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CHAPTER |

INTRODUCTION

With the advent of the 21st ceptigreen chemistry is being incorporated in
the design of chemical processes, eventually sfgiftine industrial focus from economic
concerns to sustainability concerns.Sustainabdiy be defined as “economic well
being linked to the health of environment andghbecess of the world citizens”(Schraz
et al., 2002). According to the report of the198drly Commision on Environment and
Development, Our Common Future, sustainabilityaBreed as “development that meets
the present without compromising the ability ofuliet generations to meet their own
needs” (Bruntland,1987).Sustainability is comprisetl the following dimensions:
economic, environmental and social. As depictetthénVenn diagram (Figure 1.1), it can
be concluded that a process that is designed for economic and environmental
concerns is classified as viable; a process that is designed for only environmental and
social concerns is classified as bearable and @epsothat is designed for economic and
social concerns is equitable”(Adams, 2006). As eauns of the industrial processes
was initially dictated as the main constraint ir tthesign of chemical process plants,
health and safety of the workers and public wel{saial concerns) have only recently
become another main constraint (Samli, 2011). Aitforesearchers have put forth much
efforts to quantify sustainability, an importantadiback is that social quantification at
the early design stage has not generally been aenesi from both a health and safety

perspective successfully. As the term ‘sense ngakinsocial sustainaibility’ itself is



abstract, a well defined methodology is needed uangtatively measure the social

dimension of sustainability.

Social \

Bearable S Equitable

It ::Iuﬂar'naH}-,

Environment o Economic

Figure 1.1: Dimensions of Sustainability (Pinter 2005; Adams 2006)

Economic and technical aspects used to be theemsgntial aspects influencing
the decision-making of companies. However, noweaasig attention is given to safety,
health and environmental (SHE) criteria becauskegdl requirements, company image,
as well as economic reasons. These aspects cannselered even as a competitive
advantage (Hurme, Tuomaala, and Turunen, 2003pafér,shealthier, and environment
friendlier process can be achieved through inteamal external means. Internal means,
widely known as the ‘inherent approach’ is consedepreferable, since it relies on the
fundamental properties of the process and chemiic@sning to eliminate risks by using
less hazardous chemicals, smaller inventories afmatals, and milder process
conditions. In fact, the chemical which does nasexioes not pose a danger to anybody.
The inherent approach requires less add-on preeesiistems, which also simplify the

process and makes it more easily manageable. Bveteamjuipment may however fail
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and human may create errors. Therefore designifup@amentally safer, healthier and

environmentally friendlier plant is more appeal{kdetz, 1991).

There is no general answer to the question of whpittess is inherently safer.
One problem is how to minimize it simultaneouslythmtonsidering the risk associated
with all of the process hazards. In the real waté, various hazards are not independent
of each other, but are inextricably linked togetlfelendershot, 1995). A process
modification, which reduces one hazard, will alwdysve some impact, positive or
negative, on the risk resulting from another hazateikkila et al, 1999). Efficiency of
safety policies can be assessed by looking at etitatistics in industry. According to
the US Dept. of LabofBureau of Labor Statistics, US Dept. of Labor, @)& total of
120 fatal work injuries occurred in the oil and gas$raction industry in 2008. The three
most frequent fatal events in 2008 were transportaincidents (41 percent), contact
with objects and equipment (25 percent), and faed explosions (15 percent). The
number of fatal work injuries associated with fieewl explosions over the past five years
ranged from 10 fatalities in 2007 to 21 fatalitie2006. In 2008, there were 18 fatalities
(Bureau of Labor Statistics, US Dept. of Labor, @0Ihe trend is showing that the
traditional approach of safety is not enough antioas should be reshuffled which
necessitates more preventive strategies such asemhsafety plant design. In this study
an inherent safety index will be presented to gbatiie safety evaluation problems at

the early design stage.

Occupational health is the promotion and mainteeasfcthe highest degree of
physical, mental, and social well-being of workénsall occupations by preventing

departures from health, controlling risks, and #uaptation of work to people, and
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people to their jobs (ILO/WHO, 1950). In other weradccupational health is concerned
with the two-way relationship between work and tteaBubsequently, occupational
health hazards are those factors arising in or ftbenoccupational environment that
adversely impact health (Lypton and Lynch, 1994%Iestimated that yearly over two
million people worldwide die of occupational injesi and work related diseases
(Eijkemans, 2005). In fact more people die fromedses caused by work than are killed
in industrial accidents (Wenham, 2002). However tlu its being complex in nature,
occupational health has received less importana& fthemical engineers than safety
issues. Health differs from safety in terms of élxeosure time and the abnormality of the
circumstances. Safety deals with acute i.e. matastrophic short-term events that are
unlikely to occur. Mean-while, health is more rethtto chronic i.e. continuous, slow,
low level exposure over the time. Occupational thea@oncerns with routine work
activities carried out by employees experiencirdpg-to-day workplace exposure under
normal conditions. Therefore, the health effectgoive a lot of work related and
technical factors that result in a complicated nseahassessment which compound the

task of assessing occupational health in work gléeassim et al. 2009).

The proposed framework of this work incorporateg thequential process
simulator, ASPEN PLUS (version 8.1) to simulate ggsses and calculate mass and
energy balances. As part of the methodology, a fieadversion of the developed Excel
based tool titled the “SUSTAINABILITY EVALUATOR” (8adiya, 2010b) has been

applied for addressing specifically the social digien of sustainability.

For a better understanding of the proposed framkewaod its implementation,

several topics presented in Table 1.1 will be cegtan the subsequent chapters. Chapter
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Two will discuss the tool available to address #oeial dimension of sustainability.
Chapter Three will deal with the survey of sociattnts, indices available and the
SUSTAINABILITY EVALUATOR modification. The proposedmetrics and index
system will also be discussed. Chapter Four wdtdss the methodology for the existing
framework used in this work. Case studies and gpdicability of the methodology will
be described in Chapter Five. The case studiesfatemparing two alternate processes
for DME production and base case and optimized f@sAacrylonitrile process. The last

chapter will discuss the conclusions and futuremamendations.

Table 1.1: Subsequent chapters in summary

Chapter 2 | Available tools for evaluating health and safety.

Chapter 3 | Available social metrics, indices and brief ovewieof the modified

sustainability evaluator. A new metric and indegteyn is also proposed.

Chapter 4 | Detailed description of the proposed framework

Chapter 5 | Discussion of results obtained from following thegosed methodology an

the case studies for DME productions and Acryldrifsrocess.

Chapter 6 | Conclusions and future recommendations

This research may be the first in combining bothltheand safety quantification
elaborately using the retrofitted SUSTAINABILITY ALUATOR. The result will help
the decision makers to choose between the morallsocustainable options when
implementing a process design. It is also usendiligto help to amalgam with economic

and environmental- the other two aspects of susbdity for any future research.



CHAPTER Il

SAFETY AND HEALTH EVALUATION TOOLS

In this section safety and health concerns arediscussed.Then an explaination
of Inherernt Safety and Inherent Occupational Healte described. Finally, the tools

available for addressing health and safety areultats

2.1 Health and Safety Concerns

The Bhopal tragedy, the largest industrial accidarr, is approaching its 30th
anniversary this year.This catastrophe, causedbydlease of methyl isocyanate gas
from a Union Carbide plant, led to 10,500 deatbeglterm environmental issues and
liabilities (Wright,2007).The review for the cauard effect of Bhopal incident rejects
the conventional post-incident add-on protectiveteays anymore and necessitates the
application of the early design SHE considerati&s. another example, after the
Fixborough, England cyclohexane release that ki#@dnd injured 99 people due to the
collapse of a pipe leading to the escape of 35 ¢bryclohexane, it was determined that
calculations were not completed to determine if piyges could withstand the process

strain (Flynn and Theodore, 2002).



The importance of completing safety and health askessments during early process
design stage is inevitable. Companies are now redjubd conduct safety analysis that
addresses the following concerns: hazard that caarppobability of the hazard toccur
and impact of the hazard (Arendt and Lorenzo, 2080gks for long and short term
chemical exposure to employees and surroundingiguiabitat must be assessed.
Shadiya (2010a) discussed the different types efmital processing plant accidents as

follows:

2.1.1 Chemical Processing Plant Accidents

A safe chemical processing plant is characteriaethb situation where little to
no disastrous accidents occurs. Chemical proaggsient accidents are unexpected
events that can result in financial and personsd.loln processing plants, accidents can

occur as results of the following:

* Equipment Failure: Abnormal conditions such as popgint leaks, irregular
temperature and pressure ranges, equipment spidls@erational failures such as
vacuum problems, blocked out let valve, cooling evdailure can lead to an
incident.

 Human Errors: Incorrect calculations and assumptishen designing process
equipment can lead to accidents. Improper use ro€tgss equipment, not
grounding electrical systems and thermal hazawiieen any or a combination of
the events mentioned above occurs, several obttenving incidents can occur at

the right conditions: fires, explosion and toxiciesions and hazardous spills.



2.1.1.2 Fires

Fires occur when oxygen reacts with a fuel at thap@r temperature in the
presence of heat and mixing. The potential faulzstance to cause fire is determined by
its flammability limit, flash point temperature, fming velocity, ignition energy and auto
ignition temperature (Flynn and Theodore, 2002pr Rost fires to occur there must be
an ignition source. Figure 3.7 shows the typigalition sources for industrial fires,
according to a study completed by the Factory Muitrjineering Corporation (Flynn
and Theodore, 2002). As shown in the figure, elegitiaccidents are the major ignition
source accounting for 23% of industrial fires whileemical action, lightening, static
electricity are the lowest ignition sources causinty 1% of industrial fires.

According to the National Fire Protection Assodaatifire can be classified into
four classes (Firenze, 1979):

» Class A Fires: These are fires that result fromihning of solid materials e.g.
wood, paper, cloth, trash etc. This type of fiem doe extinguished by water
which reduces the ignition temperature.

» Class B Fires: These are fires that occur as dtresa vapor-air mixture over
flammable liquid e.g. gasoline, diesel etc. Tlyiget of fire can be stopped by
using CQ, foam, and halogenated hydrocarbon fire extingrsh

» Class C Fires: These are fires that result froratetal equipment failure and can
be stopped by using dry chemicals, carbon dioxidempressed gas and

vaporizing liquid.



» Class D Fires: These are fires that occur in comifdleasmetals e.g. magnesium
and aluminum etc. This type of fire can be quedchg using graphite based

extinguishers.

25%
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y ||II||. . na
P& 2 & & e :Pus\{&
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Figure 2.1: Ignition Sources of Industrial Firesy(fh and Theodore, 2002)
2.1.1.3 Explosions

Explosions occur when there is a rapid releasenefgy in a constricted volume,
which results in extremely high temperature and gaesase. Accidental explosion
include condensed phase, combustion, pressurelagsgapor cloud explosions (Flynn
and Theodore, 2002). The tendency for a substancause an explosion is determined
by its explosion limit. The explosion limit is th@nge of concentration that explosion can
occur. The range is bounded by the upper expldsiuh(UEL) and the lower explosion
limit (LEL). Plant explosions are mainly caused éguipment failures, or incorrect
operational procedure. For example when two incdiblgachemicals are reacted, an

9



explosion can occur. Vessel rupturing due to pmesbuild up in a gaseous exothermic
reactor can lead to an explosion. Inappropriatselasaterial for certain toxic substance
at extreme high temperatures can also lead to ptosgn. Explosions can often be
prevented by ensuring sound engineering practicemglemented when designing
process equipment.
2.1.1.4 Toxic Exposure

Exposure of chemicals to humans can be accidemtgblanned. Accidental
chemical exposure can cause significant threatsimoan life sometimes leading to death.
Planned exposure of chemicals is usually controlblgdan exposure limit. Some
chemicals are not toxic at certain concentratioif$e toxicity of most chemicals is
evaluated by its toxic limit value. There are thdifferent toxic level limits that are used
in industry:

e Toxic Limit Value- Time Weighted Average: The toxigmit value-time
weighted average also known as the permissiblesexpdimit, is defined as the
average concentration of toxic chemical that agersan be exposed to in an 8
hour period.

e Toxic Limit Value- Short Term Exposure Limit: Acabng to the American
Conference of Governmental Industrial Hygieniste toxic limit value-short
term exposure limit is the concentration of toxiemical that a person can be
exposed to in a short time period without havingease health effects.

* Toxic Limit Value-Concentration: This is defined the maximum concentration

of a toxic chemical that a person can be exposatl@aoy point in time.
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2.1.1.5 Hazardous Spill

Hazardous chemicals which may exist in the thréerént states of matter are
ignitable, reactive, corrosive, radioactive andeatious. Hazardous spills include the
following: chlorinated oils, flammable wastes, dwtic organics, toxic metals,
explosives, reactive metals, salts, acids and waslacontrolled hazardous chemical
spills pose serious threats to human life, natwvater, land environment and the
ecosystem. An example of one of the most sigmfitezardous spill is the Exxon 1989
Valdez Oil Spill. The ExxonMobil 1989 Valdez Oilipnvolved the accidental release
of 250,000 barrels of crude oil into the Prince \&ih Sound, Alaska ocean basin. Some
of the negative impacts of this incident include tteath of 375,000 sea birds, marine
animals and habitat loss (Harwell and Gentile, 200810st recently, in April 2010, the
largest marine oil spill occurred when one of Béfflshore facilities exploded in the Gulf
of Mexico as a result of a failed emergency blowt prteventer. The effect of this
incident has been devastating, leading to 11 daathl7 injuries (Brown, 2010; Welch
and Joyne, 2010). Also for several months, moaa 80,000 barrels of oil per day was
gushing into the gulf, resulting in serious damagenarine life, wildlife, fishing and
tourism (Mcquaid, 2010).
2.2 Inherent Safety

According to the American College Dictionary (Webs New World Large
Print Dictionary, 2004) the term “Inherent” is defd as “existing in something as a
permant and inseperable element, quality or atelbThus an inherently safer chemical
process is safer because of its initial charadtesisthose which belong to the process by

its very nature. An inherently safer design is dhat avoids hazards, instead of
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controlling them, particularly by removing or redug the amount of hazardous material
in the plant or the number of hazardous operatijbleskkila et al,1999).

Trevor Kletz was the first to express widely the@ept of inherent safety in the
late 1970's.The basic principles are common senseireclude avoiding the hazardous
materials, minimizing the inventories of hazardounaterials and aiming for simpler
processes with more benign and moderate procesaatives (Kletz,1984).

Kletz (1984,1991) has given Basic Principles ofelr@mt Safety as follows:

* Intensification

"What you don't have, can't leak." Small inventsrief hazardous materials

reduce the consequencies of leaks. Inventorieoftan be reduced in almost all

unit operations as well as storage. This also briegluctions in cost, while less
material needs smaller vessels, structures anaiédioms.
* Substitution

If intensification is not possible, an alternatigesubstitution. It may be possible

to replace flammable refrigerants and heat trangfién non-flammable ones,

hazardous products with safer ones, and processdsuse hazardous raw
materials or intermediates with processes that o Wsing a safer material in
place of a hazardous one decreases the need fed-atdprotective equipment
and thus decreases plant cost and complexity.

* Attenuation

If intensification and substitution are not possibl practicable, an alternative is

attenuation. This means carrying out a hazardoastiom under less hazardous

conditions, or storing or transporting a hazardmeerial in a less hazardous
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form. Attenuation is sometimes the reverse of isifezation, because less
extreme reaction conditions may lead to a longedesnce time.

* Limitation of Effects
If it is not possible to make plants safer by isi@oation, substitution or
attenuation, the effects of a failure should betkoh For instance equipment is
designed so that it can leak only at a low rat¢ itha&asy to stop or control. For
example gaskets should be chosen to minimize lagdsr Also limitation of
effects should be done by equipment design or ahangreaction conditions
rather than by adding on protective equipment.

*Simplification
Simpler plants are inherently safer than compleantd, because they provide
fewer opportunities for error and contain less pmént that can go wrong.
Simpler plants are usually also cheaper and magefrsndly.

*Change Early
Change Early means identification of hazards aly @ar possible in the process
design. The payback for early hazard identificatan make or break the capital
budget of a new process. This can be achieved Hicated safety evaluation
methodologies which are designed for preliminagcpss design purposes.

*Avoiding Knock-On Effects
Safer plants are designed so that those incidesiish do occur, do not produce
knock-on or domino effects. For example safer plaste provided with fire

breaks between sections to restrict the spreadepfdr if flammable materials are
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handled, the plant is built out-of-door so thatkke@an be dispersed by natural
ventilation.

*Making Status Clear
Equipment should be chosen so, that it can beyessén, whether it has been
installed correctly or whether it is in the openstwt position. This refers to
ergonomics of the plant. Also clear explanatiorth&f chemistry involved in the
process helps operating personnel to identify ptss$iazards.

*Making Incorrect Assembly Impossible
Safe plants are designed so that incorrect assemsbdyfficult or impossible.
Assembled components must meet their design regamts. A loss of
containment may result from using wrong type ofkgés for example.

*Tolerance
Equipment should tolerate maloperation, poor itegiah or maintenance without
failure. E.g. expansion loops in pipework are mmierant to poor installation
than bellows. The construction materials shouldrésstant to corrosion and
physical conditions. For most applications metalafer than glass or plastic.

*Ease of Control
A process should be controlled by the use of playsminciples rather than
added-on control equipment (i.e. the dynamics of fhrocess should be
favourable). If a process is difficult to contra@ne should look for ways of
changing the process or the principles of contefbte an investment in complex

control system is made.
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*Administrative Controls/Procedures

Human error is the most frequent cause of the dbsontainment. Training and

certification of personnel on critical procedureg @ermanent considerations.

Also some other inherent safety principles, liksesaf control, making status

clear, tolerance and making incorrect assembly ssite, come into play here.

In the early stages of process design these plasxcipelps to choose the safest

materials, process conditions and even procesaaéady (Heikkila, 1999).

2.3 Inherent Occupational Health

Health differs from safety in terms of the expestime and the abnormality of
the circumstances. Safety deals with acute i.eontgtastrophic short-term events that
are unlikely to recur. Mean-while, health is moetated to chronic i.e. continuous, slow,
low level exposure over the time. Occupational thea@oncerns with routine work
activities carried out by employees experiencirdpg-to-day workplace exposure under
normal conditions (Hassim and Hurme, 2010).

Inherent safety and inherent occupational health thee same background.
According to Kletz (1984) all SHE aspects are imked. Inherent SHE can be defined
e.g. as the elimination of hazards by suitable ggsalesign so that process are, by their
very nature, safe, healthy, environmentally frignhdinaffected by change and stable
(Gillett, 2003).

The term inherent health hazards was first intredua the early 1990s when the
EU INSIDE Project was started (2001) aiming at poting inherent safety, health, and
environmental protection(ISHE) within the Europeadustry. Evaluation of the effects

of the airborne chemicals to health was consida®dherent health aspect. Detailed
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discussion of the term inherent occupational helathards were first done by Hassim
and Edwards (2006). An inherent occupational heladthard can be defined here as a
condition, inherent to the operation or use of maltén a particular occupation , industry
or work environment, that can cause death, injacyte or chronic illness, disability, or
reduced job performance of personnel by an acutehoonic exposure (Hassim and
Hurme, 2010).

Elimination of the use of hazardous chemicals, @seaconditions, and operation
procedures that may cause occupational hazardseterhployees is the way in which
inherent occupational health eliminates or redubesoccupational hazards. There are
two fold aims (Hassim and Hurme, 2010): First,eéduce the risk of inherent properties
of chemicals by using friendlier chemicals or tiemical in safer physical condition to
eliminate the exposure. Second, to reduce suchegsosteps or procedures which
involves inherent danger of exposure of the chelmiEgamples of such operations are
some manual operations where the worker is in cbosgact with the material, such as
the manual handling and dosing of chemical, emgtyand cleaning of the equipment,
etc.

Shadiya (2010a) described the health risk asse$dorea particular chemical as
follows: There are four steps that are conducted health risk assessments and these
include hazard identification, dose-response toxiaissessment, exposure assessment
and risk characterization. In hazard identificatimformation such as chemical identity,
identification of equipment that produces, transpmr stores the particular hazardous
chemical(s), plant design, amount of chemical pceduor available and the health

investigation of whether exposure to a particulzmical(s) will increase the likelihood
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for adverse health effect such as cancer, birtbcesfetc. to occur is completed in this
step (Flynn and Theodore, 2002).

There are many published methods for hazard ideaidn and these include
toxicology, epidemiology, molecular and structuaaalysis, material safety and data
sheet, fate of chemical assessments and carcirtogemon-carcinogenic health hazard
assessments.

In the dose response toxicity assessment stepgubatitative assessment of
chemical(s) toxicity as a function of human expesig completed in this step. The
Environmental Protection Agency Integrated Riskoinfation System is an excellent
source for information on health risk regulatoryadaln this database of 540 chemicals,
oral reference doses, and inhalation referenceerdrations effects and oral slope factors
and oral and inhalation for non —carcinogen risk usks for carcinogenic effects are
available (United States Environmental Protectiogecy). This information can be
used to conduct a quantitative and qualitative aiséessment.

In the exposure assessment step, an evaluatiomdicted to determine who will
be exposed to a particular toxic chemical and @w long. In exposure assessments, the
following must be addressed:

* Probability of exposure: This is an evaluation fueé tikelihood that a population
will be exposed to a particular toxic chemical.

* Magnitude of exposure: This is a measure of the @dxhemical a population is
exposed to and the frequency in which the exposcears.

