fresh water to the short circulation of the paper machine will
help the paper maker to keep the process clean.

The extent 1o which the different substances accumulate in circulation waters with increased
recycling is not well known. Based on laboratory work, higher concentrations are known to
impair paper quality and to increase biochemical activity in the process water. As a result
harmful deposits may form and 10 anaerobic conditions unpleasant smell and acidic corrosive
compounds are formed. It is esumated that the reduction of water consumption to one third
would increase the COD value by a factor of four,

In addition 10 releases from fibre nself, a significant amount of dissolved solids originates
from chemicals used in the process. Furthermore, harmful contaminants enter the water
circulation through the broke system. These contaminants can be especially problematic
when coated grades are produced.

At the end of the project peniod, this investigation was still in the data gathering phase. and 1t
was carried over to the follow up WRC project K5/1158 The Further Application and
Development of Pinch Analvsis for Water and Effluent.
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8 CONCLUSIONS AND RECOMMENDATIONS

This project represented a new field for the rescarchers involved. and the case studies that
were undertaken met with a mixture of successes and failures, with some incomplete at the
end of the project peniod. The Gude to Conducting a Water Pinch Analvsis Investugation
presented i Chapter 2 of the report attempts 10 summanse the experience gained during
these investigations, and 1s perhaps the chuef immediate outcome of the project.

Industnal awareness of the technigue in South Afnca has been raised through direct
mteraction with industries involved n the case studies and through conference papers,
workshops and courses presented during the project, however there is @ way to go before
water pinch analysis can be considered as an accepted and establish practice,

8.1 Conclusions

The following general conclusions can be drawn about the significance of water pinch
analysis:

1} A water pinch analysis provides a clear and systematic picture of the water requirements
of a system of processes, subject 1o the constraints imposed by the technology of the
processes and the environment in which they operate.

2) By identifying the factors which himit further reduction in the water requirements, the
technique can focus attention on those arcas of the process where technological
improvements will be most beneficial in improving water efficiency.

3) By quanufying the impacts of technological and regulatory limits on a process, water
pinch analysis has the potential to provide a rational tool for negotiation between an
industry, water authorities and other role players.

4) Currently published water pinch theory is suited to analysing water which 1s used in a
process as a wutility; it is less suntable for siuations where water is intrinsic to the
technology of the process, for example in a hydrometallurgical process.

5) Because South Afnca is a water-scarce country, many South African industries have
responded to pressure 1o conserve water, and already have processes which use water
relatively efficiently when compared to many industrialised countries. This means that
dramatic savings in water use, as sometimes claimed in the international hiterature, are
often not as readily available in South Africa.

6) There is a need for a scoping technique to provide a rapid assessment of a process to
estimate the scope that it offers for improvement as a result of conducting a water pinch
analysis.

7) Gathering the necessary data on a system is almost always the most difficult and most
ume-consuming step in a water pinch analysis. It is unlikely that all the required data
will be obtained at the first attempt, and so an iterative process which aliernates between
data gathenng and analysis occurs,

8) Itis difficult, if not impossible, for an effective pinch investigation to be undertaken by a
consultant outside the industrial organisation concerned. unless it is done with the full
commitment and participation of the organisation at all stages.



8.2
)

3)

4)

5)

6)

7

Recommendations

Further efforts are required to encourage wider acceptance of water pinch analysis by
South African industry. This should be undertaken in conjunction with industry on a case
study basis.

Further work 1s needed 10 extend the water pinch analysis methodology to account for
chemically reacting solutes and aqueous reagents.

Techniques for the carly identification of the applicability of water pinch need 1o be
developed.

Techniques need 10 be developed 1o reduce the time and effort required to gather the data
needed for a water pinch analysis.

The use of water pinch analysis as a ool for co-regulation should be explored. This will
require studies in which regulatory authorities are involved as partners, and the
development of a a protocol for reporting the modelling assumptions and process limits
used in an analysis 1n a transparent and auditable way, so that it can be used with
confidence in negotiations between industrial and regulatory parties

Local consultants should be encouraged to set up a water pinch analysis service 10
mdustry.

The energy efficiency of a process has a significant impact on its water use for cooling
and the concomitant generation of saline efMuents. The simultancous optimisation of
water and energy use is therefore an impornant direction for further investigation.
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