* Route of exposure: This determines if a populai®nn contact with a toxic

chemical via inhalation, ingestion and skin absompt
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* Population Exposed: The people who are exposedtrtaular toxic substance.
The health risk characterization step involves diséimation of the perceived
health and ecosystem risks from a chemical expodwa-cancer risks for one
substance can be measured by a hazard quotient veh@alculated by Equation
2.1

NCHQ = E/ RFD (2.1)
Where
E = Exposure level
RFD = Reference dose
NCHQ= Non-cancer hazard dose
The non-cancer risks for several substances caevakiated by calculating a
hazard index as shown in Equation 2.2:
HI = Ei/RFDi+ E/RFD2.....5/RFD (2.2)
Hazard Index = Exposure
Low and high cancer risk as shown in Equation 2@ 2.4 respectively, are a
measure of the probability that if one is exposedatcarcinogen, that person will be
diagnosed with cancer. To evaluate the canceffais& mixture of substances, the risk is
evaluated individually and then summed up.
Cancer Risk = (CDI)* (SF) (2.3)
Where
CDI = Chronic daily intake averaged over 70 years
SF = Slope factor (mg/kg/day)

Cancer Risk = 1 - exp (-CD1* SF) (2.4)
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There are 5 risks levels that are used to qualéhtiidentify adverse health

effects in hazard characterization and they atedibelow (Flynn and Theodore, 2002):

Risk Level 1: No adverse health effect

» Risk Level 2: Low probability of causing adverséeet

» Risk Level 3: There is possibly that chemical lsealth hazard

» Risk Level 4:There is a possibility that chemical sause adverse health hazards

* Risk Level 5: Chemical will cause adverse healtraina.

Risk assessment on an annual or life time basis alan be expressed

guantitatively as shown in Table 2.1. In this gabhssessments that have a level 1
characterization are worse in terms of health impampared to level 7.

Table 2.1: Quantitative Risk Level (Flynn and Thexed 2002)

Risk Level Risk Range

1 linl-1in9

2 I in 10— 1 in 99

3 | in 100 — 1 in 999

4 | in 1000 — 1 in 9999

5 1 in 10000 — 1 in 99999

0 | in 100000 — 1 in 999999

7 1 in 1000000 — 1 in 9999999

2.4 Health and Safety Screening Tools

Modern process industries passed the age of aduainactive systems already
and several health and safety risk assessment dehiave been developed. This section
describes available screening tools for evaluatiaigous aspects of process health and
safety as follows:
2.4.1 Dow Fire and Explosion Index

The Dow Fire and Explosion Index was developed sangfy the potential

damage from fire and explosion hazards in chenpoatessing plants that handle 1000
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pounds or more of flammable, combustive and reat¢bxic chemicals (Kavitha, 2003).
The Dow Fire and Explosion index involves a stepsbgp analysis as depicted in the

flow chart shown in Figure 2.2 (Shadiya, 2010a).

_ . - Cakulate (General . Dietermine Process Unit - .
Select Processing Unit or Deiermine Maierial - T Cakulate Specal Process N ) - Determine the FEE]
Process ][ Factar (MF) ] Formcess el i Hazani Factar {F2 ][ Mol e (2= (F&EI = F3* MF)

Figure 2.2: Dow Fire and Explosion Index Calcuatbteps

The Dow Fire and Explosion Index have been usedmlayy researchers to
incorporate safety into chemical process desigh.has been implemented into an
optimization framework where technical, economid aafety considerations are being
met for process design at the conceptual staged®uet al., 2007). A modified version
of this index which involves including credit fonds control measures has been
demonstrated on an ammonia synthesis reactor (&i@h, 2003). The index has also
been used as tool to classify hazards for the naatwre of epichlorohydrin (Khan and
Abbasi, 1997). To assess the risk of fire and@siph for operations taking place in the
Microbiology Laboratory at the University of Ren@Wada, the Dow Fire and Explosion

Index was implemented (Kavitha, 2003).

The limitations of the Dow Fire and Explosion dnattit only addresses fire and

explosion safety concerns but it does not addmessdlogical data (Shadiya, 2010a).

2.4.2 Mond Index

The Mond Index (ICl, 1985) has been developed ftbm 1973 version of the
Dow F&E Index. The principal modifications to the® method include (Lees, 1996):

1) wider range of processes and storage instailitan be studied, 2) covers processing
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of chemicals having explosive propertie3) improved hazard consideration for
hydrogen4) additional special process hazarfistoxicity included into the assessment.
It differs from the Dow fire and explosion index iratht can evaluate safety impact of
wider ranges of chemicals such as explosive prigseend toxicity assessments. The
Mond Index also incorporates hazards credits focgsses with safety control devices

(Khan and Abbasi, 1998).

2.4.3 NFPA 704

NFPA 704: Standard System for the Identificationtibé Hazards of Materials for
Emergency Response is a standard maintained bgriééEire Protection Associatioof
United States. First tentatively adopted as agindl960 NFPA No. 704M, 1969and
revised several times since then, it defines thee "fliamond” used by emergency
personnel to quickly and easily identify the rigi@sed by materials. The four divisions
are typically color-coded with red indicating hadaus flammability, blue indicating
level ofhealthhazard, yellow fochemical reactivity and white containing codes for
special hazards. Each of health, flammability asattivity is rated on a scale®m 0 (no
hazard) to 4 (severe risk). This helps determinatwihany, special equipment should be
used, procedures followed, or precautions takeimguhe initial stages of an emergency

response.

Figure2.3: NFPA 704 Fire Diamond.
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Although NFPA704 has been proved to be very effector fire safety it has
some limitations in measuring the overall sociastainability. One example is the
current debate regarding flame retardants. Althaigine is limited data available from
human studies, some flame retardants are consig@esible carcinogens, while other
health effects may include damage to endocrine, unen reproductive, and nervous
systems. The ability of some flame retardantsidealscumulate raises concern about the
potential for harm to firefighters and the genguallic from even low levels of exposure

(Vecchiarelli,2014).

2.4.3 Hazard and Operability Analysis(Hazop)

A HAZOP analysis is a procedure that is completedcekisting and new facilities
and it involves identifying all the hazards and rabdity issues in a chemical process. In
the HAZOP study, the safety impact of all the déf® equipment found in a process,
specifically looking at the potential hazards whiwe process deviates from design
conditions is evaluated (Dunjo6 et al., 2010). KI€t®91) has pointed out an important
difference between a conventional Hazop of a limgmhm and a Hazop of a flowsheet
(i.e. the process concept). In a conventional Hadmpations from design conditions are
assumed to be undesirable and ways of preventerg #re looked for. Also in the Hazop
of a flowsheet deviations are generated but theyaamtually looked for to find new
process alternatives. Although HAZOP analysis hasnbextensively used in the
chemical process industry, it has some limitatiorisis time consuming, as only one
accident scenario can be looked at a time. It@gba used during conceptual stages of

design, as detailed process and instrumentatiagratias must be completed, requiring
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knowledge and expertise in order to complete th&essnent accurately (Shadiya,

2010a).

2.4.4 Simulation of Chemical Industrial Accidentdft®are Package (SCIASP)

The Simulation of Chemical Industrial Accidents ®afre Package (SCIASP)
was developed to evaluate the possible risk ofdaots in chemical processes (El
Harbawi et al., 2008). This graphical based teadble to perform hazard analysis that
determines risks and damage associated with adaldexieases, fires and explosions.
This newly developed software is a useful toolrfek assessment because it can be used
as a decision making tool to compare the safetsrif different processes (Shadiya,

2010a).

2.4.5 Mortality Index

The Mortality Index was suggested by Marshall ()9&valuates the fatality of
lethal chemical substances. The mortality indexsli®wn in Equation 2.5 below

(Shadiya, 2010a).

Mortality Index =Number of Deaths / Mass of ToxigliStance  (2.5)

2.4.6 The Instantaneous Fractional Annual Loss (JHAdex

The Instantaneous Fractional Annual Loss (IFAL)eiddeveloped to identify
hazards from pool fires, vapor fires, uncondensedd explosions, condensed cloud
explosions and internal explosions is a complicagstem that needs to be calculated

with a computer (Singh and Munday, 1979; Mundayalet 1980). This index was
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proposed by the United Kingdom Insurance TechrBcaikau, to access hazards for each

piece of process equipment in order to estimatgramce rates (Cox, 1982).

2.4.7 Hazard Identification and Ranking (HIRA)

The Hazard Identification Racking (HIRA) methodojogas developed by Khan
and Abbasi (1998) to evaluate the risk of fire, legwn and toxic release. This
methodology consists of two indices: the fire angblesion damage index and the
toxicity damage index. This methodology has beemaiestrated on the sulfolane
production process and the safety risk was deteuninTo validate this methodology,
results of other indices such as the Dow Fire axpldsion Index, IFAL Index and the
Mond Fire and Explosion Index have been comparethé¢oHIRA methodology. The
results of the comparison show that HIRA is moresga&e and accurate compared to

other methods (Khan and Abbasi, 1998).

One drawback of HIRA is that it does not tell Kisting control systems are
sufficient or need modifications. It also does imgbrporate an emergency response plan
such as toxic release control and firefighting pqent into the calculation (Khan et al.,
2001). A new tool to improve some of the limitatiof HIRA was proposed and this was
called the Safety Weighted Hazard Index (sWeHIhe Bafety Weighted Hazard Index
was developed by Khan et al. (2001) to accuratety @ecisely address safety concerns
in chemical industry while integrating credits &afety measures that are already in place

(Shadiya,2010a).

24



2.4.8 Maximum Credible Rapid Risk Assessment (MAXXIR

The Maximum Credible Rapid Risk Assessment (MAXCRE® a computer
software developed by Khan and Abbasi (1999) toukite accident and damage
potential in order to evaluate safety risk of pgsss in the chemical industry. It has been
demonstrated on an industrial sulfolene productovacess (Shadiya, 2010a). Two
different accident scenarios namely boiling liquidapor cloud explosion followed by
flash fire and confined vapor cloud explosion haween modeled for the British
Petroleum Texas City Refinery incident. This wasveloped to show that hazard
assessment can prevent safety incidents and pradieiguate emergency response (Khan
and Amyotte, 2007). MAXCRED was also used for dgenprediction for an oxidation

based ethylene oxide plant (Khan et al., 2003).

2.4.9 Prototype Index of Inherent Safety (PIIS)

Edwards and Lawrence (1993) have developed a Rpetdindex of Inherent
Safety (PIIS) for process design. The inherenttgaf@lex is intended for analyzing the
choice of process route; i.e. the raw materialsl @s®l the sequence of the reaction steps.
The PIIS has been calculated as a total score hwhithe sum of a chemical score and a
process score. The chemical score consists of tamegrflammability, explosiveness and
toxicity. The process score includes temperaturesgure and vyield. It has some clear
advantages over some other numerical indices ily e@sign stages (Heikkila et al.,

1999).

It has been argued that an overall inherent safetgx, such as the PIIS,

incorporates some kind of build-in judgment of tleative importance of the various
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types of hazards. The user has to defer to themedg of the developer of the index or
has to modify it to incorporate his own judgmentthe latter case the results are not any

more comparable with other users (Hendershot, 1997)

2.4.10 Inherent Safety Index

The Inherent Safety Index was proposed by Heikdi99) to evaluate process
safety. There are two categories of safety indgxesented by this researcher and they
are chemical and process safety index. The suramatfi these two indices yields the
Inherent Safety Index. The chemical index dessribew raw materials, products, by-
products, and intermediates interactions affecttgadf a process. While the process
safety index depicts how equipment configuratiod aperating conditions can impact

the safety of a process (Shadiya, 2010a).

In spite of its limitation to model safety riskssudting from deviations in
operation conditions, other researchers used theremt safety index. It was integrated
into an expert system called iSafe for ranking tyafid process flow sheet structure
(Palaniappan et al., 2002). It was used to sdlextsafest production route from 10
different options for acetic acid (PalaniappanlgtZz®04). This index was used to access
the safety of simulated chemical and mechanical px@p systems and the safest option
was selected based on the inherent safety indeah(&§ al., 2008). This inherent safety
methodology has been incorporated into the modifi@&USTAINABILITY

EVALUATOR for this research and will be discussedietails in section 4.3.1.
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2.4.11The Dow Chemical Exposure Index

CEl (1998) gives a very comprehensive method oksssg health hazards
caused by acute exposure to chemicals. The assasgnearried out for each source

identified to have a potential for releasing cheatidHassim and Hurme, 2010).

One drawback of CEl is that it evaluates acutethdazard risk to people based
on chemical release incidents and failed to meathedong term effects on workers

which is essential from occupational health pointiew.

2.4.12 Toxicity Hazard Index

Toxicity Hazard Index was introduced by Tyler, Dorand Greig (1996). It ranks
the relative acute toxic hazards of different cheahproduction units. This Mond-like
index evaluates the toxicity potential of a unibnsidering only short term events and
acute effects based on inhalation route of expoduteas been constructed so that the
overall pattern closely follows the framework oetMond index (Hassim and Hurme,

2010).

Like HIRA method (Khan and Abbasi, 1998), THI @so a safety-type
assessment method which deals with acute toxitotyeaand only treats the short-term

accidental events, but not the low level and carttirs releases.

2.4.12 UK Scheme

This was the model developed by a working grouphdisthed by the Health and
Safety Commission’s Advisory Committee on toxic siamces (Maidment, 1998; Russel,

Maidmetnt, Brooke, and Topping, 1998). The scheonetimizes both the intrinsic health
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hazard of substances used at work and surrogatexpomsure potential particularly to

employees with the ultimate target of appropriatetio| strategies identification.

The shortcomings of the scheme is in its appiiitpb for design stage

implementation as it is targeted particularly faiséing small and medium size plants.
2.4.13 INSET Toolkit

This toolkit was an outcome of INSIDE Project @2) capable of assessing SHE
aspects as well as other feasibility factors. The Stages implementation of the toolkit

is shown below:

) (B S Sy

Figure 2.4: Four stages of INSET Toolkit

Only stage 2 deals directly with the ranking aneéc®n of SHE aspects (Hassim
and Hurme, 2010). The health performance of thdesois evaluated based on the
hazardous materials properties relating to hedfdcts, the likely fugitive emission rate
of that material as well as the chance that peapte exposed to this. For chemical
properties the Health Harm Factor (HHF) is detesdifrom R-phrase and qualitative
classification. The Leak Factor (LF) is providedesiimate the fugitive release rate from
process equipment and manual activities. The pateekposure is assessed only by
estimating the number of locations where manuatiiag operation will be carried out.

The overall health index is calculated from thes@es (Hassim and Hurme, 2010).

28



Malmen (1997) and Ellis (1997) who applied the kdaolidentified some
difficulties such as long time required in indeXce#ation, the need to screen a large

number of alternatives, and the requirement folyaireg complex issues at early stages.

2.4.14 Occupational Health Hazard Index

OHHI was developed by Johnson (2001) in her Mastirésis for assessing the
health hazards in design concepts. The disadvamtfigee OHHI method is that some
factors for example very concise and questionabguation of fugitive emissions and
over evaluation of some factors requiring excesdata for example material properties

and operational maintenance activities.

2.4.15 Process Route Healthiness Index

Hassim and Edwards (2006) proposed the PRHI melbggowhich is
complicated and lengthy. Some disadvantages of itluex system as described by
Hassim and Hurme (2010) are: firstly, PRHI requipdsnty of information some of
which not available at early design stage. It #ahflexible as a result of ‘throughout the
process’ data requirements. Besides, the index thasdisadvantage of indirectly

assessing several factors such as propensity émnical emissions repeatedly.

2.4.16 Inherent Occupational Health Index

The Inherent Occupational Health Index (IOHI) waveloped by Hassim and
Hurme (2010) for assessing the health risks ofgg®coutes during process research and
development stage by including only such properiidéschemical and operating

conditions of process, which are available alreadlythis early stageAn inherent
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occupational health hazard has been defined heaecasdition, inherent to the operation
or use of material in a particular occuapation,ustdy or work environment, that can
cause death, injury, acute or chronic illness, ligg, or reduced job performance of
personnel by an acute or chronic exposure (HassdrEawards, 2006). As described by
Hassim and Hurme (2010), inherent occupationalthesitives to eliminate or reduce
occupational health hazards by trying to elimintdte use of hazardous chemicals,
process conditions, and operating procedures thgtcause occupational hazards to the
employees. The objective has two facades: Firgtlyninimize the risk of inherent
properties of chemicals (toxicity and high vapoegsure for example) by using friendlier
chemicals or the chemicals in safer physical camdi{such as lower temperature) to
eliminate the exposure. Secondly to reduce sucleegso steps or procedures which
involve inherent danger of exposure of the chemiEabmples of such operations are
some manual operations where the worker is in cbosgact with the material such as
manual handling and dosing of chemical, emptyimgl eleaning of the equipment etc.

(Hassim and Hurme, 2010).

The method considers both the hazard from the wiaésnpresent and the
potential exposure of workers to the chemicals. Ti@ex can be used either for
determining the level of inherent occupational tre&azards or comparing alternative
process routes for these risks. A quantitativedatesh scale for the index is developed to
allow health assessment of a single process. Timagh is demonstrated for six methyl
methacrylate process routes using three differgmést of index calculations; additive-
type, average-type, and worst case-type. This mndetbgy is incorporated in the

modified SUSTAINABILITY EVALUATOR in this research.
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CHAPTER Ill

SOCIAL SUSTAINABILITY METRICS AND INDICATORS AND

SUSTAINABILITY EVALUATOR TOOL.

3.1 Introduction

There have been very few attempts to define sosigtainability as an
independent dimension of sustainable developmemth&more, no consensus seems to
exist on what criteria and perspectives shoulddmpted in defining social sustainability.
From a sociological standpoint (Littig and GrieR32005: 72) define social sustainability
as “...a quality of societies. It signifies the natsociety relationships, mediated by
work, as well as relationships within the soci€gcial sustainability is given, if work
within a society and the related institutional aagements satisfy an extended set of
human needs [and] are shaped in a way that natutets reproductive capabilities are
preserved over a long period of time and the ndmmatlaims of social justice, human
dignity and participation are fulfilled”. From aqaress design standpoint the author of
this thesis defines the social sustainability a8 $ocially sustainable process is one
which is both internally and externally safer, ld@ar aiming to eliminate short and long
term risks by using less hazardous chemicals, smaiventories and milder process

conditions.”
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Metrics and indicators are vital to convert the taumability concerns into
gualitative and / or quantitative measures. Thooften used interchangeably to quantify
sustainability, metrics and indicators are quitdfedent from performance goals.
According to a document titled “Indicators and Meas of Sustainability”, a
sustainability indicator can be defined as “obsklwaworld changes that indicate
progress towards increased sustainability” (Alo&taind Table on the Environment and
the Economy, 1993). Tanzil and Beloff (2006) notdét an indicator defines a
guantitative measure as well as a narrative dasmmipf issues, while metrics refers to

“quantitative or semi-quantitative measures.”

3.2 Survey of Social Metrics and Indicators

3.2.1 Social Metrics

Atlee and Kirchain (2006) suggested the followih@mcteristics of sustainability

metrics which is applicable for social metrics aslw

Simple and easily accessible by any audience

» Predictive and consistent

= Serve as decision making tool

= Economical efficient: data collection should beilyas
= Unbiased

= Applicable to several process

Examples of social metrics are such as reactiorpéeature, pressure, process

inventories, toxicity etc.
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3.2.2 Social Indicators

Social indicators measure issues that relate thi¢ladth, safety and well-being of
the society or community being observed. Theydagpcial concerns and address
societal benefits over a period of time (Shadiy@l(a). Examples of social indicators

include the following (Anderson et al., 2001):

Number of health issues as a result of environnh@ollutants

Number of students that are enlightened on enmisrial issues in an
environmental education class

*  Number of community members addressing environateésgues such as global
warming

» Number of families who are living below the povelite

Indicators, like metrics, are useful in measuringstainability progress.
Indicators help in explaining sustainability to imduals who might not be very
knowledgeable on the subject matter. It can alsaded to educate the community on
sustainability by linking noticeable progress. RVisustainability progress being
measured quantitatively, individuals can stay fecduand motivated because they are

able to see noticeable changes (Shadiya, 2010a).

3.3 Proposed Social Sustainability Metrics anddattir Systems

A summary of the key social sustainability qualitat and/or quantitative

assessment systems that have been proposed brchessas presented in Table 3.1
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Table 3.1: Summary of the Metric, Tools, Indicaaod Index Systems

Initiative Organization/| Brief Description| Inclusion of socialAnalysis
Year sustainability issues
Guide to rating the It evaluates the acute
The index uses a : g health hazard risk to
relative acute health .
methodology for : people from chemical
e Dot estimatin hazard potential of a release incidents, and
Chemical AIChE,1998 9 chemical release to ’

Exposure Index

airborne quantity
released

workers and the
neighboring
community

not the long-term
effects on workers
during normal
operation.

50 core indicators

part of a set of 96
indicators. The

D

[

framework Social indicators
CsSD contains 15 include (1) Poverty,
Indicators for | UN, 1995 themes, which (2) Governance, Not applicable for
sustainable are no longer (3) Health, (4) process sustainability.
Development explicitly Education and (5)
categorized into | Demographics
four pillars of
sustainable
development
It is based in the :
IUCN —The | Well-being of | W! focuses on (i)
. health and population
World Nations survey, | ,.. - )
. ) . (if) wealth; (i) Concept of ‘Baromete
Conservation| introducing the L
. " knowledge and of sustainability’ and
Union and Egg of Well- = L
o9 culture; (iv) sustainability
. the being" formed by L
Well-being . Community; (v) assessment flowchart
assessment International | the Ecosystem Equity. Aggregation | is significant. Ma
Development| Well-being Index quity. Aggreg 9 - May
uses several help to choose
Research (EwWI) and . oo
techniques indicators and
Centre Human Well- ) o
. ) (unweighted averages,performance criteria.
(IDRC), mid | being Index weighted. and lowest
1990s (HWI) ghted,
value)
Ranks the Evglgates the.
. toxicity potential of a
relative acute ) o ,
- Tyler, . unit, considering only | It deals with acute
Toxicity toxic hazards of .
Thomas, . short-term events and toxicity alone rather
Hazard Index different
Doran, and chemical acute effects based onthan the overall aspec

Greig (1996)

production units.

inhalation route of
exposure developed.

of health hazards.

—

UK Scheme

(Maidment,
1998;
Brooke,
1998;
Russell,

Accounts for
effects of
chemicals
exposure

particularly to

The developed model
scrutinizes both the

intrinsic health hazard
of substances used at

Targeting on existing
plants thus making

it inconvenient for
design stage

work as well as

implementation.
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Maidment,

employees, with

surrogates for

19%

Brooke, & the ultimate goal | exposure potential.
Topping, of identifying
1998) appropriate
control strategies
The toolkit
incorporates four
stages of The health
implementation.
Stage 1 involves . performance of the
general For che_m|cal routes is evaluated
screening, Stage properties, the Healt_h based on the '
> deals di}ectly Harm F_actor (HHF) is hazard(_)us matgrlal
with the ranking determined from' R-' properties relating to
INSIDE and selection of phrase and qualitative health effects, the
The INSET Project process routes classification. The likely fugitive
Toolkit (2001) : based on the SHE Leak Factor (LF) is | emission rate of that
aspects, Stage 3 'providep] to estimate | material as well as the
concern’s with the fugitive release | chance that p_eople_ar
process design rate_from process expose(_j to this. Aside
optimization of equipment and manualfrqm being compl_ex,
the route(s), activities this method requires
Finally, the initial massive detailed
process design ig '
developed in
Stage 4
Formed by five Three indices measure
indices: aspects of _somal
City Infrastructure, sustainability, but Not applicable for

Development
Index

Habitat, 2001

Waste, Health,
Education and
City Product

relevant issues are lef
out. Theoverall
aggregation considers
all the indices to have
the same weighting.

t

process social
guantification.

The index
includes wide

PRHI, the work

Not suitable for a
simple and quick
application. It is also
inflexible as a result o

Process Route | Hassim & range of factors | still serves as the first X
: : . the data requirements
Healthiness Edwards in a single methodology, for the application
Index (PRHI) | (2006) evaluation stage,| formally published in PP '
. . Index has the
requires plenty off this area :
) . disadvantage of
information . .
indirectly assessing
several factors.
Some factors are
Occupational Different factors . . evalqated very
Johnson . Earlier version of the | concisely so that the
Health Hazard (2001) considered for method PRHI acouracy is
Index (OHHI) assessments y

guestionable. Some
factors are over-
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evaluated
requiring excessive
data

Mortality Index

Evaluates the fatality

Not directly applicable

. Marshall =Number of . )
Mortality Index (1977) Deaths / Mass of of lethal chemical at process design
) substances stage.
Toxic Substance
Economic,
environmental
and social all Disease risk
three are Two categories of assessment is
Safety and o . ) .
: quantified and metrics are incorporated in our
Health Shadiya o . _ o
: sustainability discussed: 1.Procesg research. A modified
Evaluation ,2010 . .
Tools measured through Safety R|s|_<s and version of the
the 2.Health Risks SUSTAINABILITY
‘SUSTAINABIL EVALUATOR is also
ITY incorporated.
EVALUATOR’
Chemical Only addresseg safety
. concerns. Applicable :
Inherent _ inherent safety : Inherent safety index
Heikkila, . for assessing the o X
Process Safety index and process : is incorporated in our
1999 . safety of a chemical
Index inherent safety fresearch.
: process at all stages 0
index. ,
design
: The assessment
Indicator system has
o oo formula proposed may
limited applications ag be adopted for social
Sustainability | Afgan et al., | Sustainability it has been tailored Optec
. - . guantification. But not
Indicators 2000 indicators towards accessing the :
) much applicable for
impact of energy .
process social
systems. e
sustainability.
Most of the indices are
Dow Jones L qualitative measures | Not applicable for
L Knoepfel, Sustainability . .
Sustainability . and are not applicable process social
2001 index e
Index to early stages of guantification.
design.
The social metrics
BASF Socio- | Saling et al., Useful in evaluate the p're'sente.d, pose
- N impact of products difficulty in terms of
Eco-efficiency | 2002; Saling | SEE Balance . . .
Metrics et al.. 2005 and _process.durlng correlation Wlth
" detailed design. process design
parameters.
For the social metrics
presented, it is
IChemE difficult to correlate Potency Factor
T . Sustainability them with process Concept for health
Sustainability | Tallis, 2002 . . S
Metrics metrics design parameters. | quantification may be

Useful in assessing th
sustainability of

eapplicable.

production processes
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Indicators of

Too many metrics
were suggested and
not all of them are

10 social indicators
with quantification is

sustainable Kramf: and Social indicators applicable to garly proposed. Strategy
roduction Glavi¢, 2003 stages 'of deS|gn: may be develop to
P Useful in assessing theincorporate them in
g Y
sustainability of an future research.
operating unit
Global . ,
Environmental Useful in addressmg . Not Applicable for
. Achour et al., . health and safety risk$ :
Risk GERA index . . process social
2005 of an operating unit e
Assessment and stream guantification
(GERA) Index
Metric categorizes
environmental impact
of pollution into one ,
gSLl,tDaﬁEﬁnﬁ? Tanzil and Sustainability metric versus breaking Ng[cégghs%acti);? for
. y Beloff, 2006 | Metrics it down into individual| P e
Metrics quantification
concerns such as
global warming,
acidification
Two metrics have . .
Useful in evaluating
been presented for S
. X the sustainability of an
environmental impact| . .
industrial process.
and health and safety o
Three . \ Determination of
. . , L risk, the direct
Dimensional Martins et al.,| Sustainability . Hazard Class proposed
o . correlation between | . "
Sustainability | 2007 metrics : i in this paper may be
. operating conditions,
Metrics . . | used to calculate the
chemical process risk
; safety factors for
and environmental : .
) different chemicals
impact was not ;
used in the process.
addressed.
Quantitative
assessment of the
Useful in evaluating | inherent safety during
Sustainability | Tugnoli et Sustainability the sustainability of | early process design
Indices al., 2008b indices. chemical process was developed. Not all
alternatives. metrics are applicable
to early stages of
design.
"AIChE
SUSta_mab'“ty Most of the indices araAplecapIe fo_r
Index: o comparing different
AIChE . o gualitative measures :
AT Strategic Sustainability . companies
Sustainability : . and are not applicable ,
Commitment | index performance .Not
Index to early stages of .
to design Applicable for processg
Sustainability ' social quantification
," 2008
Systematic Othman et 1.safety during | Effect of chemical Useful in assessing the
Modular al., 2010 Operation emissions on human | impact of a process
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Framework

2.operability of
the plant 3.safe
start-up and
shutdown
4. design should
meet location

specific demands.

health was not
presented.

during early stages of
design.

Dow Fire and

The Unit Hazard

1) Quantify the
expected damage of
potential fire and
explosion incidents in
realistic terms,

2) identify equipment
that would be likely to

They are best suited t
later design stages
when process

Explosion Dow, 1987 | Factor and the . equipment, chemical
) contribute to the
Hazard Index Material Factor . .| substances and proce
creation or escalation g
. conditions are known.
of an incident and 3)
communicate the fire
and explosion risk
potential to
management.
1) Wider range of
processes and storage
installations can be
studied,
2) covers processing P
The Unit Hazard | of chemicals having Mod|f|cat|ons to
The Mond Factor and the | explosive properties 'mprove _the
ICI, 1985 . . ' | applicability of Dow
Index Material and 3) improved hazard
. . method
Layout Factor consideration for
hydrogen,
4) additional special
process hazards,
5) toxicity included
into the assessment.
Guide words:
No, not; more, Identification of
Hazard and ) ] .
Operability less; as well as; process disturbances Qualitative technique
; Kletz, 1992 | part of; reverse; | with the '
Analysis . ;
other than; guide words
(Hazop) _
sooner, later;
other place
Chemlcal score- This method is very
inventory, . :
Prototype flammability reaction oriented, has
Edwards and . . ’ some clear advantage
Index of Chemical score | explosiveness and
Lawrence - over some other
Inherent Process score toxicity C e .
(1993) numerical indices in

Safety (PIIS)

Process score:
temperature, pressure

and yield

early design stages

)
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Total score: sum of
the chemical and

process
scores

The fire and sWe.HI accurately and

. precisely address
explosion )
. safety concerns in
Hazard damage index o
e Khan and g , chemical industry
Identification . and the toxicity | A five step procedure L .
. Abbasi . while integrating
and Ranking damage index has been suggested. .
(1998). . credits for safety
(HIRA) Safety Weighted
measures that are
Hazard Index already in place
(sWeHI) y In place.
A number of different This was developed td
, . show that hazard
Maximum risk assessment assessment can
Credible Rapid| Khan and C models for fire,
. : omputer . . prevent safety
Risk Abbasi explosion, toxic Co .
software ) .| incidents and provide
Assessment (2999) release and dlsper3|made Late emerdenc
(MAXCRED) have been 9 gency
: response
incorporated.
1. Hazard from the A gquantitative
Inherent chemicals present and standard scale for the
; Index for the potential for the | index is developed to
occupational .

Physical and exposure of allow health level
health M. H. :
assessment Hassim and Process Workgr to the assessment of a sing|

: Hazards(lI PPH) | chemicals process. Inherent
during process | M. Hurme. i .

and Index for 2. Additive type, Occupational Health

research and | 2010

development
stage.

Health Hazards (
HH)

average-type, and
worst case-type index
calculations.

Index is incorporated
in our quantification
approach.

D

Social sustainability metrics, indicators and imdicwere introduced in this

chapter. Although they are useful in tracking pesg; not all of them are applicable to

early stages of process design. However, the whbaitneasure social sustainability using

indicators or metrics are important because itl askist in comparing processes as well

as assessing positive change towards health aety safstainability over a period of

time. It could be used to evaluate alternativeh |as technical alternatives e.g. different

raw materials and process improvement options aidiginess alternatives, for example,
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different supplier and acquisition options (Shadi®810a). Furthermore, it can identify
the means of combining the health and safety ceraiidn along with economic impacts
and environmental effects.

One thing to be mentioned is that sense makingocfal sustainability by
guantification is a complex issue. This is becausedifficult to transform social issues
into scientific vision (Shadiya, 2010a). As the dscof this research is to develop new
metrics and a tool for weighing of process sociatainability, selected metrics and
indices adopted by different researchers have lemrporated into the methodology

developed.
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CHAPTER IV

METHODOLOGY FOR DESIGNING PROCESSES FOR SOCIAL SUWINABILITY

DURING EARLY DESIGN STAGE.
4.1 Introduction

This chapter describes the methodology that wagtad for this work which
incorporates social sustainability at early destages. For quantification the framework
incorporates the novel screening tool, the “SUSTABNLITY EVALUATOR”
(Shadiya, 2010a). As the focus of this researdpéeifically on the social dimension of
sustainability, a modified version of the “SUSTAIBALITY EVALUATOR” tool is
developed in this study which identifies social taimability concerns and evaluates

improvements after processes have been optimized.

To design a socially sustainable process, th@odeiogy shown in Figure 4.1

is proposed.
4.2 Simulation of the Base Case Process Model

According to information from the literature theskacase process model is
simulated. The ASPEN PLUY process simulator version 8.1 was used. ASPEN has
phase equilibrium data available for regular chasicelectrolytes, polymers, etc. The

database is regularly updated from the Nationditlris of Standards and Technology
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(NIST). To predict phase behavior a solver is ideli which contains thermodynamic
models. Selected process equipment and flow streamse rigorously sized, tracked,
repeated according to designers discretion. Madseaergy balance and other design

calculations can be done by using built-in compaoitett modeling tools.

Figure 4.1 Proposed Methodology for Addressing &oability Concerns during Early

Design Stage
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Some of the basic inputs into the simulator arfobews (Samli, 2011):

» Listing possible components in the process.

» Choosing the thermodynamic model representatidheofmolecular behavior of
the fluids.

» Selecting the feed flow rates and initial operatiogditions such as the
temperature and pressure.

» |dentifying the necessary unit operation blocks #rair inputs including

operating conditions.

The ASPEN process simulator is available at Okizd&tate University and
it is useful for sensitivity analysis through seqtigl-modular(SM) and equation-oriented
(EO) strategies. Sensitivity and the optimizatidack can be defined by an optional
FORTRAN statements. In this work ASPEN PLUS will bsed to simulate, optimize

processes for social sustainability concerns.

4.3 Assessment of the Process Using the Retrofat¢8TAINABILITY EVALUATOR

In this work the SUSTAINABILITY EVALUATOR (Shadiya2010a) is
retrofitted for evaluating only the social dimensiof sustainability. But it is easily
amalgamable with the other two dimensions of snatality for any future research. The

inputs of the Retrofitted SUSTAINABILITY EVALUATORare the following:

» Mass and enthalpy of feed inlet
» Mass and enthalpy of feed outlet

» Other input flow rate

43



» Energy usage

» Feed flow rate

» Product flow rate

» Waste streams flow rates

» Component flow rate

The outputs from the Retrofitted SUSTAINABILITY EALUATOR are the

following:

» Process safety evaluation: Inherent safety for ateds) operating conditions,
inventories.

» Health evaluation: Occupational health for physenadl process hazards, health
hazards and disease risk

» Overall social sustainability impact

Health and safety has been an area of concemusiry for several years and
researchers have put forth efforts towards quangfyt (Heikkila, 1999; Tugnoli et al.,
2008b). In this work, we incorporated the inherpnbcess safety index by Heikkila
(1999) for process safety risk evaluation. Inheatupational health index by Hassim
and Hurme (2010) and data from International AgefucyResearch on Cancer (2009)
and Score Card (2005) was adopted for health rs¢sessment. So in broader
perspective, two categories of metrics as listedovbeare discussed for social

guantification:

» Process Safety risks

> Health risks

44



Retrofitted SUSTAINABILITY EVALUATOR

L 2

Total Inherent Safety
Index

1

[ Total Inherent Occupational Health Index ]

I

! 1

Chemical Interaction*

Process Structure

!

Disease Risk Index

Carcinogenic risk

Immune sys. Damage

Developmental
Damage

Physical and Process Health Hazard
1 1 Hazard Index Index
Chemical Inherent Process Inherent
safety index Safety Index Process Mode* Exposure
Limit*
Material Phase*
Reaction Heat Inventory*
- Volatility* R
Flammability
Process .
) Temperature Pressure
Explosiveness
Construction material*
Pressure
Temperature™*

* Contribution of this research
Fig 4.2: Concerns Addressed by the Retrofitted SMISABILITY EVALUATOR
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4.3.1 Process Safety Risk

Total Inherent safety index determines the procedsty risks evaluation

which can be comprised of the following metricshewn below:
Table 4.1: Inherent safety index and its subind{eRgme and Heikkild, 1998).

Total inherent safety index

a. Chemical inherent safety index b. Process inherent safety index
1. Subindices for reaction hazards 1. Subindices for process conditions
» Heat of the main reaction # Inventory
» Heat of the side reactions # Process temperature
» Chemical interaction # Process pressure
2. Subindices for hazardous substances 2nBigbss for process system
» Flammability # Equipment
» Explosiveness # Process structure
» Toxicity

» Corrosivity
4.3.1.1 Heat of Main and Side Reaction

Since the possible violence of reactions liesha heat liberated and the
temperature which may be reached, the energy chdngeg the reaction has been
selected to present the reaction safety in the TBis is a feasible approach since the

formation enthalpies are known for most substances.

The enthalpy released or absorbed in a procesbeaescribed by Equation
4.1 for constant volume conditions and an isobamcess. (Heikkila, 1999: Jensen et al.,

2003).

Al'|r = Zproducts(Hf)products' Zreactants(Hf)reactants (4-1)
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The index score ranges from 0-8 with 8 being theseosafety scenario as
suggested by Shadiya (2010a)

Table 4.2: Index Score for Heat of Reaction

Mass Enthalpy(Hy) (/g) Score

<200 0

<600 2

< 1200 4

= 3000 1]
3000 5

4.3.1.2 Chemical Interaction

According to Heikkila (1999) Chemical interactiaronsiders the unwanted
reactions of process substances with materialearptant area. These reactions are not
expected to take place in the reactor and therdfueg are not discussed in the side
reaction subindex. The Inherent Safety Index hdized EPA's matrix (Hatayama et al.,
1980) to classify the hazards of the chemical adigon in a process. The worst
interaction that appears between the substancesriren the plant area is used in the
calculations for the Chemical Inherent Safety Index

Table 4.3: Index Score for Chemical Interactiamggested by the author)

Chemical Interaction Score
Heat formation 2-6
Fire 8
Formation of harmless, nonflammable gas 2
Formation of toxic gas 4-6
Formation of flammable gas 4-6
Explosion 8
Rapid Polymerization 4-6
Soluble toxic chemicals 2
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4.3.1.3 Flammability

Flammability measures the potential for chemitalburn with air in the case
of a leakage. The index is measured by their flasmts and boiling points. The
classification adopted has been obtained from Etédiive (Pyotsia, 1994). The index

score is ranges from 0-8 as suggested by Shadi®)2

Table 4.4: Index Score for Flammability Index

Flammability Limits (°C)
Mot Flammable

Flash Point = 55
55
1

=1 N ]

Flash Point < 55
Flash Point < 2
Flash point < 0 & boiling point < 35

oo | =2

4.3.1.4 Explosivity

Not directly same as process explosion hazard nle¢ric measures the
potential for a gas to form an explosive mixturéwair. The explosiveness is determined
by the difference between the upper explosive li(biIEL) and lower explosive limit
(LEL). Substances with a large explosive limit eéiffnce are classified to be more
explosive. UEL and LEL for explosive chemicals é&een obtained from Crowl and
Louvar (1989), material data safety sheets and Ofive & Explosive Hazard
Classification (American Institute of Chemical Emgers (AIChE), 1994). The index

score for this metric as suggested by Shadiya (281shown in Table 4.5.
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Table 4.5: Index Score for Explosivity Index

Explosiveness Limit Score
Not Explosive 0
0-20 2
20-45 4
45-70 6
70-100 8

4.3.1.5 Toxic Exposure

The evaluation of the toxic exposure is basedhenTthreshold Limit Values
(TLV).The lower the TLV value the more harmful tlseibstance is. TLVs can be
obtained from the American Conference of Governaleimdustrial Hygienists (2009).

The index score for this metric as suggested byligag2010a) is shown in Table 4.6

Table 4.6: Index Score for Toxic Exposure Index

Toxic Exposure Limit (ppm) Score
TLV > 10000 0
TLV = 10000 4
TLV = 1000 8
TLV = 100 12
TLV =10 10
TLV < | 2
TLV = 0.1 24
TLV =0.01 30

4.3.1.6 Corrosivity

Corrosiveness is determined on the basis of redquionstruction material to
resist possibility of corrosion by acids, acid atfiges and bases. Plant equipment

succumb to corrosion can be disastrous leadingoxa texposure due to leakages,
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explosion and fires. The corrosive index is as saggy by Shadiya (2010a) is shown in

the Table 4.7

Table 4.7: Index Score Corrosive Index

Material of Construction Score
Carbon Steel 0
Stainless Steel

Better Material Needed

NNy

4.3.1.7 Inventory

Any material when present in large quantity nheyclassified as hazardous (Wells,
1980). The amount of a substance present in tha fila. inventory) has a large effemh the
degree of hazard. Potential severity can be rebbgekeeping inventories low, by minimizing
the reactor size and by avoiding storage of pabythazardous materials in the synthesis train
(CCPS, 1995a). At the conceptual design phasepitastical to base the estimation of inventory
on mass flows and an estimated residence time efdrerthe inventory has been included to the

safety risk assessment as a mass flow in the |SBside battery limits areagnd OSBL

(outsidebattery limits areagquipment including recycles with one hour nomieaidence time
for each process vessel (e.g. reactor, distillatmomn etc.).

Table 4.8: Index Score for Inventory Index (sudggésy the author)

Inventory Score
0-1t
1-10t
10-50 t
50-200 t
200-500 t
500-1000 t 10

oo | [N |O
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4.3.1.8 Process Temperature

The temperature is a direct measure of the heatggravailable at release
(Edwards and Lawrence, 1993). The hazard incraadegher temperatures because of
the energy content itself and also because thagttreof materials becomes weaker in
high or very low (cryogenic) temperatures. The mdeore as suggested by Shadiya

(2010a) is shown below.

Table 4.9: Index Score for Temperature Index

Temperature ("C) Score
0-70
70-150
150-300
300-000
=000

oS | =3 | S| 2

4.3.1.9 Process Pressure

Pressure is an indicator which measures the sskaated with the process
based on available equipment in a process. Pressuae very important parameter
because high pressure conditions affect leakages rahd vessel strength (Heikkila,
1999). The index score as suggested by Shadiy@®&)@ccording to the pressure range

is shown below.
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Table 4.10: Index Score for Pressure Index

Pressure (bar) Score

0.5-5 0
0-0.5 or 5-25 2
20-25 -
50-200 6
200-1000 8

4.3.1.10 Equipment Safety

Equipment safety tries to measure the possiliitiag a piece of equipment is
unsafe (Heikkila and Hurme, 1998a). Experience lmpstitative accident and failure
data and information from layout recommendatioresthe sources of equipment safety
evaluation. Equipment safety index is separatelpsueed for inside battery limits area
(ISBL) and outside battery limits area (OSBL). T¢more for both the area equipment
safety index evaluation is suggested by the authdhis thesis as shown in Table 4.11

and Table 4.12

Table 4.11: Index Score for Equipment Safety InfdeXSBL

Types of Equipment Score
Equipment handling nonflammable, nontoxic materialg O

Heat exchangers, pumps, towers, drums 2
Air coolers, reactors, high hazard pumps 4
Compressors, high hazard reactors 6
Furnaces, fired heaters 8
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Table 4.12: Index Score for Equipment Safety InfbeXOSBL

Types of Equipment Score
Equipment handling nonflammable, nontoxic materialg 0O
Atmospheric storage tanks, pumps 2
Cooling towers, compressors, blowdown systems, 4
pressurized of refrigerated storage tanks

Flares, boilers, furnaces 6

4.3.1.11 Safe Process Structure

The safe process structure describes how well ineuiait operations or other
process items work together, how they should bexected and controlled together. It
also describes how auxiliary systems such as apdteating or relief systems should be
configured and connected to the main process (ailk al., 1998).The measurement
relies on standards, recommendations and accidpatts. The index score as suggested
by Shadiya (2010a) is shown in Table 4.13

Table 4.13: Index Score for Safe Process Stradhdex

Process Reliability Score
Safe 0
Sound Engineering Practice 2
No data 4
Probably Unsafe 6
Minor Accidents 8
Major Accidents 10

4.3.2 Health risks
Total Inherent occupational health index determities process health risks

evaluation which can be comprised of the followmegtrics as shown below:
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Table 4.14: Inherent Occupational Health Index Bmdubindices

Inherent occupational health index

a. Physical and process b. Health hazard c. Disease risk index

hazard index index
» Mode of Process * Exposure limit # Cargenic risk
» Material phase * R-phrase # Developmeatdamage
> Volatility # Reproductive system damage
» Pressure # Circulatory system damag
» Corrosiveness # Skeletal systemadgm
» Temperature # Endocrine system dgma

4.3.2.1 Physical and Process Hazard

# Gastrointestinal and lever damage
# Immune system daenag

# Kidney damage

# Skeletal system damage
# Nervous system dgena

# Respiratory system damage

# Sensory system damage

The physical and process hazard index measuregosbility of chemical

exposure for workers. Materials’ physical propextaad the operating conditions express

this exposure potential. The metrics are adopteah fidassim and Hurme (2010) and the

scores suggested for this research is shown ireahb.
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4.3.2.1.1 Process Operation Mode

Workplace exposure is affected by procepsration mode. Batch processes
appeared to be the most hazardous operation betauseally requires more frequent
manual operations, higher number of employeesuéegstart-up and shutdown and
maintenance works, extra equipment strain andhetenhdency to produce more fugitive

emissions (Hassim and Hurme, 2010). So batch psasegven the highest penalty.

4.3.2.1.2 Material Phase

A chemical’'s phase affects the freqyeand types of exposure. The highest
penalty is assigned to solid materials becauseevitahsportation and processing, solids

have a higher trend of exposure compared to ligoaigas.

4.3.2.1.3 Volatility

Volatility is characterized in thisdex approach as atmospheric boiling point.
Lower boiling point liquids and smaller sized pelds are given higher penalty due to
their higher exposure. The score formation haso¥ald the criteria described by

COSHH Essentials (Maidment, 1998).

4.3.2.1.4 Pressure

A higher pressure is risky for chernhiexposure due to fugitive emissions
through leakages and also hazardous for workers whgage in maintenance operation.
The penalty range is mainly incorporated from thbeerent Safety Index by Heikkila

(1999).
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Table 4.15 Index Score for Physical and Processitdaandex

Factor

Score Information

Score

Mode of process

Continuous with recycle

Continuous

Semi-continuous/semi-batg

Batch

EIENES

Material phase

Gas

N

Liquid

Solid

[e2RIE N

Volatility

liquid and gas

Very low
volatility(bp>150°C)

Low(150°Cbp>50°C)

Medium(50°G-bp>0°C)

High (bp<0°C)

ol IN| O

Solid

Non-dusty solids

Pellet-like, nonfriable solids

Crystalline, granular solids

Fine, light powders

O IN O

Pressure(bar)

.5-5

5-50.0

50-200

>200

O~ INO

Corrosiveness-based on construction material

Carbon steel

o

Ssrdteel

N

Better material

D

Temperature(°C)

<70

70-150

150-200

>200

O |NIO
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4.3.2.1.5 Corrosion

Chemical releases and exposure in plades are common phenomena.
Following the similar classification used by Heilek(1999), a chemical is regarded as
highly corrosive if it requires a material betteanh stainless steel for either its processing

or transportation.

4.3.2.1.6 Temperature

Temperature indicates the heat gnefgthe system. Increased heat energy
increases the trend of fugitive emission throughha@mced vaporization. Higher
temperature also increases the possibility of @&tal burns. Burns are damage to skin
and the underlying tissue caused by heat, chemarads electricity. The temperature
penalty range is formed based on the occurrendestf second and third degree burns.
Here two causes of burns are considered, whicldaeeto steam and surface contact
(Hassim and Hurme, 2010). The score criteria imém based on steam exposure event

(Lawton & Laired, 2003: Ng and Chua, 2002: Encyeldip. of Human Biology, 1997).

4.3.2.2 Health Hazard

The health hazard index characterites health impacts and dangers of
exposure. Exposure limit based subindex gives inébion on the chronic hazards of the
chemicals in the working air The R-phrase basednsiets on the other hand, describes
the types of health effect that might be caused tly chemical (Hassim and
Hurme,2010). The metrics are adopted from HassudnHaurme (2010) and the scores are

suggested in his research.

57



4.3.2.2.1 Occupational Exposure Limit

The Occupational Exposure Limit (OEL) is a hedldsed standard that are
established following a rigorous evaluation of thailable toxicological data (Brooke,
1998). The exposure limit based on the 8-h daifyosure time is used for the evaluation.
The lower the OEL value of a substance, the harihfalto human health. Occupational
Exposure Limit set by the UK Health and Safety Cassion is adopted for chronic toxic
exposure evaluation. The exposure limits clasgiioafor solid and gas are based on
COSHH Essentials (Maidment, 1998; Brooke, 1998;sRliet al., 1998 and Mond Index

(ICI, 1985)).

4.3.2.2.2 R-Phrases

The European Union R-phrases desdhb human health risk associated with
the chemicals (Risk Phrases2001). Acute and chromicity are the two groups of R-
phrases based on the severity of adverse headitt®fiChemicals with a chronic toxicity
effect have a higher range of penalty becausesomibre problematic nature. The R-
phrases have an advantage of being readily availabusers at early phase of process

development (Hassim and Hurme, 2010).

4.3.2.3 Disease Risk

This index measures the possibility of chemicglosure possessing risk of
selected diseases for workers.The metrics and seweeadopted from Shadiya (2010a).
To calculate the impact of the metric the indexueals multiplied by the amount of the

substances emitted.
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Impact value for disease metrics = (index valu@mount of emitted substance).

Table 4.16: Index Score for Health HaZantkx

Factor Score Information Score
Vapor(ppm)
OEL>1000
OEL<1000
OEL<100
OEL<10
OEL<1

mm-hl\)o

Exposure limit

Solid(mg/m)
OEL>10
OEL<10
OEL1
OEL:.1
OEL<.01

o O PN o

Acute
No acute toxicity effect 0
R36.R37,R38,R67 2
R20.R21,R22,R65 4
R23, R24,R25, R29,R31,R41,R42,R43 6
R26, R27,R28,R32,R34,R35 8

R-Phrase

Chronic
No chronic toxicity effect 0
R66 2
R33,R68/20/21/22 4
R62,R63,R3/23/24/25,R48/20/21/22 6
R40,R60,R61,R64,R39/26/27/28,R48/23/24/25 8
R45,R46,R49 10

4.3.2.3.1 Carcinogenic risk

Carcinogenic risk index is a measurement of theigagenic risk for the

workers of a process based on chemicals presetheimprocess. There are four major
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classification carcinogenic chemicals (InternatloAgency for Research on Cancer,

2009):

1. Carcinogenic to humans
2. Probably carcinogenic to humans
3. Possibly carcinogenic to humans

4. Carcinogenic to animals but not humans and probadtyarcinogenic to humans

The index value as suggested by Shadi@aORis shown in Table 4.17.Impact

value is calculated as:

Impact value for carcinogenic risks = (index valuéamount of emitted substance).

Table 4.17: Index Score for Carcinogenic risk

Types of Carcinogen Group Score
Not Carcinogenic N/A 0
Probably not carcinogenic to humans 4 0.2
Not classifiable as to its carcinogenicity to husan 3 0.4
Possibly carcinogenic 2B 0.6
Probably carcinogenic to humans 2A 0.8
Carcinogenic to humans 1 1

4.3.2.3.2 Developmental System Risk

The developmental risk index measures the eexpassks to a developing
child in its mother's womb. Birth defects, low Wirtveight, biological dysfunctions,
psychological or behavioral deficit and even bra@iamage may be the effects in
development. Lists of known and suspected developmhéoxicants and the respective

index value of 0.6 and 1 was selected as suggest&thadiya (2010a). The logic behind
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this is to keep harmony while comparing with thepmected and known carcinogens

(Shadiya, 2010a). The impact value is calculated as

Impact value for Developmental risks = (index valkéamount of emitted substance).

4.3.2.3.3 Reproductive System Risk

The reproductive risk index measures the reprageitbxicants exposure risk
to an adult’s reproductive system. Abnormal sexaslavior, decreases in fertility, loss
of fetus during pregnancy etc. are the typical adpctive system problems that may
arise. Lists of known and suspected reproductixeamts and the respective index value
of 0.6 and 1 was selected as suggested by Sh&i#d). The logic behind is to keep
harmony while comparing with the suspected and knoarcinogens (Shadiya, 2010a).

The impact value is calculated as:

Impact value for reproductive risks = (index valMgpmount of emitted substance).

4.3.2.3.4 Circulatory System Damage Risk

This risk index measures the cardiovascular towg@xposure to an adult’s
circulatory system. Hypertension, arteriosclerosiatrdiac arrhythmia, and decreased
coronary ischemia are the typical cardiovasculatesy problems that may arise. . Lists
of suspected reproductive toxicants and the res@eictdex value of 0.6 was selected as
suggested by Shadiya (2010a). The logic behina ikeep harmony while comparing

with the suspected carcinogens. The impact valoal@ilated as:

Impact value for circulatory system damage risk@ndex value) x (amount of emitted

substance).
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4.3.2.3.5 Endocrine System Damage Risk

This risk index measures the endocrine toxicamigosure to an adult’s
endocrine system. Hypothyroidism, diabetes mellithypoglycemia, reproductive
disorders, and cancer are the typical endocrineesyproblem that may arise. Lists of
suspected endocrine toxicants and the respectiexiwvalue of 0.6 was selected as
suggested by Shadiya (2010a). The logic behina ikeep harmony while comparing

with the suspected carcinogens. The impact valoal@ilated as:

Impact value for endocrine system damage risksndeft value) x (amount of emitted

substance).

4.3.2.3.6 Gastrointestinal and Liver Damage Risk

This risk index measures the toxicants exposumntadult's gastrointestinal
tract, liver, or gall bladder. Lists of suspectegitants and the respective index value of
0.6 was selected as suggested by Shadiya (2010@)logic behind is to keep harmony

while comparing with the suspected carcinogensabkhpalue is calculated as:

Impact value for Gastrointestinal and Lever damasgjs = (index value) x (amount of

emitted substance).

4.3.2.3.7 Immune System Damage Risk

This risk index measures the immunotoxicants expoand subsequent risk
of infectious diseases and cancer to an adult’'s umansystem. Lists of suspected

toxicants and the respective index value of 0.6 selscted as suggested by Shadiya
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(2010a). The logic behind is to keep harmony wlitenparing with the suspected

carcinogens. The impact value is calculated as:

Impact value for immune system damage risk = (indakie) x (amount of emitted

substance).

4.3.2.3.8 Kidney Damage Risk

This risk index measures the toxic exposure t@adult's kidney, uterus and
bladder. Lists of suspected toxicants and the ms@eindex value of 0.6 was selected as
suggested by Shadiya (2010a). The logic behina ikeep harmony while comparing

with the suspected carcinogens. The impact valoal@ilated as:

Impact value for kidney damage risks = (index vakuéamount of emitted substance).

4.3.2.3.9 Skeletal System Damage Risk

This risk index measures the toxic exposure taduit’'s bones, muscles and
joints. Arthritis, fluorosis and osteomalacia ahe typical skeletal system problem that
may arise. Lists of suspected toxicants and theeaetive index value of 0.6 was selected
as suggested by Shadiya (2010a). The logic bekina keep harmony while comparing

with the suspected carcinogens. The impact valoal@ilated as:

Impact value for skeletal system damage risks definvalue) x (amount of emitted

substance).
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4.3.2.3.10 Nervous System Damage Risk

This risk index measures the toxic exposure tcadmit’'s nervous system.
Confusion, fatigue, irritability, brain damage ala$s of coordination are the typical
skeletal system problem that may arise. Lists apseated toxicants and the respective
index value of 0.6 was selected as suggested bgiyghé010a). The logic behind is to
keep harmony while comparing with the suspectedimagens. The impact value is

calculated as:

Impact value for nervous system damage risks =eindalue) x (amount of emitted

substance).

4.3.2.3.11 Respiratory System Damage Risk

This risk index measures the toxicants exposumntadult's nasal passages,
pharynx, trachea, bronchi, and lungs. Acute andnpabry edema, irritation, bronchitis
irritations, emphysema and cancer are the typiespiratory system problem that may
arise. Lists of suspected toxicants and the résjgeindex value of 0.6 was selected as
suggested by Shadiya (2010a). The logic behina ikeep harmony while comparing

with the suspected carcinogens. The impact valoal@ilated as:

Impact value for respiratory system damage riskgneex value) x (amount of emitted

substance).

4.3.2.3.12 Skin and Sensory Organ Damage Risk

This risk index measures the toxic exposure tocadult’'s skin or sensory

organ. Hearing losses, sense of smell, eye iwitatietc. are the typical sensory organ

64



damage problem that may arise. Lists of suspebedants and the respective index
value of 0.6 was selected as suggested by Sha2iyi®4). The logic behind is to keep
harmony while comparing with the suspected car@nsgThe impact value is calculated

as:

Impact value for skin and sensory system damade=rigindex value) x (amount of

emitted substance).

4.4 Sensitivity Analysis

Sensitivity analysis is the investigation of effect a certain targeted objective or
goal by changing the variation of variable paramset@hese variables can be of two
types-independent and dependent variables. As @ahé @ this research is to find the
most socially sustainable option so the health safiéty metrics are the dependent
variable and mass flow rate, reactor temperatuck @essure, number of stages in
separation columns, reflux ratio etc. are the irtelent variables.

After conducting sensitivity analysis and signifitavariables being found
reconfiguration needs to be carried out. Procesenfiguration is not process specific
and can include a wide range of activities whidtlude the following (Shadiya, 2010a):

* |ncorporating recycle streams

» Adding additional separation equipment

» Including energy efficient technology to the praces

= Improving the efficiency of the reactions by comsidg alternative reaction

synthesis
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*» Modifying reactor operating conditions to improvengersion and reduce the
production of by products
» Changing separator mechanics such as reflux ratio

4.5 Process Optimization

Optimization of the process was carried out in BENPPLUS process
simulator. Optimization block, similar to sensitiwvianalysis is a ‘Model Analysis Tool’
that is available for finding optimum process opiegaconditions. The objective function
in this case is maximizing production of desireermitals and minimizing wastes by
varying parameters on a certain range while opegatis sustainable safe conditions.
Unlike the sensitivity analysis, the built-in ASPERLUS optimization may have
multiple varying parameters included to determihe pptimal point of all varying

conditions (Samli, 2011).

4.6 Re-evaluate Social Sustainability Using theétitted Sustainability Evaluator

After optimization is done the newly optimized pess is re-evaluated using
the Retrofitted SUSTAINABILITY EVALUATOR. If the ograll social sustainability is
obtained with a low impact value, the optimizedgass can be accepted. Otherwise, if a
high impact value is measured indicating the progest socially sustainable, the user
may choose to reconfigure the process based oresindts of sensitivity analysis. Than
the decision maker needs to re-optimize the process re-evaluate the social
sustainability. The user must keep re-optimizing pinocess until an overall satisfactory

solution is finalized.
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4.7 Summary

In this chapter, a novel methodology proposed ffiis tesearch was presented.

The proposed social quantification methodology aseh for two reasons. The first is

that impact assessments can be evaluated by onmaong it easier for engineers to see

how process improvements affect social sustairtgoli a process. Secondly a holistic

incorporation of social metrics, i.e. both occupaél health and inherent safety metrics

for the same process is quite new as many researdba’t incorporate both the aspects

of social dimension applicable at the early destage. Also, a framework which is

useful in identifying and improving social sustdiliy concerns was discussed. The

approach proposed can be summarized as follows:

Simulate the process in Aspen Plus process sinmulato

Evaluate social sustainability of the simulated ebasse process using the
retrofitted SUSTAINABILITY EVALUATOR.

Conduct sensitivity analysis on the base case psottedetermine the parameters
affecting the objective.

Formulate the objective function.

Optimize the process based on the parameters rénogeshe sensitivity analysis
Re-evaluate the social impact using the retrofit€dJSTAINABILITY
EVALUATOR.

Accept the social sustainability results or recqunie the process and repeat the
process until satisfying result is obtained.

The proposed methodology is implemented and demaiadton two case studies

presented in the next section.
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CHAPTER V

DEMONSTRATION OF THE PROPOSED METHODOLOGY

The previous chapter explained the methodologyrpaated in this research.
This methodology is useful in quantifying sociaménsion of sustainability at early
design stage. In this chapter the applicabilitythedf tool will be discussed for two case
studies. First, efficacy of the retrofitted SUSTARILITY EVALUATOR tool and the
testing of overall methodology were demonstratedttie acrylonitrile process. Second,
the usability of the evaluator tool to select thestrsocially sustainable process option by
comparing two process alternatives for the dimetbtther (DME) production is
examined.
5.1 Case Study: Acrylonitrile Production Process

Acrylonitrile with the formula GH3N is a colorless liquid with a slightly sharp,
irritating odor. The chemical is a monomer usethensynthesis of those polymers which
are utilized in the manufacturing of polyacryloiy acrylic fibers, rubber and nylons. It
is also acts as an intermediate in the manufaati@diponitrile and acrylamide. The
physical properties are shown in the following ¢&5l1.

Acrylonitrile is considered one of the top 50 higheolume chemicals produced
in the United States (Kanuri, 2000; Fechter et2004). Although synthesis from the

acetylene hydrocyanation is an option, it is maitgduced by the BP America Sohio
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Process. The Sohio Process involves a catalytic aadation of propylyne. The
production of acrylonitrile results in several toxivaste streams and byproducts such as
acetonitrile, acrolein, carbon monoxide and hydrogganide.

Table 5.1: Physical Properties of Acrylonitrile é8lya, 2010a)

Property Value
Boiling Point (°C) 77
Freezing Point(°C) -82
Solubility in water, 20°C, g/100ml 7
Viscosity, 25°C (cP) 0.34
pH 0.0-7.5

Acrylonitrile is listed in the toxic release inverny compiled by the
Environmental Protection Agency, as one on the tmpc chemicals (United States
Environmental Protection Agency, 2009). Presencé&rashendous toxic waste streams
which possess threat to the human health and safetytually makes the acrylonitrile
production as an excellent manufacturing processdémonstrate the proposed
methodology. Contamination of water via hazardewsste sites and occupational
exposure has caused human exposure to acrylonitrile

Acrylonitrile is highly flammable and undergoes mgive polymerization if
exposed to light(Reed Business Information Limit@f10). The burning material
releases fumes of hydrogen cyanide and oxidestiafgein. Acrylonitrile is classified as
a Class 2B carcinogen (possibly carcinogenic) dhdrdhealth problems such as nervous
system damage, kidney damage etc. are linked tdahdling the waste stream in a
sustainable manner to minimize human exposure halenge. The methodology
discussed in Chapter IV are delineated in Fidufiewhich is the application towards

handling the sustainibility concerns of the acrytidle process.
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Figure5.1: Proposed Methodology for Addressing 8dgustainability Concerns of the

Acrylonitrile Process

5.1.1 Acrylonitrile Base Case Process Modeling

The acrylonitrile base case is modeled based eratiire data (Venkataraman,
1996; de Haes et al., 1999; Kanuri, 2000). Thermation compiled from literature is
simulated in ASPENPLUS version8.1 using the Electrolyte Non-Random Two Liquid
model with Redlich-Kwong (ELECNRTL) thermodynamiagkage. The ELECNRTL-

RK option which provides an improved implementationaqueous electrolytes is based
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on the traditional unsymmetrical reference staig, @queous phase infinite dilution. As
the acrylonitrile production reaction is an aque@lsctrolyte system, so the chosen

model can predict the simulation results with ggeatcuracy.

The block flow diagram and the schematic for firigcess are shown in Figure

5.2 and Figure B1 (APPENDIX B) respectively. Th8RPEN PLUS input file is shown

in APPENDIX A.
Sulfuric Acid Water
Oxygen | »
ia > . Distillation | Wastes
M Reactor “| Neutralizer Absorber Striper alies —_
Propylene l i l
Wastes Wastes Wastes
Acrylonitrile | Distillation | Distillation Distillation
Column Column Column
Water Wastes Wastes

Figure 5.2: Block Flow Diagram for the Base Caseyhanitrile Process

The production process can be divided into two igest namely propane
ammoxidation and acrylonitrile separation. In finepane ammoxidation step, ammonia,
propane and oxygen at 14 psia antiB@re fed to a mixer (M-301), which combines the
three streams into one stream. The mixture isteeR-301, a plug flow reactor (PFR).
The PFR is operated at 852 and 28.9 psia. Propylene and ammonia are cbadth

oxygen to produce acrylonitrile in the PFR. Altlgby acrylonitrile is synthesized as
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shown in Equation 5.1 in this reactor, several sebetions take place resulting in other
by products (acetonitrile, acrolein, carbon dioxidarbon monoxide and hydrogen
cyanide) as shown in Equations 5.1-5.6.The kinaiicthe reactions taking place in the

reactor is presented in Table 5.3 and the ratetaonare presented in Equation 5.8-5.13

CsHe +NH3 +3/2 Q@ —» GHsN + 3H,0 (5.1)
Propylene Ammonia Oxygen AcrylonitrileWater

CsHg + O, —p GH,O + H,O (5.2)
Propylene Acrolein

CsHg + NHz+ 9/4 G —» CHCN + % CO + % C@+ 3H,0 (5.3)
Acrylonitrile

CsHsO + NHs + %2 @ —p GH3N + 2H,0 (5.4)
CsHsN + 20, — CQ+ CO + HCN + HO (5.5)
CHsCN +3/2Q —p» CQ + HCN + HO (5.6)

After the reaction process, a sulfuric acid stredr@0° F and 14.7 psia is introduced and
sent along with the reacted mixture to another m{k302). Next the separation of
acrylonitrile from byproducts and the un-reacted maaterials occurs. First the mixture
is sent to a neutralizer (R-302), where ammoniatseaith sulfuric acid and ammonium
sulfate is produced as shown in Equation 5.7. Té@stion aids in the removal of un-
reacted ammonia. Next the steam exiting the néxgrals sent to a separator (T-301)
where the ammonium sulfate and sulfuric acid amarssged from the mixture as the
bottoms of the separator.

2 NH + H,SO, —» (NH4)2804 (57)

Ammonium Sulphate
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Table 5.3: Acrylonitrile Process Kinetic Data (Hepget al., 1993)

Reaction Number Activation Energy, E; Rate Constant, k; (sec™)
{cal/mol) at 662°F
l 19,000 0.40550
¥ 19000 0.00973
3 7.000 0.01744
4 7.000 6.81341
5 19,800 0.16222
(§] 7.000 0.07300

-1, = 1.57089E+05 ¢ 7"

£y = 3.768E+03 ¢ P00RT (5.8)
i = 1.99 7000 (5.9)
. = 780,07 ¢ TOORT (5.10)
r. = 1.08015E+05 & 17500%T (5.11)
1. = B.357 ¢ TO00RT (5.12)
RS (5.13)

The un-separated distillate stream is coolecavtaoler (E-301) to 40 psia and a
water stream operating at £6f and 20 F and are sent to an absorber (T-302), where
carbon monoxide, propylene and oxygen are separasethe distillate stream and
aqueous solution of acrylonitrile, acetonitrile amgldrocyanic acid are present in the
bottoms of the distillation column. The bottomsatn is heated by heat exchanger E-202
to 173 F and 15 psia. The heated stream is sent toppstr{T-303) where excess water
is removed from the nitrile mixture. The nitrile xhire is cooled to 126 F 14.7 psia by
heat exchanger E-303. The heated stream is sewbtdistillation columns (T-304 and
T-305) where waste hydrocyanic acid and acrolem @moved. Finally in the last
column (T-306), acrylonitrile is separated from taodérile. The schematic for this
process, the equipment specification and streammsugntables are presented in Figure

B1, Table B5 and Table B6 respectively in APPENEBX
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5.1.2 Social Sustainability Assessment of the Aamigtile Base Case

For social quantification of acrylonitrile procdssth health and safety aspects are
measured. For the safety assessment, the ope@mdjtions, chemicals present and
equipment present are selected in the input sedafothe software. Also, the mass
enthalpy is entered to estimate the heat of reactidex (Shadiya, 2010a).The result of
the safety assessment is presented in Table 5edovdrall total inherent safety index for
this process was around 90.The maximum overaltysafdex i.e. the worst case scenario
for any process is 126.
Table 5.4: Safety Assessment Results from the SUSARBILITY EVALUATOR for

the Base Case Acrylonitrile Process

Safety Assessment Results Maximym
Heat of main reaction index 8 8
Heat of side reaction index 6 8
Chemical interaction 8 8
Flammability index 8 8
Explosiveness index 6 8
Toxic Exposure Index 24 30
Corrosiveness index 4 6
Temperature index 6 8
Pressure index 2 8
inventory index 4 8
Equipment safety index,ISBL 4 8
Equipment safety index,OSBL 2 8
Safety Level of Process Structure index 8 10
Total Inherent Safety index 90 126

For health risk assessment, the physical and psokbagard index and health
hazard index both are measured based on the priamaryside reactions of the process.
The result of the health risk assessment is predeint Table 5.5. The overall total

inherent safety index for this process was aro8&l 2
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Table 5.5: Health Assessment Results from the SUSABILITY

EVALUATOR for the Base Case Acrylonitrile Process

Reaction Physical and Health hazard Maximum
No. process Index Occupational health value
hazard index Ipph Ihh index

1 16 14 34 63%
2 16 16 36 67%
3 16 12 32 59%
4 16 16 36 67%
5 16 16 36 67%
6 16 14 34 63%
7 12 12 28 52%

Total 236

Table 5.6: Disease Risk Assessment Results fromReteofitted SUSTAINABILITY

EVALUATOR for the Base Case Acrylonitrile Process

Impact Category Impact Valug  Chemicals Present
(Tonns/year)

Carcinogenic Risk 105.0516 Acrolein & Acrylonigil

Immune Sys. Damage 104.5743 Acrylonitrile

Skeletal System Damage 123.6061 Sulfuric Acid

Developmental Damage 3815.2679 Acrolein, Acetibajt

Acrylonitrile, Ammonia, Carbon
Dioxide &Carbon Monoxide

Reproductive System
Damage 4056.2843 Acetonitrile, Acrolein, Acrylite,
Ammonia, Carbon Dioxide, Carbon
Monoxide & Hydrogen Cyanide

Kidney Damage 104.5743 Acrylonitrile
Respiratory System
Damage 9654.0008 Acetonitrile, Acrolein, Acryliihe,

Ammonia, Carbon Dioxide, Carbon
Monoxide, Hydrogen Cyanide,
propylene, Sulfuric acid &
Ammonium Sulphate

Cardiovascular System
Damage 2198.7899 Acetonitrile, Acrolein, Acryloing,
Ammonia, Carbon Monoxide &
Hydrogen Cyanide

Endocrine System Damage 960.1273 Acrylonitrile
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Liver Damage 4395.6041 Acetonitrile, Acrolein,
Acrylonitrile, Ammonia, Hydrogen
Cyanide, Propylene, Sulfuric acid
& Ammonium Sulphate

Nervous System Damage 7349.07864 Acetonitrilepkeon,
Acrylonitrile, Ammonia, Carbon
Dioxide, Carbon Monoxide,
Hydrogen Cyanide & Ammonium
Sulphate

Sensory System Damage 1179.665 Acrolein, Acrylonitrile &
Ammonia

5.1.3 Acrylonitrile Base Case Sensitivity Analysis
To optimize the acrylonitrile process after bassecampacts have been measured,
we need to figure out the parameters that affextstected social metrics. Sensitivity
analysis was carried out using ASPEN PLUS withdperating conditions, variation of
inlet flow-rates and equipment configuration asdirect variables to study the effect on
acrylonitrile mass flow rate, propylene conversiamd total waste produced as the
dependent variable.
5.1.3.1 Effect of Varying Inlet Flow rates
Propylene, ammonia and oxygen are the key raw mbkemnvolved in the
manufacture of acrylonitrile. Literature data reecoemds using the following feed ratio
range (Venkataraman, 1996; Kanuri, 2000):
* Propylene / Ammonia: 1-2
= Oxygen / Propylene: 0.5-3
Since this was a range, it was therefore importarihvestigate how varying the feed
ratio affected acrylonitrile production rate antatavaste. The inlet feed flow rate were
varied as listed below:

=  Ammonia: 60 -120 Ibmole/hr
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= Oxygen: 60-180 Ibmole/hr

» Propylene: 60-120 Ibmole/hr
The total number of runs for this analysis was 1B8#& and the results of the 20 best
scenarios are presented in Table 5.7. These runs sedected because they had the
lowest waste production with threshold acrynlofetproduction of 46 Ibmol/hr and

threshold material value added value of $10M. Bé&st case scenario, case 1 has a total

waste of $1131.42 Ib-mol/hr.

Table 5.7: Results of Top 20 cases for Sensiti&iglysis of Varying Feed Ratio

Annual Oxygen/ propylene/
Ammonia| oxygen | propylene Total waste| Material propylene ammonia
flow rate | flowrate| flowrate thljtéz% feed ratio feed ratio
Ib-mol/hr mI(E)I/hr Ib-mol/hr | Ib-mol/hr $MM
65 125 105 1131.42 22.15 1.19 1.62
70 140 90 1387.80 23.61 1.56 1.29
65 125 75 1656.00 23.72 1.67 1.15
115 125 75 1798.91 13.02 1.67 0.65
120 125 75 1803.45 11.58 1.67 0.63
105 125 75 1816.54 15.90 1.67 0.71
110 125 75 1937.93 15.96 1.67 0.68
70 140 75 1949.77 25.19 1.87 1.07
120 140 75 2102.19 13.18 1.87 0.63
65 125 120 2137.69 22.42 1.04 1.85
70 140 120 2188.47 23.18 1.17 1.71
115 140 75 2193.51 15.07 1.87 0.65
75 130 70 2207.05 26.27 1.86 0.93
105 140 75 2234.72 18.08 1.87 0.71
100 140 75 2284.70 20.01 1.87 0.75
110 140 75 2326.09 18.12 1.87 0.68
95 140 75 2346.54 22.08 1.87 0.79

77




90 140 75 2371.37 24.38 1.87 0.83
70 140 105 2429.99 23.55 1.33 1.50
65 125 90 2439.21 22.89 1.39 1.38

5.1.3.2 Effect of Varying Plug Flow Reactor Tempera

The reactor temperature was studied to investigate variations of it affected
propylene conversion and acrylonitrile productiorhe higher the conversion, the lower
waste produced and the higher the acrylonitrilelpation value would be. According to
literature, typical reactor temperature range lier éacrylonitrile process ranges from 600-
111%F (Kanuri, 2000). Therefore, the reactor tempeeatuas varied at that range as
shown in Figure 5.3. As the reactor temperaturevdaged, propylene conversion
increases as well as acrylonitrile formation. Hoare\after 860F, the increase in both
parameters comes to a halt, there by resultinghen donclusion that the optimum
temperature range is from 800-860where a maximum conversion of 74.5% is attained.
5.1.3.3 Effects of Varying Plug Flow Reactor Ptess

The reactor pressure was studied to investigate wamations of it affected
propylene conversion. According to literature, tgbdi reactor pressure range for the
acrylonitrile production process ranges from 5-4fap(Venkataraman, 1996; Kanuri,
2000). Therefore, the reactor pressure was vati#itat range as shown in Figure 5.4.

As the reactor pressure is varied, it can be caleduhat conversion of propylene
to acrylonitrile increases. However, 15 psia i tecommended operating pressure as a

maximum conversion of 74% was attained.

78



Reactor Temperature vs Conversion
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Figure 5.3: Effect of Plug Flow Reactor TemperatmmeConversion
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Figure 5.4: Effect of Plug flow Reactor PressuneGmnversion
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5.1.3.4 Effect of Varying Plug Flow Reactor Lengtid Diameter on Conversion

The reactor length is varied from 3-30ft as shownFigure 6.18. At first,
conversion increases from 32-74.5% the length reddrom 0 -18ft but after 12ft, the
conversion remains constant even when the lengticisased. The reactor diameter is
also varied from 0.2-3ft. As shown in Figure 6.H8, reactor diameter is increased

conversion increases until 2.2 ft where the maxincamversion is attained.

Reactor length vs conversion
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Figure 5.5: Effect of Plug Flow Reactor Length oon@ersion
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Figure 5.6: Effect of Varying Plug Flow Reactor Bieter on Conversion
5.1.3.5 Effect of Varying Stripper Feed Tray (T-330

The objective of the stripper is to remove watemfrthe by-products while
ensuring that there is almost complete recoveryaa¥lonitrile. The feed stage was
noticed to impact this objective. The stripper Bsstages, thus in order to determine the
optimum feed stage, it is varied from 2-30. Aswhon Figure 5.7, the ideal feed stage
was found to be feed stage of 10 with a water rexhiow rate of 329 Ibmole/hr and

acrylonitrile recovery of 99.2%.
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Figure 5.7: Effect of Varying Feed Stage on WatemRval and Acrylonitrile Recovery
5.1.3.6 Effect of Varying Absorber Reflux Ratio (382)

The absorber separates the gases from the ligomupts. The absorber reflux
ratio was varied from 2 -4 to determine if it hadedfect on acrylonitrile recovery. It was
noted that it not have an effect on acrylonitrégeavery but it did have an effect on the
condenser and re-boiler duty as shown in Figurd.Bt® lower the reflux ratio, the
lower the condenser and re-boiler duty. Hence gtenum re-boiler duty and condenser

duty have optimum values at a reflux ratio of 3.
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Figure 5.8: Effect of Absorber Reflux Ratio on Cender and Re-boiler Duty
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5.1.3.7 Reconfiguration

The first step of reconfiguration was to invesateyif some of the waste streams
could be converted to recycle streams so thatlitimirease acrylonitrile production as
well as reduce the health and safety impacts bynmmuimg waste streams. To aid this
objective (Shadiya 2010a), two distillation columau® incorporated into the process.
The distillate stream leaving the absorber whichtaims carbon dioxide, carbon
monoxide, propylene and hydrogen cyanide are setwa distillation columns, T-307
and T-308. T-307 separates carbon monoxide afmwbeatioxide from the mixture. The
bottom stream is sent to T-308 where the recovepyapylene takes place and hydrogen
cyanide is also separated. The recovered propyterecycled back to reactor (R-301).
This distillation column (T-307) recovers some lo¢ tun-reacted propylene. Since HCN
is being recovered in T-307, one of the earlier H&&parator columns, T-304 is
eliminated. Since water is being produced in thecess, water recovered from the
stripper (T-303) is recycled back to the absorthenieating the need for process stream

6. The modified process is presented in the blamk tiagram shown in Figure 5.9.

83



Wastes Wastes

I 1

Propylene
o Distillation |_ Distillation
Column Column
Sulfuric Acid Water
Oxygen o l "
> Distillation astes
M Reactor | Meutralizer *|  Absorber Striper [——* Colurnn —_
Propylene l )
Wastes Wastes
Acrylonitrile | Distillation Distillation Distillation
—_—
Column Column c':'lImﬂ
Water Wastes Wastes

Figure 5.9: Block Flow Diagram of the Reconfigur@drylonitrile Process (Shadiya
2010a)
5.1.4 Optimization of the Base Case Acrylonitrile

The key goal in this step is to maximize acrylal@tproduction while minimizing
waste (kg/yr). The waste streams as shown in EiQu2 (Appendix C) include stream 5,
14, 19 and 23. Thus total waste is presented wmfi@n 5.15. Thus the optimization
equations for this problem are shown below are riest in Equation 5.14-5.19The
process is optimized based on the different rasges/n in Table 5.8.
Profit = Product Revenue + By-product Revenue -w(Rkaterial Cost
+ Waste Treatment Cost + Operating Cost +Annual@apital Cost) (5.14)
Total Waste= Mass Flow Rates of Stream 9+ Mass Hates of Stream 14
+ Mass Flow Rates of Stream 23+ Mass Flow Rat&rem 24 (5.15)
Maximize acrylonitrile production, Minimize Waste
Subject to the following constraints:

Operating Temperaturé00C (5.16)

Operating Pressure25 bar (5.17)
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Waste Streams 4

Conversiorr 60%

(5.18)

Table 5.8: Variables used in the Optimization & &crylonitrile Process

Variable Description

Base Case Value

OptimizaRamge

Feed Flow Rate

NHs= 85 Ibmole/hr
0O, =129 Ibmole/hr
C;Hg = 85 Ibmole/hr

NHs;= 60-90 Ibmole/hr
O,= 120-140 Ibmole/hr
C;sHg= 75-90 Ibmole/hr

PFR Reactor Temperature 852° F 800-1112° F
PFR Reactor Pressure 15 psia 10-45 psia
PFR Diameter 1.08ft 1-2ft
PFR Length 19ft 8-20ft
PFR Number of Tubes 17 10-20
H,SO, flow rate 11.20 Ibmole/hr 1-60 Ibmole/hr
T-302 (Absorber) Reflux Ratio 4 1-10
T-302 (Absorber) Feed Stage 15 2-14
T-302 (Absorber) Bottoms to Feed 0.85 0.75-0.85
Ratio

T-303 (Stripper) Reflux Ratio 7 1-10
T-303 (Stripper) Distillate to Feed 0.17 0.10-0.20
Ratio

T-303 (Stripper) Feed Stage 10 2-28
T-305 (Separator) Feed Stage 11 2-11
T-305 (Separator) Reflux Ratio 4 2-10
T-305 (Separator) Distillate to Feed 0.0015 0.005-
Ratio

T-306 (Separator) Distillate to Feed 0.78 0.7-0.9
Ratio

T-306 (Separator) Reflux Ratio 4 1-5
T-306 (Separator) Feed Stage 15 2-34

The modified optimized acrylonitrile process isg@eted in the schematic shown

in Figure C.3. The stream summary and the equiprspacification table for the
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optimized acrylonitrile process are presented ibld&, 9 and Table C.10 respectively in
APPENDIX C.
5.1.5 Social Sustainability Assessment of the Oatich Acrylonitrile Process

The optimization of the acrylonitrile process résdlin the changes presented in
Table 6.31. The first key change was the redudtioraw material flow rate. This was
possible because some of un-reacted raw matersak@cycled back to reactor (R-301).
Another important change was the fact that acryida@iproduction increased from 43 Ib
-mole/hr to 46.3 Ib-mole/hr. The optimization dfet acrylonitrile process led to an
increase in acrylonitrile productions of 9% whilaste reduction to 43%.

Table 5.9: Key Differences between the Base anihtiyed Acrylonitrile Processes

Major Change Base Case Value Optimized Value
Ammonia = 85 Ibmole/hf Ammonia = 67 Ibmole/hr
Feed Flow Rate Oxygen =129 Ibmole/hr  Oxygen = 129 Ibmole/hr
Propylene = 85 Ibmole/hr Propylene = 66 lbmole/hr
Sulfuric Acid 11 Ibmole/hr 2.097 Ibmole/hr
0 2 (propylene to the reactdr
Number of Recycle Streams| and water to the absorbey)
Acrylonitrile Production 42.62 Ib-mole/hr 46.32nole/hr
Stream Elimination N/A Water Stream Elimination
Waste 1.65 E+07 Ib/year 9.44 E+06 Ib/year
Total Inherent Safety index 90 83
Occupational health risk
index 236 222
Disease risk reduction N/A 46%

The safety of the optimized acrylonitrile procesaswevaluated and compared
with the base case. As shown in Table 5.10, tbalte of the optimized acrylonitrile
process shows that there are small changes in Ibvenarent safety index. It was

difficult to really improve safety impact valuesda@se most of the other impact values
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are based on the chemicals present in the procebsha operating temperature and
pressure (Shadiya, 2010a). Chemical interacti@sssimed to be improved to the extent
that the chance of explosion has been reduced ltdblsotoxic exposure by taking

necessary safety steps in the optimized procegsntary is also assumed to be improved

due to recycling in the optimized process.

Table 5.10: Summary of Results of Safety Metrics fbe Base and Optimized

Acrylonitrile Processes

Inherent safety Metrics moex
ase max valug optimized | max value

Heat of main reaction index 8 100% 8 100%
Heat of side reaction index 6 75% 6 75%
Chemical interaction 8 100% 2 25%
Flammability index 8 100% 8 100%
Explosiveness index 6 75% 6 75%
Toxic Exposure Index 24 80% 24 80%
Corrosiveness index 4 50% 4 50%
Temperature index 6 75% 6 75%
Pressure index 2 25% 2 25%
inventory index 4 50% 3 38%
Equipment safety index,ISBL 4 50% 4 50%
Equipment safety index,OSBL 2 25% 2 25%
Safety Level of Process Structure index 8 80% 8 80%

Total Inherent Safety index 90 83

For occupational health index evaluation all theimmand side reactions was

considered. As shown in Figure 5.10, percentagma{ health hazards were decreased
due to all the reactions’ chemicals exposure p@kanhd operating conditions hazards
are improved in optimized conditions. Overall ocatipnal health index was decreased
from 236 to 232.The average toxic exposure impatiievalso decreased by 66% for all

the reactions.
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Figure 5.10: Comparison of Occupational Health Asseent for the Base and Optimized

Acrylonitrile Process
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Table 5.11: Summary of Results of Health Metrics tbe Base and Optimized

Acrylonitrile Processes

O

I_—Iealth physical anq proces . _ith hazard inde Occupational health index
index hazard index Max value
Reaction
No. base | optimized| base | optimized| base | optimized base optimize
1 16 16 14 14 34 32 63% 59%
2 16 16 16 16 36 34 67% 63%
3 16 16 12 12 32 30 59% 56%
4 16 16 16 16 36 34 67% 63%
5 16 16 16 16 36 34 67% 63%
6 16 16 14 14 34 32 63% 59%
7 12 12 12 12 28 26 52% 48%
Total 236 222

Table 5.12: Percent Reduction of the Toxic Exposumgact of the

Acrylonitrile Optimized Case relative to the Basas€

Toxic Exposure impact value
tonnes/yr

base optimized decrease
174.29 24.11 86%

1.19 0.012 99%

4.61 2.89 37%
174.29 24.11 86%
174.29 24.11 86%
1600.21 1463.24 9%
58.91 23.16 61%

Average decrease 66%

The disease impact of the optimized acrylonitritegess is also evaluated and

compared with the base case and this is present&igure 5.11. From the figure, in

general the disease risk for the optimized cadewsr compared to the base case. An

assessment was completed to determine the persndtion for each individual disease
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impact. As shown in Table 5.13, the percent radnds highest for carcinogenic health
risk (86%), immune system damage (86%), kidney dpm@6%) and skeletal system
damage (90%) and an average risk reduction (46%ause of improved recovery of

acrylonitrile, reduction in sulfuric acid wastesvesll as propylene wastes.

Disease impacts: smaller impact value denotesriszitsal
sustainability
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Figure 5.11: Comparison of Disease Risk Impactesssient the Base and Optimized

Acrylonitrile Process
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Table 5.13: Percent Reduction of the Disease Rmatt of the

Acrylonitrile Optimized Case relative to the Basas€

impact value Tonnes/yr

Disease risk evaluation base | optimized | %decreas
Carcinogenic Risk 105.0516| 14.473574| 86%
Immune System Damage | 104.5744| 14.468893 86%
Skeletal System Damage | 123.6061| 12.044658  90%
Developmental Damage | 3815.268| 3357.4123 12%
Reproductive System Damag| 4056.284| 3569.6852] 12%
Kidney Damage 104.5744| 14.468893 86%
Respiratory System Damage 9654.001| 5313.7899 45%
Cardiovascular System Dama( 2198.79 | 1913.5037] 13%
Endocrine System Damage | 960.1274| 877.9471 9%
Liver Damage 4395.604| 2204.5575 50%
Nervous System Damage | 7349.079| 4866.1946 34%
Sensory System Damage | 1179.665| 903.89463 23%

Average decease 46%

5.1.6 Summary
The optimized acrylonitrile process differed frohetbase case because the following
changes were made to the process:

» Addition of two distillation columns to aid in threcycle of propylene back to the
reactor (R-301)

» Recycling water from the stripper (T-303) which eddin the elimination of
process stream 13. The amount of sulfuric acidiregqient was also reduced in
optimized case.

» Optimization of operating conditions
The optimized acrylonitrile process has a safetpaiot of 83 compared to the

base case which has a value of 90. The optimiaed is reconfigured from the base case

so that risk of worst chemical interactions duérand explosion or contact with strong
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acids or bases is minimized. The recycling alsaiced the inventory index compared to
the base case.

In terms of health concerns, the optimized acnyfibe case has a lower health
risk compared to the base case. Due to improveroemhe exposure potential and
process operating conditions the health risk indas been reduced and toxic exposure
impact has been reduced by 66% in the optimize@ casnpared to the base case.
Disease risk impact has been reduced on an avefa#®o due to fewer inventories and
less waste generation in the optimized case.

Based on the results obtained from the retrofitt8&)STAINABLITY
EVALUATOR, it can be concluded that optimized aomjtrile process is a more
socially sustainable compared to the base caseaibedais more acceptable compared to

the other option from both inherent safety and pational health impacts.

5.2 Case Study: Dimethyl Ether Production Processes
The Retrofitted SUSTAINABILITY EVALUATOR can be udeto compare two

process options. This was demonstrated using thnetDyl Ether (DME) process case
study. In this case study, there are two altereatavailable for producing DME. These
are via dehydration of methanol and via natural gaghis section the following are
discussed:

= A short description of the two DME Processes

» Social sustainability quantification of the two [EMProcesses

» Selection of the more socially sustainable DME Bssc
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5.2.1 Brief Description of the DME Production Prsse

DME is an organic compound with the formula {LHCHs. It is a colorless gas
that is used as a propellant , refrigerent and aglaadditive for diesel engines.It also
acts as a precursor to produce dimethyl sulphaty @oderate modification is needed
to convert a diesel engine to burn DME. The sinigliof this short carbon chain
compound leads during combustion to very low eraissiof particulate matter, oxides of
nitrogen and carbon monoxide. It is highly flamnealtlut considered nontoxic. The

physical properties for DME are illustrated in Tell

Table 5.14: Physical Properties of Dimethyl Etiengdiya, 2010a)

Property Value
Boiling Point (C) -23.6
Freezing PoinfC) -141.5
Solubility in water, 20C, g/L 71
Liquid Density, g/L 1.97
Molar Mass, g/mol 46.07

Recently, because of its clean burning nature, raéseholars have proposed
DME as an alternative fuel for diesel engines,@etngines and gas turbines (Horstman
et al., 2005; Semelsberger et al., 2006; Arcoumeina., 2008; Savadkouhi et al., 2010).
It could be used as fuel for transportation, pogenreration, cooking heating etc. (Ogawa
et al., 2004). In China and Japan, DME is alreagindp considered as a fuel because of
the abundance of coal (Ogawa et al., 2004; Harh,e2@09). DME can be produced by
two chemistry pathways namely: DME production védoydration of methanol and DME

production via natural gas.
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5.2.1.1 DME Production via Dehydration of Metha(®ption 1)

In this pathway, DME is produced by the catalgtxidation of methanol to form
DME and water as shown in Equation 5.20 below @rmrét al., 2009). The block
diagram and the schematic of the process are showigure 5.12 and Figure 5.13
respectively.

2 CH;OH — (CHg),0 + H,O (5.20)

This process is simulated in ASPEN PLUS versionT®é Universal Functional Activity
Coefficient (UNIFAC) is used as thermodynamic papgkabecause it predicts the
properties of non-ideal mixtures well and it wasammended in literature (Jonasson et

al., 1995; Kleiber, 1995). The input file for thgmulated process is available in

APPENDIX B.
Methanaol
DRAE
#+
DME
Watar
Methanal
Distillation
—~—— = | Reactor o
Methanal Column
Water
Mathamna! Distillation
e

Column

|

Wastes

Figure 5.12: Block Diagram of DME Production viatydration of Methanol (Shadiya
2010a)

Methanol (Stream “Feed”) with 99.5% purity at@%and 1 bar is fed as a liquid
stream and pumped by P-201 at 25 bars and combiitadanother methanol recycle

stream (Stream “Recylcle”) as shown in Figure 513 combined streams are sent to
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two heat exchanger E-201 and E-202 where it iselletat 154C and 220C respectively
before being sent to a reactor. The exothermidigrataking place is the reactor (R-201)
results in 80% conversion of methanol to DME. TPheducts exiting the reactor steam
are heated to 36€. This exiting stream is cooled down by two co®lEr203 and E-204
to a temperature of 27& and 100°C respectively, and throttled to 13.4 bar. This
throttled steam is sent to the first distillatioollonn (T-101) where the product DME
(stream “DME”) is separated from the other compasienNext the other components
(stream S10) are sent to another distillation col§it102) where methanol (stream S13)
and water (Stream S12) are separated. The ASPENSRcHematic for this process is
show in Figure 5.13. The stream summary and ecgmmprepecification tables for this

process are presented in Table B2 and Table BPIRENDIX B respectively.
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5.2.1.2 DME Production via Natural Gas (Option 2)

DME production via natural gas is simulated in ASPELUS version8.1, using
UNIFAC, the same thermodynamic package as the qus\woption.

The block flow diagram and schematic for this psscare shown in Figure
5.14 and Figure 5.15 respectively. The input file the simulated process is
available in APPENDIX A. In this approach, DME isoduced by the following
steps: steam reforming, methanol synthesis and BiiEhesis in three isothermal

reactors (Horstman et al., 2005).

Carbon Monoxide

Hydrzen
Kethanol o earten
Compressor Reactor Separator
Maethanol
Carbon Mo noxds Carbon Monoxide
Hydrogen Hydrogen :
Matursl Gas it
3 Wber Reactor
s Reactor 2 Separator
ol DMIE
Water
- Distillation
Wastes L

Column

l

Wmskes

Figure 5.14: Block Diagram of DME Production viatial Gas

In the steam reforming step, methane (stream “MENHA with 87.5% purity
at 35C and 1 atm is heated by E-301 to &D(stream 3) as shown in Figure 5.14.
Water (stream “WATER”) at 3& and latm is also heated by E-302 to°80(tream
4). Stream 3 and 4 are fed into reactor (R-301)revinatural gas is reacted with steam
over nickel or magnesium oxide acting as catalys{groduce synthesis gas (Stream 5)

as shown in Equation 5.21.
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CH,4 + H,0 — CO + 34 (5.21)
methane

The reaction results in a 96.6% conversion of nrettia synthesis gas. The
synthesis gas is cooled t0°85by E-303 and then sent to a separator to renxsess
water (stream 7). The separated synthesis gaa(®®8¢is sent to a compressor where
the pressure is increased from atmospheric pressdi@ atm (stream 9). Next, this
stream is sent to a cooler to cool the stream Bdd’C to 240°C before being sent to
another reactor (R-302).

In this step, methanol is synthesized by reactarp@n monoxide and hydrogen

with the aid of carbon dioxide on alumina suppsrshown in Equation 5.22.

CO +2H — CH;OH (5.22)
methanol
The reaction results in a 75.5% conversion of canmmnoxide to methanol.
Next the synthesized stream (stream 11) is comgaeskortly before being sent to
separator (T-302) where methanol is separated fr@mrsyngas mixture. The syngas
(stream 14) is heated from 20 to 240°C shortly before it is sent to the last reactor.

Lastly, the methanol is dehydrated in reactor (B}3@ produce DME as shown in

Equation 5.23.

2CH;OH — CH;0CH; + H,O (5.23)
Methanol DME

The reaction results in a 91% conversion of methamdME. The DME mixture is
compressed to a lower pressure and sent to distillacolumn (T-303). The mixture

(stream S3) is also separated into two streamsastewstream (Stream S5) and a DME
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stream (Stream “DME”). The schematic of this precesshown in Figure 5.15. The
equipment specification table and stream summdalg ti@r this process are presented in
Table B3 and Table B4 respectively in Appendix B.
5.2.2 Social Sustainability Evaluation of the DMB@uction Processes

The two DME base cases were simulated on ASPEN Phu& set to a
production rate of 129.70 kmol/hr and a purity 828 (Shadiya 2010a). The two cases
were quantified for social sustainability evaluati®ocial impact can be categorized into
total inherent occupational health impact and totdlerent safety risk. The safety
assessments of the two processes are comparddishown in the table 5.15, DME via
methanol has a process safety index of 52 while DAdEnatural gas has a safety index
of 84. As depicted in Fig 5.16, safety risk is mless for DME from methanol than the
same from natural gas.

Table 5.15: Results of Safety Metrics from the SBEABILITY EVALUATOR for
the two DME Options

: Index
Inherent Safety Index MeOH | max value NG max value

Heat of main reaction index 0 0% 2 25%
Heat of side reaction index 0 0% 4 50%
Chemical interaction 2 25% 8 100%
Flammability index 8 100% 8 100%
Explosiveness index 4 50% 6 75%
Toxic Exposure Index 12 40% 16 53%
Corrosiveness index 4 50% 4 50%
Temperature index 6 75% 8 100%
Pressure index 2 25% 6 75%
inventory index 4 50% 6 75%
Equipment safety index,|SBL 4 50% 6 75%
Equipment safety index,OSBL 2 25% 6 75%
Safety Level of Process Structure ind 4 40% 4 40%

Total Inherent Safety index 52 84
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Figure 5.16: Results of Inherent Safety Risk Assest from the SUSTAINABILITY
EVALUATOR for the two DME Options

Health risk assessment was also carried out fon bot chemistries of DME

processes. As depicted in Table 5.16 the occuptlweralth index for DME from MeOH
and from NG are 26 and 222 respectively.
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5.16: Results of the Occupational Health Indexesfthe SUSTAINABILITY

EVALUATOR for the Two DME Options

Health physical an'd process Health hazard index Occupational health index
index hazard index Max value
Reaction No.| MeOH NG MeOH NG MeOH NG MeOH NG
1 16 18 8 12 26 34 48% 63%
2 20 12 36 67%
3 20 10 34 63%
Total 26 222

The result of the disease impact assessment istddgn Figure 5.17 and Table

5.17. As shown in the figure, for both optionsg timajor disease risks from potential

chemical exposure include developmental damageijradsry system damage, nervous

system damage and liver damage. DME producti

onnaiairal gas has an additional

health risk which is reproductive system damages Glemicals resulting in this health

risk are summarized in Table 5.17.

Table 5.17: Summary of Chemicals Contributing tedaise Risks for the Two DME

Options
impact value Tonnes/yy DME via DME via NG
Disease risk evaluation | MeOH NG MeOH
Developmental Damage | 103.041| 10943.034 CH;OH CH;0OH,CO
Reproductive System Damag 0 4246.69 None CO
Respiratory System Damagq 103.041| 10589.303 CH;OH CH3;0OH,CO,CH,, C,Hg,CsHg
Liver Damage 103.041| 3865.217 CH;OH CHsOH
Nervous System Damage | 103.041| 4469.155 CH,OH CH;0H,GHg,C4H g
Sensory System Damage | 103.041| 3865.217 CH3O0H CH3O0H
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Disease impact:lower value denotes better socshmability
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Figure 5.17: Results of Disease Impacts Assessrfrent the SUSTAINABILITY
EVALUATOR for the two DME Options

5.2.3 Selection of More Socially Sustainable DME Production Process

In terms of social concerns, DME via methanol deaydn is more socially
acceptable compared to via natural gas becausrimer had a lower inherent safety
and inherent occupational health impdban the later. The results for safety risk
evaluation as shown in Table 5.15, illustrates BIE production via methanol has a
process safety index of 52 and is thus a safereggocompared to DME production via
natural gas which has a process safety index off8ME production via natural gas has
a higher process safety index value due to the mxoéhermic reactions taking place in

the process, more toxic chemicals, higher processpérature and the presence of
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compressors and high hazard reactors (Shadiya,a20Ihe results for health risk
evaluation as shown in Table 5.16, illustrates &IE production via methanol has a
process safety index of 26 and is thus a safereggocompared to DME production via
natural gas which has a process safety index of 2B higher index value for DME
production via natural gas is due to more reacstaps, high exposure potential for
chemicals and high acute and chronic toxicity ¢feé&s shown in Figure 5.17, DME
production via natural gas (option 2) has a highsease risk from the following impact
categories: developmental damage, respiratory mystamage, and liver damage,
reproductive system damage, nervous system darsaggeory system damage compared

to DME production via methanol.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

of processes at early design stages. In acrylengrocess study, this methodology was
aimed at quantifying the social dimension and thased on the results of retrofitted
SUSTAINABILITY EVALUATOR, optimizing the process toeduce waste generation
maximizing desired chemical production while pramains above a certain limit. In
DME production study, this methodology tests thepliapbility of the retrofitted
SUSTAINABILITY EVALUATOR with two different chemigies to assist the decision

maker determine the superior socially adoptablerrditive.The methodology discussed

by this author as summarized in Table 6.1.

Table 6.1: Summary of the Proposed Methodology

In this work a methodology was developed to evaluatthe social sustainability

Steps Description Tool(s)
1 Base Case Process Modeling: The process is dedula ASPEN
based on design specification or literature data PLUS

available and mass and energy balances are cadul

At
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Impact Assessment of the Process: In this step

feed, product and waste streams are identified

t Retrofitted

SWSTAINABILITY

impact assessment is completed. The social imdactsW¥ALUATOR and

the simulated process is quantified using the nneal

SUSTAINABILITY EVALUATOR.

f ASPEN PLUS

Sensitivity Analysis: The objective of this stepto

identify parameters that affect the social dimemsb

a chemical process. The goal is to identify paranse

such parameters include varying operating condsti

trying a different type of equipment and proc

configuration that improve production and redl

waste formation.

ASPEN PLUS

2t

2SS

ice

Optimization of the Process: Once the procesdbbeas
reconfigured and parameters have been identiffesl
next step is to optimize the process for so
sustainability. The goal of the optimization is
maximize production and minimizing wastes with

minimum threshold profit value.

ASPEN PLUS
Lt
cial
to

a

Impact Assessment of the Optimized Process: Alfie
process has been optimized it is important to atal
the process for the inherent safety and inhe

occupational health sustainability and compare

r Retrofitted
USUSTAINABILITY
renEVALUATOR

the
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improvements made to the optimized process to| the
base case. The value of individual social catedory
the optimized case should be lower than that of| the

base case.

6 | Accept Design: If the sustainability index andpant| Decision maker’s
values for all categories of social dimension aredr judgment
than the base case and the process is economig |valu

remains above the threshold value, the decisioremak

can accept the design. Otherwise the repetitioth®f

optimization step is carried out.

In this thesis an inherent safety index for evahgatnherent safety proposed by
Heikkila (1999) in early process design stage waspted. The inherent safety of a
process index was divided into the Chemical Inhef@afety Index and the Process
Inherent Safety Index. The Chemical Inherent Salfetiex describes the inherent safety
of chemicals in the process. The affecting factordhe Chemical Inherent Safety Index
are the heat of the main reaction and the maximeat lbof possible side reactions,
flammability, explosiveness, toxicity, corrosiveseand the interaction of substances
present in the process. The Process Inherent Sdfgribes maximum inventory,
maximum process temperature and pressure, safeggupment for both ISBL and

OSBL and the safety of process structure.
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Inherent occupational health is the measuremeataipational health hazards to
the employees by the use of chemicals, processtammsland operating procedures. The
Inherent Occupational Health Index presented is thsearch has been adopted from
Hassim and Hurme (2010) and Shadiya (2010a). Thaanehosen are tailored for the
information available in the early design stage elgnprocess conditions and health and
disease risk potential of chemicals. The subindexesas follows: mode of process,
temperature, pressure and chemical’'s material ,stati@tility, corrosiveness, toxicity
threshold limit value, and R-phrase. There are wevalisease risk subindixes are also

incorporated which includes both carcinogenic am-carcinogenic disease risks.

The novel contribution of this research is thajuantifies both the inherent safety
and inherent occupational health for processeseas@ame time based on the information
available at the early design stagBustainability impacts for both inherent safetyl an
inherent occupational health were incorporated tht retrofitted SUSTAINABILITY
EVALUATOR. This aids the engineer in having a quiative number to use in deciding
the sustainability impact of a process for safetg &ealth. It important to note that
economic and environmental sustainability are hetdirect concerns of this research but
the methodology proposed here may easily amalgamwith the other two dimensions
of sustainability for any future research. The igtpassessment tool is also useful in
comparing processes and selecting the best ofttos.has been demonstrated using the
dimethyl ether (DME) and acrylonitrile processesthhe DME case study, two options
with different chemistries were evaluated and tresinsustainable option was selected.
In the acrylonitrile process, a sensitivity anaysias first completed to detect parameters

that affect the social sustainability of the prace®nce the parameters have been
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selected, the processes are optimized with ASPENSPINext the optimized cases are
evaluated and compared with their base cases tisengetrofitted SUSTAINABILITY

EVALUATOR.

The retrofitted SUSTAINABILITY EVALUATOR was usedotcompare two
DME options that differed by reaction pathway amgdipment configuration. DME can
be manufactured via methanol or via natural gaseBan the lower social sustainable
impact obtained from the tool, DME production vigthranol dehydration is the more
sustainable production option. The lower impactigabf safety and health for DME via
methanol was a result of the fact that DME via raath dehydration had a more efficient
reaction process, was safer as less toxic chemécalsless hazardous equipment were

present in the process and less wastes were gethénghe process.

The overall methodology presented in Table 1.1 wasonstrated on the
acrylonitrile process. The base case acrylonitptecess had several waste streams
causing health risks. The acrylonitrile process wpmized to maximize profit and
minimizing wastes while profit being above a th@dhvalue of $10M- after identifying
parameters that affected the sustainability of ghecess. The optimized acrylonitrile
process differed from the base case because tlmvilo changes were made to the
process: addition of separation equipment to recoa@ materials, addition of water
recycling stream, reduction of raw material usedl asptimization of operating
conditions. The improvements made to the optimaaglonitrile process led to a lower

health and safety impact values.
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In a nutshell, this work is significant becauseoaal framework that incorporates
the quantification of both health and safety -twe faspects of social sustainability into
early stages of chemical process design was dex@ldphis framework involved the use
of the retrofitted SUSTAINABILITY EVALUATOR, a modied impact assessment tool.
This impact assessment tool, originally developgdhadiya (2010a) and modified in
this research exclusively for sense making of heatid safety metrics, has aided the
engineer in identifying and evaluating social simsthility concerns during early stages
of chemical process design. The tool is useful anmng multiple processes and selecting
the most sustainable option. Also it could be useldandle single and multiple objective
optimization problems. The proposed methodology alses ASPEN PLUS to simulate
processes, calculate mass and energy balancesletersgnsitivity analysis and optimize
processes for sustainability. Lastly individualtsurgability impact for both the health and
safety was developed to quantitatively identifygass improvements and select the most
sustainable process options.

6.2 Future Work

While this methodology would be helpful in evalng process’ social
sustainability, it could be improved upon. The fetuesearch work to be considered for

the future are:

= Construct a multi-objective optimization methodotop amalgam economics,
environmental with the social dimensions as objestiand their metrics as

constraints.
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Figure out a more robust and effective way of enterinputs for the
SUSTAINABILITY EVALUATOR from Aspen Plus e.g. linkig the tool with
Aspen Plus using visual basic for applications.

Validate both the health and safety impacts fohlobtemistries using another tool
and compare the results obtained from this study.

Develop a rigorous model for the kinetics of DMEoguctions. Instead of
comparing only the base cases both the alternasiiesld be optimized based
upon the results of sensitivity analysis and thendptimized processes should be
compared for social sustainability.

Classify disease risks into chronic versus acutesk. Other approaches could
include evaluating the toxicology of chemicals anlhssifying them into
carcinogenic, mutagenic and reprotoxic. The clasgibn of non-carcinogens
could also be explored by using information sucimbalation and oral reference
concentrations as well as oral slope factors, aral inhalation unit risks to
classify carcinogens (Shadiya, 2010a).

Improve the index system by additional social msetsuch as land and water
impact to plant location, employee welfare, jobus#yg etc. In the inherent safety
measurement intermediate streams should also b&deoed as integral safety

issue.
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APPENDIX A: INPUT FILE FOR THE FOLLOWING CASE STUEIS: DIMETHYL

ETHER AND ACRYLONITRILE
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DIMETHYL ETHER VIA DEHYDRATION OF METHANOL INPUT FLE

DYNAMICS
DYNAMICS RESULTS=0ON
TITLE 'DME SIMULATION CASE A’
IN-UNITS Sl
DEF-STREAMS CONVEN ALL
SIM-OPTIONS MASS-BAL-CHE=YES OLD-DATABANK=YES
MODEL-OPTION

DATABANKS PURE28 / AQUEOUS / SOLIDS /INORGANIQ &
NOASPENPCD

PROP-SOURCES PURE28 / AQUEOUS / SOLIDS / INORGEN

COMPONENTS
METHANOL CH40 /
WATER H20 /
DIMET-01 C2H60-1

SOLVE
RUN-MODE MODE=SIM

FLOWSHEET
BLOCK B1 IN=FEED OUT=S2
BLOCK B2 IN=S2 RECYCLE OUT=S3
BLOCK B3 IN=S3 OUT=S4
BLOCK B4 IN=S4 OUT=S5
BLOCK B5 IN=S5 OUT=S6
BLOCK B6 IN=S6 OUT=S7
BLOCK B7 IN=S7 OUT=S8
BLOCK B8 IN=S8 OUT=S9
BLOCK B9 IN=S9 OUT=DME S10
BLOCK B10 IN=S10 OUT=S13 S12
BLOCK B12 IN=PURGE S12 OUT=S16
BLOCK B13 IN=S13 OUT=RECYCLE PURGE

PROPERTIES NRTL-RK
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PROP-DATA NRTL-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA=T
PDROP=bar &
INVERSE-PRES="1/bar"
PROP-LIST NRTL
BPVAL METHANOL WATER -2.626000000 828.3871000
.3000000000 &
0.0 0.0 0.0 24.99000000 188.3000000
BPVAL WATER METHANOL 4.824100000 -1329.543500
.3000000000 &
0.0 0.0 0.0 24.99000000 188.3000000
BPVAL METHANOL DIMET-01 -1.271500000 480.918400
.3000000000 &
0.0 0.0 0.0 60.00000000 120.0000000
BPVAL DIMET-01 METHANOL 2.452600000 -541.881100
.3000000000 &
0.0 0.0 0.0 60.00000000 120.0000000

STREAM FEED
SUBSTREAM MIXED TEMP=298.1500000 PRES=1.00000865
MOLE-FLOW METHANOL .0721388888 /| WATER 6.944444E-4

BLOCK B2 MIXER
PARAM

BLOCK B12 MIXER
PARAM

BLOCK B13 FSPLIT
FRAC RECYCLE 0.992

BLOCK B3 HEATER
PARAM TEMP=427.1500000 PRES=1.51000000E+6

BLOCK B4 HEATER
PARAM TEMP=493.1500000 PRES=1.47000000E+6

BLOCK B6 HEATER
PARAM TEMP=551.1500000 PRES=1.38000000E+6

BLOCK B7 HEATER
PARAM TEMP=373.1500000 PRES=1.34000000E+6

BLOCK B9 RADFRAC

PARAM NSTAGE=22 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE
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COL-CONFIG CONDENSER=PARTIAL-V

FEEDS S9 12

PRODUCTS S1022 L/ DME 1V

P-SPEC 1 1.02132500E+6

COL-SPECS MOLE-D=.0360277777 MOLE-RR=0.6

BLOCK B10 RADFRAC

PARAM NSTAGE=26 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE

COL-CONFIG CONDENSER=PARTIAL-V

FEEDS S10 14

PRODUCTS S1226L/S131V

P-SPEC 1 7.31325000E+5

COL-SPECS MOLE-D=.0184166666 MOLE-RR=1.8

BLOCK B5 RSTOIC
PARAM TEMP=637.1500000 PRES=1.39000000E+6
STOIC 1 MIXED METHANOL -2./ DIMET-01 1. / WATR 1.
CONV 1 MIXED METHANOL 0.8

BLOCK B1 PUMP
PARAM PRES=2.50000000E+6 EFF=0.6

BLOCK B8 VALVE
PARAM P-OUT=1.04000000E+6

EO-CONV-OPTI

STREAM-REPOR MOLEFLOW MASSFLOW
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DIMETHYL ETHER VIA NATURAL GAS INPUT FILE

DYNAMICS
DYNAMICS RESULTS=ON

IN-UNITS Sl

DEF-STREAMS CONVEN ALL

SIM-OPTIONS MASS-BAL-CHE=YES OLD-DATABANK=YES
MODEL-OPTION

DATABANKS PURE28 / AQUEOUS / SOLIDS / INORGANIC / &
NOASPENPCD

PROP-SOURCES PURE28 / AQUEOUS / SOLIDS / INORGANIC

COMPONENTS
WATER H20 /
ETHANE C2H6 /
PROPANE C3H8 /
N-BUTANE C4H10-1/
HYDROGEN H2 /
CARBO-01 CO/
METHANOL CH40 /
DIMET-01 C2H60-1/
METHANE CH4 /
OXYGEN 02

SOLVE
RUN-MODE MODE=SIM

FLOWSHEET
BLOCK B1 IN=SMETHANE OUT=3
BLOCK B2 IN=WATER OUT=4
BLOCK B3 IN=3 4 OUT=5
BLOCK B4 IN=5 OUT=6
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BLOCK B5 IN=6 OUT=8 7
BLOCK B6 IN=8 OUT=9

BLOCK B7 IN=9 OUT=10

BLOCK B8 IN=10 OUT=11
BLOCK B9 IN=S1 OUT=12 13
BLOCK B10 IN=13 OUT=14
BLOCK B11 IN=11 OUT=S1
BLOCK B12 IN=14 OUT=S2
BLOCK B13 IN=S2 OUT=S3
BLOCK B14 IN=S3 OUT=DME S5
BLOCK B16 IN=S5 7 12 OUT=WASTE

PROPERTIES NRTL-RK
PROPERTIES NRTL

PROP-DATA NRTL-1

IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-C PDROP=bar &
INVERSE-PRES="1/bar'

PROP-LIST NRTL

BPVAL WATER METHANOL 2.732200000 -617.268703D00000000 &
0.0 0.0 0.0 24.99000000 100.0000000

BPVAL METHANOL WATER -.6930000000 172.98710@D00000000 &
0.0 0.0 0.0 24.99000000 100.0000000

BPVAL N-BUTANE METHANOL 0.0 551.7243000 .30000000 0.0 &
0.0 0.0 50.00000000 50.00000000

BPVAL METHANOL N-BUTANE 0.0 380.4331000 .30000000 0.0 &
0.0 0.0 50.00000000 50.00000000

BPVAL METHANOL DIMET-01 0.0 653.0063000 .2951@000 0.0 &
0.00.00.00.0

BPVAL DIMET-01 METHANOL 0.0 -18.93720000 .29500000 0.0 &
0.00.00.00.0

STREAM METHANE
SUBSTREAM MIXED TEMP=308.1500000 PRES=1.01325085 &
MASS-FLOW=1.587222222
MASS-FRAC ETHANE 0.075 / PROPANE 0.035/ N-BUNE 0.015/ &
METHANE 0.875

STREAM WATER

SUBSTREAM MIXED TEMP=308.1500000 PRES=1.01325H085
MASS-FLOW WATER 2.222222222
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BLOCK B16 MIXER
PARAM PRES=0.0

BLOCK B1 HEATER
PARAM TEMP=1073.150000 PRES=1.01325000E+5

BLOCK B2 HEATER
PARAM TEMP=1073.150000 PRES=1.01325000E+5

BLOCK B4 HEATER
PARAM TEMP=308.1500000 PRES=1.01325000E+5

BLOCK B7 HEATER
PARAM TEMP=513.1500000 PRES=4.05300000E+6

BLOCK B10 HEATER
PARAM TEMP=513.1500000 PRES=2.02650000E+6

BLOCK B5 FLASH?2
PARAM TEMP=293.1500000 PRES=1.01325000E+5

BLOCK B9 FLASH2
PARAM TEMP=293.1500000 PRES=2.02650000E+6

BLOCK B14 RADFRAC

PARAM NSTAGE=41 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE

COL-CONFIG CONDENSER=PARTIAL-V

FEEDS S3 35 ABOVE-STAGE

PRODUCTSDME 1V /S541L

P-SPEC 1 8.10600000E+5

COL-SPECS MOLE-D=0.0380277777 MOLE-RR=5.

BLOCK B3 RSTOIC
PARAM TEMP=1073.150000 PRES=1.01325000E+5
STOIC 1 MIXED METHANE -1. / WATER -1./ CARBO®1./ &
HYDROGEN 3.
CONV 1 MIXED METHANE 0.966

BLOCK B8 RSTOIC
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PARAM TEMP=513.1500000 PRES=4.05300000E+6
STOIC 1 MIXED CARBO-01 -1. / HYDROGEN -2. / MEHANOL 1.
CONV 1 MIXED CARBO-01 0.9

BLOCK B12 RSTOIC

PARAM TEMP=513.1500000 PRES=2.02650000E+6
STOIC 1 MIXED METHANOL -2. / DIMET-01 1. / WATR 1.
CONV 1 MIXED METHANOL 0.92

BLOCK B6 COMPR

PARAM TYPE=ISENTROPIC PRES=4.05300000E+6 SEFB=&
SB-MAXIT=30 SB-TOL=0.0001

BLOCK B11 VALVE

PARAM P-OUT=2.02650000E+6

BLOCK B13 VALVE

PARAM P-OUT=8.10600000E+5

EO-CONV-OPTI

STREAM-REPOR MOLEFLOW MASSFLOW
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ACRYLONITRILE BASE CASE INPUT FILE

DYNAMICS
DYNAMICS RESULTS=ON

IN-UNITS ENG

DEF-STREAMS CONVEN ALL

SIM-OPTIONS MASS-BAL-CHE=YES OLD-DATABANK=YES
MODEL-OPTION

DATABANKS PURE28 / AQUEOUS / SOLIDS /INORGANIC &
NOASPENPCD

PROP-SOURCES PURE28 / AQUEOUS / SOLIDS /INORGAN

COMPONENTS
AMMONIA H3N /
WATER H20 /
HYDRO-01 CHN /
CARBO-01 CO/
OXYGE-01 02/
PROPY-01 C3H6-2 /
CARBO-02 CO2/
ACETO-01 C2H3N/
ACRYL-01 C3H3N /
ACROL-01 C3H40 /
SULFU-01 H2S04 /
AMMON-01 "(NH4)2S04"

SOLVE
RUN-MODE MODE=SIM

FLOWSHEET
BLOCK B1 IN=2 3 1 OUT=4
BLOCK B2 IN=4 OUT=5
BLOCK B3 IN=5 7 OUT=6
BLOCK B4 IN=6 OUT=8
BLOCK B5 IN=8 OUT=109
BLOCK B6 IN=10 OUT=11
BLOCK B7 IN=13 OUT=12
BLOCK B8 IN=11 12 OUT=14 15
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BLOCK B9 IN=15 OUT=16

BLOCK B10 IN=16 OUT=17 18
BLOCK B11 IN=17 OUT=19
BLOCK B13 IN=19 OUT=22 21
BLOCK B14 IN=22 OUT=23
BLOCK B15 IN=21 OUT=24 25
BLOCK B16 IN=25 OUT=26 27
BLOCK B17 IN=14 9 23 24 OUT=28

PROPERTIES ELECNRTL
PROPERTIES ENRTL-RK

PROP-DATA HOCETA-1

IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-C PDROP=bar &
INVERSE-PRES="1/bar'

PROP-LIST HOCETA
BPVAL AMMONIA WATER .2000000000
BPVAL AMMONIA PROPY-01 .2000000000
BPVAL AMMONIA CARBO-02 .2000000000
BPVAL AMMONIA ACETO-01 1.400000000
BPVAL AMMONIA ACRYL-01 1.400000000
BPVAL WATER WATER 1.700000000
BPVAL WATER CARBO-02 .3000000000
BPVAL WATER ACETO-01 1.500000000
BPVAL WATER ACRYL-01 1.500000000
BPVAL WATER AMMONIA .2000000000
BPVAL PROPY-01 ACETO-01 .2000000000
BPVAL PROPY-01 ACRYL-01 .2000000000
BPVAL PROPY-01 AMMONIA .2000000000
BPVAL CARBO-02 WATER .3000000000
BPVAL CARBO-02 CARBO-02 .1600000000
BPVAL CARBO-02 AMMONIA .2000000000
BPVAL ACETO-01 WATER 1.500000000
BPVAL ACETO-01 PROPY-01 .2000000000
BPVAL ACETO-01 ACETO-01 1.650000000
BPVAL ACETO-01 ACRYL-01 1.650000000
BPVAL ACETO-01 AMMONIA 1.400000000
BPVAL ACRYL-01 WATER 1.500000000
BPVAL ACRYL-01 PROPY-01 .2000000000
BPVAL ACRYL-01 ACETO-01 1.650000000
BPVAL ACRYL-01 ACRYL-01 1.650000000
BPVAL ACRYL-01 AMMONIA 1.400000000

PROP-DATA NRTL-1

IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-C PDROP=bar &
INVERSE-PRES="1/bar’
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PROP-LIST NRTL

BPVAL AMMONIA WATER -.1642422000 -1027.525002000000000 &
0.0 0.0 0.0 0.0 200.0000000

BPVAL WATER AMMONIA -.5440720000 1678.4690000@0000000 &
0.0 0.0 0.0 0.0 200.0000000

BPVAL WATER HYDRO-01 0.0 505.5000000 .3000000@D0 0.0 &
0.0 10.00000000 110.0000000

BPVAL HYDRO-01 WATER 0.0 0.0 .3000000000 0.0 0.0 &
10.00000000 110.0000000

BPVAL WATER CARBO-02 10.06400000 -3268.13502000000000 &
0.0 0.0 0.0 0.0 200.0000000

BPVAL CARBO-02 WATER 10.06400000 -3268.13502000000000 &
0.0 0.0 0.0 0.0 200.0000000

STREAM 1
SUBSTREAM MIXED TEMP=80. PRES=14.7 <psi>
MOLE-FLOW AMMONIA 85.

STREAM 2
SUBSTREAM MIXED TEMP=80. PRES=14.7 <psi>
MOLE-FLOW OXYGE-01 129.

STREAM 3
SUBSTREAM MIXED TEMP=80. PRES=14.7 <psi>
MOLE-FLOW PROPY-01 85.

STREAM 7
SUBSTREAM MIXED TEMP=86. PRES=14.7 <psi>
MOLE-FLOW WATER 0.21 / SULFU-01 11.

STREAM 13
SUBSTREAM MIXED TEMP=45. PRES=1. <atm>
MOLE-FLOW WATER 120.

BLOCK B1 MIXER
PARAM

BLOCK B3 MIXER
PARAM

BLOCK B17 MIXER
PARAM

BLOCK B6 HEATER
PARAM TEMP=70. PRES=20.
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BLOCK B7 HEATER
PARAM TEMP=70. PRES=20.

BLOCK B9 HEATER
PARAM TEMP=173. PRES=20.

BLOCK B11 HEATER
PARAM TEMP=127. PRES=15.

BLOCK B14 HEATER
PARAM TEMP=70. PRES=15.

BLOCK B5 FLASH2
PARAM TEMP=359. PRES=23.99

BLOCK B8 RADFRAC

PARAM NSTAGE=15 ALGORITHM=STANDARD
DAMPING=NONE

COL-CONFIG CONDENSER=PARTIAL-V

FEEDS 11 15 ON-STAGE /121

PRODUCTS 141V /1515L

P-SPEC 1 15./2 20.

COL-SPECS B:F=0.85 MOLE-RR=4.

BLOCK B10 RADFRAC

PARAM NSTAGE=30 ALGORITHM=STANDARD
DAMPING=NONE

COL-CONFIG CONDENSER=TOTAL

FEEDS 16 10 ON-STAGE

PRODUCTS 171L/1830L

P-SPEC 1 15.

COL-SPECS D:F=0.17 MOLE-RR=7.

BLOCK B13 RADFRAC

PARAM NSTAGE=15 ALGORITHM=STANDARD
DAMPING=NONE

COL-CONFIG CONDENSER=TOTAL

FEEDS 197

PRODUCTS2115L/221L

P-SPEC 1 14.7

COL-SPECS D:F=0.08 MOLE-RR=1.18

BLOCK B15 RADFRAC

PARAM NSTAGE=12 ALGORITHM=STANDARD
DAMPING=NONE

COL-CONFIG CONDENSER=PARTIAL-V
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FEEDS 21 11

PRODUCTS 241V /2512 L

P-SPEC 1 14.7

COL-SPECS D:F=0.016 MOLE-RR=4.

BLOCK B16 RADFRAC

PARAM NSTAGE=35 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE

COL-CONFIG CONDENSER=TOTAL

FEEDS 25 15

PRODUCTS 261 L/2735L

P-SPEC 1 12.

COL-SPECS D:F=0.78 MOLE-RR=4.

BLOCK B4 RSTOIC
PARAM TEMP=170. PRES=15. <psi>
STOIC 1 MIXED AMMONIA -2. / SULFU-01 -1. / AMM®M-01 1.
CONV 1 MIXED AMMONIA 0.96

BLOCK B2 RPLUG
PARAM TYPE=T-SPEC NTUBE=20 LENGTH=19. DIAM=1.8833333
T-SPEC 0.0 852.
REACTIONS RXN-IDS=R-1

EO-CONV-OPTI
STREAM-REPOR MOLEFLOW

REACTIONS R-1 POWERLAW

REAC-DATA 1 PHASE=V

REAC-DATA 2 PHASE=V

REAC-DATA 3 PHASE=V

REAC-DATA 4 PHASE=V

REAC-DATA 5 PHASE=V

REAC-DATA 6 PHASE=V

RATE-CON 1 PRE-EXP=157498. ACT-ENERGY=34200 ME=EXPONEN=0.

RATE-CON 2 PRE-EXP=3778. ACT-ENERGY=34200.

RATE-CON 3 PRE-EXP=1.99 ACT-ENERGY=12600.

RATE-CON 4 PRE-EXP=780.82 ACT-ENERGY=12600.

RATE-CON 5 PRE-EXP=108308. ACT-ENERGY=35640.

RATE-CON 6 PRE-EXP=8.3658 ACT-ENERGY=12600.

STOIC 1 MIXED PROPY-01 -1. / AMMONIA -1. / OXYEB-01 &
-1.5/ ACRYL-01 1. / WATER 3.

STOIC 2 MIXED PROPY-01 -1. / OXYGE-01 -1. / ACR-01 1./ &
WATER 1.

STOIC 3 MIXED PROPY-01 -1. / AMMONIA -1. / OXYE-01 &
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-2.25/ ACETO-01 1./ CARBO-02 0.5/ CARBR2-0.5/ &
WATER 3.

STOIC 4 MIXED ACROL-01 -1. / AMMONIA -1. / OXY&-01 &
-0.5/ACRYL-01 1./ WATER 2.

STOIC 5 MIXED ACRYL-01 -1./ OXYGE-01 -2. / CABO-01 1./ &
CARBO-02 1./ WATER 1./ HYDRO-01 1.

STOIC 6 MIXED ACETO-01 -1. / OXYGE-01 -1.5/ &®80-02 &
1./HYDRO-01 1./ WATER 1.

POWLAW-EXP 1 MIXED PROPY-01 1.

POWLAW-EXP 2 MIXED PROPY-01 1.

POWLAW-EXP 3 MIXED PROPY-01 1.

POWLAW-EXP 4 MIXED ACROL-01 1.

POWLAW-EXP 5 MIXED ACRYL-01 1.

POWLAW-EXP 6 MIXED ACETO-01 1.
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OPTIMIZED ACRYLONITRILE INPUT FILE

DYNAMICS
DYNAMICS RESULTS=ON

IN-UNITS Sl

DEF-STREAMS CONVEN ALL

SIM-OPTIONS MASS-BAL-CHE=YES OLD-DATABANK=YES

MODEL-OPTION

DATABANKS PURE28 / AQUEOUS / SOLIDS /INORGANIC &
NOASPENPCD

PROP-SOURCES PURE28 / AQUEOUS / SOLIDS /INORGAN

COMPONENTS
AMMONIA H3N /
WATER H20 /
HYDRO-01 CHN /
CARBO-01 CO/
OXYGE-01 02/
PROPY-01 C3H6-2 /
CARBO-02 CO2/
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ACETO-01 C2H3N /
ACRYL-01 C3H3N /
ACROL-01 C3H40 /
SULFU-01 H2S04 /
AMMON-01 "(NH4)2S04"

SOLVE
RUN-MODE MODE=SIM

FLOWSHEET
BLOCK M-301 IN=OXYGEN PROPYLEN AMMONIA 13 OUT=4
BLOCK R-301 IN=4 OUT=5
BLOCK M-302 IN=5 H2S04 OUT=6
BLOCK R-302 IN=6 OUT=8
BLOCK T-301 IN=8 OUT=10 9
BLOCK E-301 IN=10 OUT=11
BLOCK T-302 IN=11 39 OUT=14 16
BLOCK E-303 IN=18 OUT=15
BLOCK T-303 IN=16 OUT=21 18
BLOCK T-305 IN=21 OUT=24 25
BLOCK T-306 IN=25 OUT=ACRYL 27
BLOCK B17 IN=9 24 1 20 OUT=WASTES
BLOCK T-307 IN=14 OUT=1 2
BLOCK B7 IN=2 OUT=3
BLOCK T-308 IN=3 OUT=7 20
BLOCK B9 IN=7 OUT=13
BLOCK B5 IN=15 27 OUT=38 39
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PROPERTIES ELECNRTL
PROPERTIES ENRTL-RK

PROP-DATA HOCETA-1

IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-C PDROP=bar &
INVERSE-PRES="1/bar’

PROP-LIST HOCETA
BPVAL AMMONIA WATER .2000000000
BPVAL AMMONIA PROPY-01 .2000000000
BPVAL AMMONIA CARBO-02 .2000000000
BPVAL AMMONIA ACETO-01 1.400000000
BPVAL AMMONIA ACRYL-01 1.400000000
BPVAL WATER WATER 1.700000000
BPVAL WATER CARBO-02 .3000000000
BPVAL WATER ACETO-01 1.500000000
BPVAL WATER ACRYL-01 1.500000000
BPVAL WATER AMMONIA .2000000000
BPVAL PROPY-01 ACETO-01 .2000000000
BPVAL PROPY-01 ACRYL-01 .2000000000
BPVAL PROPY-01 AMMONIA .2000000000
BPVAL CARBO-02 WATER .3000000000
BPVAL CARBO-02 CARBO-02 .1600000000
BPVAL CARBO-02 AMMONIA .2000000000
BPVAL ACETO-01 WATER 1.500000000
BPVAL ACETO-01 PROPY-01 .2000000000
BPVAL ACETO-01 ACETO-01 1.650000000
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BPVAL ACETO-01 ACRYL-01 1.650000000
BPVAL ACETO-01 AMMONIA 1.400000000
BPVAL ACRYL-01 WATER 1.500000000

BPVAL ACRYL-01 PROPY-01 .2000000000
BPVAL ACRYL-01 ACETO-01 1.650000000
BPVAL ACRYL-01 ACRYL-01 1.650000000
BPVAL ACRYL-01 AMMONIA 1.400000000

PROP-DATA NRTL-1

IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-C PDROP=bar &
INVERSE-PRES="1/bar'

PROP-LIST NRTL

BPVAL AMMONIA WATER -.1642422000 -1027.525002000000000 &
0.0 0.0 0.0 0.0 200.0000000

BPVAL WATER AMMONIA -.5440720000 1678.4690000@0000000 &
0.0 0.0 0.0 0.0 200.0000000

BPVAL WATER HYDRO-01 0.0 505.5000000 .3000000@00 0.0 &
0.0 10.00000000 110.0000000

BPVAL HYDRO-01 WATER 0.0 0.0 .3000000000 0.0 0.0 &
10.00000000 110.0000000

BPVAL WATER CARBO-02 10.06400000 -3268.13502000000000 &
0.0 0.0 0.0 0.0 200.0000000

BPVAL CARBO-02 WATER 10.06400000 -3268.13502000000000 &
0.0 0.0 0.0 0.0 200.0000000

DEF-STREAMS CONVEN 38
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STREAM AMMONIA
SUBSTREAM MIXED TEMP=299.8166667 PRES=1.03424B%5
MOLE-FLOW AMMONIA 9.44984104E-3

STREAM H2S04
SUBSTREAM MIXED TEMP=303.1500000 PRES=1.01352285
MOLE-FLOW WATER 2.64595549E-5 / SULFU-01 0.0@889788

STREAM OXYGEN
SUBSTREAM MIXED TEMP=299.8166667 PRES=1.034XB%5
MOLE-FLOW OXYGE-01 .0163797244

STREAM PROPYLEN
SUBSTREAM MIXED TEMP=299.8166667 PRES=1.03424B%5
MOLE-FLOW PROPY-01 8.81985164E-3

BLOCK B17 MIXER
PARAM

BLOCK M-301 MIXER
PARAM PRES=1.01352932E+5

BLOCK M-302 MIXER
PARAM

BLOCK B5 FSPLIT
MOLE-FLOW 39 .0151197456
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BLOCK B7 HEATER
PARAM TEMP=299.8166667 PRES=1.03421359E+5

BLOCK B9 HEATER
PARAM TEMP=299.8166667 PRES=1.03421359E+5

BLOCK E-301 HEATER
PARAM TEMP=349.8166667 PRES=1.37895146E+5

BLOCK E-303 HEATER
PARAM TEMP=349.8166667 PRES=1.37895146E+5

BLOCK T-301 FLASH2
PARAM TEMP=449.8166667 PRES=1.03421359E+5

BLOCK T-307 DSTWU
PARAM LIGHTKEY=CARBO-02 RECOVL=0.99 HEAVYKEY=PRPY-01 &
RECOVH=0.01 PTOP=1.01352932E+5 PBOT=1.0932E+5 RDV=1.0 &
NSTAGE=10 PACK-HEIGHT=3.048000000 PLOT=YES

BLOCK T-308 DSTWU
PARAM LIGHTKEY=PROPY-01 RECOVL=0.99 HEAVYKEY=HDRO-01 &
RECOVH=0.01 PTOP=1.01352932E+5 PBOT=1.0932E+5 &
NSTAGE=15

BLOCK T-302 RADFRAC

PARAM NSTAGE=15 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE
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COL-CONFIG CONDENSER=PARTIAL-V
FEEDS 11 15 ABOVE-STAGE /39 1
PRODUCTS 141V /1615L

P-SPEC 1 1.01352932E+5

COL-SPECS B:F=0.85 MOLE-RR=2.4

BLOCK T-303 RADFRAC

PARAM NSTAGE=30 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE

COL-CONFIG CONDENSER=TOTAL
FEEDS 16 10 ABOVE-STAGE
PRODUCTS 1830L/211L

P-SPEC 1 1.03421359E+5
COL-SPECS D:F=0.16 MOLE-RR=10.5

BLOCK T-305 RADFRAC

PARAM NSTAGE=12 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE

COL-CONFIG CONDENSER=PARTIAL-V
FEEDS 21 11

PRODUCTS 241V /2512 L

P-SPEC 1 1.01352932E+5

COL-SPECS D:F=0.113 MOLE-RR=10.

BLOCK T-306 RADFRAC

PARAM NSTAGE=35 ALGORITHM=STANDARD MAXOL=25
DAMPING=NONE

COL-CONFIG CONDENSER=TOTAL
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FEEDS 25 15

PRODUCTS ACRYL1L/2735L
P-SPEC 1 82737.08752
COL-SPECS D:F=0.87 MOLE-RR=3.

BLOCK R-302 RSTOIC
PARAM TEMP=349.8166667 PRES=1.03421359E+5
STOIC 1 MIXED AMMONIA -2. / SULFU-01 -1. / AMM®I-01 1.
CONV 1 MIXED AMMONIA 0.96

BLOCK R-301 RPLUG
PARAM TYPE=T-SPEC NTUBE=20 LENGTH=3.0480000@0
DIAM=.5486400000
T-SPEC 0.0 728.7055556
REACTIONS RXN-IDS=R-1

EO-CONV-OPTI

SENSITIVITY BSMILLAH

IN-UNITS ENG

DEFINE NH3 STREAM-VAR STREAM=AMMONIA SUBSTREAMMIXED &
VARIABLE=MASS-FLOW

DEFINE O2 STREAM-VAR STREAM=0OXYGEN SUBSTREAM=MED &
VARIABLE=MASS-FLOW

DEFINE C3H6 STREAM-VAR STREAM=PROPYLEN SUBSTREAMIXED &
VARIABLE=MASS-FLOW

DEFINE H20 STREAM-VAR STREAM=38 SUBSTREAM=MIXE[&
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VARIABLE=MASS-FLOW

DEFINE SULACID STREAM-VAR STREAM=H2504 SUBSTREA=MIXED &
VARIABLE=MASS-FLOW

DEFINE MNH3 STREAM-VAR STREAM=AMMONIA SUBSTREAMMIXED &
VARIABLE=MOLE-FLOW

DEFINE MO2 STREAM-VAR STREAM=0OXYGEN SUBSTREAM=MED &
VARIABLE=MOLE-FLOW

DEFINE MC3H6 STREAM-VAR STREAM=PROPYLEN SUBSTRM=MIXED

VARIABLE=MOLE-FLOW

DEFINE ACRYL2 MOLE-FLOW STREAM=5 SUBSTREAM=MIXB &
COMPONENT=ACRYL-01

DEFINE WATERR MOLE-FLOW STREAM=18 SUBSTREAM=MED &
COMPONENT=WATER

DEFINE ACRYL STREAM-VAR STREAM=ACRYL SUBSTREAMMIXED &
VARIABLE=MASS-FLOW

DEFINE WASTEFIN STREAM-VAR STREAM=WASTES SUBSHAM=MIXED

VARIABLE=MASS-FLOW

DEFINE ACE MOLE-FLOW STREAM=21 SUBSTREAM=MIXE&
COMPONENT=ACRYL-01

DEFINE ACE1 MOLE-FLOW STREAM=16 SUBSTREAM=MIXEL%
COMPONENT=ACRYL-01

DEFINE COND BLOCK-VAR BLOCK=T-302 VARIABLE=CONBDUTY &
SENTENCE=RESULTS

DEFINE REB BLOCK-VAR BLOCK=T-302 VARIABLE=REB-DTY &
SENTENCE=RESULTS

DEFINE ACET MOLE-FLOW STREAM=27 SUBSTREAM=MIXED&
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COMPONENT=ACETO-01

DEFINE Q3 BLOCK-VAR BLOCK=R-301 VARIABLE=QCALC&
SENTENCE=PARAM

DEFINE Q4 BLOCK-VAR BLOCK=T-306 VARIABLE=REB-DUY &
SENTENCE=RESULTS

DEFINE Q5 BLOCK-VAR BLOCK=T-306 VARIABLE=COND-DITY &
SENTENCE=RESULTS

DEFINE Q6 BLOCK-VAR BLOCK=T-305 VARIABLE=REB-DUY &
SENTENCE=RESULTS

DEFINE Q7 BLOCK-VAR BLOCK=T-305 VARIABLE=COND-DITY &
SENTENCE=RESULTS

DEFINE HCN MOLE-FLOW STREAM=24 SUBSTREAM=MIXED&
COMPONENT=HYDRO-01

DEFINE MPROP MOLE-FLOW STREAM=5 SUBSTREAM=MIXE[&
COMPONENT=PROPY-01
TWASTE =WASTEFIN
CNH3 =0.17
C02 =0.05
CPROP =0.44
CH2504 = 0.037
CH20 = 3.039E-5
CACRYL=1.18
CACETO = 0.997
CWASTE = 0.016364

RAW = (CNH3*NH3+ CO2*02+CPROP*PROP+CH2SO2%D4)*24*365

REV = (CACRYL*ACRYL+CH20*H20)*24*365
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MVA = REV -RAW-(CWASTE*TWASTE)

OBYP=MO2/MPROP
PBYN=MPROP/MNH3
OBYN=MO2/MNH3

CONV=(MPROP-MPROP2)/MPROP*100

ACRR = (ACE/ACE1)*100
TOT = (Q5*(8.77E-6)+Q7*(8.77E-6)+Q3*(-8.77)*365*24
TOTALQ = (( Q4* (4.31E-6)+Q6*(4.31E-6))*3654) +TOT

TABULATE 1 "TWASTE"
TABULATE 2 "RAW"
TABULATE 3 "REV"
TABULATE 4 "MVA"
TABULATE 5 "ACRYL2"
TABULATE 6 "CONV"
TABULATE 7 "WATERR"
TABULATE 8 "ACRR"
TABULATE 9 "ACE3"
TABULATE 10 "ACET"
TABULATE 11 "HCN"
TABULATE 12 "COND"
TABULATE 13 "REB"
TABULATE 14 "TOTALQ"
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VARY STREAM-VAR STREAM=AMMONIA SUBSTREAM=MIXED &
VARIABLE=MOLE-FLOW
RANGE LOWER="75" UPPER="85" INCR="1"

STREAM-REPOR MOLEFLOW MASSFLOW
REACTIONS R-1 POWERLAW

REAC-DATA 1 PHASE=V

REAC-DATA 2 PHASE=V

REAC-DATA 3 PHASE=V

REAC-DATA 4 PHASE=V

REAC-DATA 5 PHASE=V

REAC-DATA 6 PHASE=V

RATE-CON 1 PRE-EXP=157498. ACT-ENERGY=7.95492807 &
TEMP-EXPONEN=0.

RATE-CON 2 PRE-EXP=3778. ACT-ENERGY=7.95492000E

RATE-CON 3 PRE-EXP=1.99 ACT-ENERGY=2.93076000E+

RATE-CON 4 PRE-EXP=780.82 ACT-ENERGY=2.93076B60

RATE-CON 5 PRE-EXP=108308. ACT-ENERGY=8.28986867

RATE-CON 6 PRE-EXP=8.3658 ACT-ENERGY=2.93076B60

STOIC 1 MIXED PROPY-01 -1. / AMMONIA -1. / OXYE-01 &
-1.5/ ACRYL-01 1. / WATER 3.

STOIC 2 MIXED PROPY-01 -1. / OXYGE-01 -1. / ACR-01 1./ &
WATER 1.

STOIC 3 MIXED PROPY-01 -1. / AMMONIA -1. / OXYEB-01 &
-2.25/ ACETO-01 1./ CARBO-02 0.5/ CARBR2-0.5/ &
WATER 3.

STOIC 4 MIXED ACROL-01 -1. / AMMONIA -1. / OXY&-01 &
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-0.5/ACRYL-01 1./ WATER 2.

STOIC 5 MIXED ACRYL-01 -1. / OXYGE-01 -2. /| CABO-01 1./ &
CARBO-02 1./ WATER 1./ HYDRO-01 1.

STOIC 6 MIXED ACETO-01 -1. / OXYGE-01 -1.5/ &®80-02 &
1./HYDRO-01 1./ WATER 1.

POWLAW-EXP 1 MIXED PROPY-01 1.

POWLAW-EXP 2 MIXED PROPY-01 1.

POWLAW-EXP 3 MIXED PROPY-01 1.

POWLAW-EXP 4 MIXED ACROL-01 1.

POWLAW-EXP 5 MIXED ACRYL-01 1.

POWLAW-EXP 6 MIXED ACETO-01 1.
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APPENDIX B: PROCESS FLOW DIAGRAM, STREAM SUMMARY TBLE,
EQUIPMENT SPECIFICATION FOR THE FOLLOWING CASE STUES: DIMETHYL

ETHER AND ACRYLONITRILE
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Table B1: ASPEN PLUS Equipment Specification Sumniaable for DME Production via

Methanol Dehydration (Shadiya, 2010a)

Equipment

Specification in Aspen

Mixer (M-201)

Pressure -0 bar

Mixer (M-202)

Splitter. Stream 13 and 16
Stream 16- Split fraction -0.1

Valve (V-201)

Outlet Pressure -10.4 bar

Valve (V-202)

Outlet Pressure -7.4 bar

Pump (P-201) Discharge Pressure- 25 bar, Pump Efficiency — 60%
Heater (E-201) Temperature — 154 °C, Pressure — 15.1 bar

Heater (E-202) Temperature — 220 °C. Pressure — 14.7 bar

Reactor (R-201) Type — Rstoic

Temperature — 364 °C. Pressure — 13.9 bar
Reaction Type- Fractional Conversion (80%) of
Methanol

Heater (E-203)

Temperature — 278 °C. Pressure — 13.8 bar

Heater (E-204)

Temperature —100 °C. Pressure — 13.4 bar

Columns (T-201)

Type — RadFac. Calculation Type- Equilibrium
Number of Stage-22

Condenser —Partial Vapor

Distillate Rate- 129.7 Kmol/hr, Reflux Ratio- 0.6
Feed Stage -9. Product Stage — 22 — Liquud. 1- Vapor
Pressure- 10.21 bar

Columns (T-202)

Type — RadFac. Calculation Type- Equilibrium
Number of Stage-26

Condenser —Partial Vapor

Distillate Rate- 66.3 Kmol/hr. Reflux Ratio- 1.8
Feed Stage -14. Product Stage — 26 — Liquud. 1-
Vapor

Pressure- 7.3 bar

Heater (E-204)

Temperature —50 °C, Pressure — 1.2 bar
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Table B2: Stream Summary Table for DME Producti@nMethanol Dehydration

DME FEED PURGE RECYCLE S2 S3 S4 S5
Substream: MIXED
Mole Flow Ibmol/hr
METHANOL 0.72 572.54 1.13 140.55 572.54 713.09 093. 713.09
WATER 0.00 5.51 0.02 2.47 5.51 7.98 7.98 7.98
DIMET-01 285.22 0.00 0.02 1.98 0.00 1.98 1.98 1.94
Total Flow Ibmol/hr 285.94 578.05 1.17 145.00 588.0 723.05 723.05 723.05
Total Flow Ib/hr 13162.86 18444.73 3741 4639.14 44873 23083.86 23083.86 23083.86
Total Flow cuft/hr 10262.40 372.30 79.29 9831.49 297 534.94 22849.89  29967.58
Temperature F 114.77 77.00 257.35 257.35 78.98 6818. 309.20 428.00
Pressure psia 148.13 14.50 106.07 106.07 362.59 .0206 219.01 213.21

S6 S7 S8 S9 S10 S12 S13 Si4

Substream: MIXED
Mole Flow Ibmol/hr
METHANOL 142.62 142.62 142.62 142.62 141.90 0.22 1.68 1.35
WATER 293.22 293.22 293.22 293.22 293.22 290.73 92.4 290.75
DIMET-01 287.21 287.21 287.21 287.21 1.99 0.00 1.99 0.02
Total Flow Ibmol/hr 723.05 723.05 723.05 723.05 437  290.94 146.17 292.11
Total Flow Ib/hr 23083.86 23083.86 23083.86 23083.89921.01 5244.47 4676.54 5281.B8
Total Flow cuft/hr 43118.53  37060.54 562.93 2239.56 219.29 99.62  9910.77 203.61
Temperature F 687.20 532.40 212.00 198.63 311.06 1.983 257.35 330.5
Pressure psia 201.60 200.15 194.35 150.84 148.13 6.020 106.07 106.07
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Table B3: ASPEN PLUS Equipment Specification Sumniaable for DME Production via

Natural Gas (Shadiya, 2010a)

Equipment Specification in Aspen
Heater (E-301) Temperature — 800 °C, Pressure — 1 atm
Heater (E-302) Temperature — 800 °C. Pressure — 1 atm
Heater (E-303) Temperature — 35 °C, Pressure — 1 atm
Heater (E-304) Temperature — 240 °C, Pressure — 40 atm
Heater (E-305) Temperature — 240 °C, Pressure — 20 atm
Mixer (M-301) Pressure — 0 atm, Valid Phases — Vapor -Liquid

Compressor (C-301) | Type — Isentropic
Discharge Pressure — 40 atm
Isentropic efficiency — 80%

Reactor (R-301) Type — Rstoic
Temperature — 800°C, Pressure — 1 atm
Reaction Type- Fractional Conversion (96.6%) of Methane

Reactor (R-302) Type — Rstoic

Temperature — 240°C, Pressure — 4053 kpa

Reaction Type- Fractional Conversion (75.5%) of Carbon
Monoxide

Reactor (R-303) Type — Rstoic
Temperature — 240 °C, Pressure — 20 atm
Reaction Type- Fractional Conversion (91 %) of Methanol

Separator (T-301) Temperature — 20 °C, Pressure — 1 atm
Valid Phases- Vapor-Liquid

Separator (T-302) Temperature — 20 °C, Pressure — 20 atm
Valid Phases- Vapor-Liquid

Columns (T-303) Type — RadFac, Calculation Type- Equilibrium
Number of Stage-45

Condenser —Partial Vapor

Distillate Rate- 129.7 Kmol/hr, Reflux Ratio- 4.5
Feed Stage -2, Product Stage — 45 — Liquid. 1- Vapor
Pressure- 8 atm

Separator (T-304) Type- Flash 3
Split fraction — DME 0.99%, Ethane -0.09 &Pentane-0.09

Valve (V-301) Outlet Pressure — 20 atm

Valve (V-302) Outlet Pressure- 8 atm
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Table B4: Stream Summary Table for DME Producti@nNatural Gas

Substream: MIXED
Mole Flow Ibmol/hr
WATER

ETHANE
PROPANE
N-BUTANE
HYDROGEN
CARBO-01
METHANOL
DIMET-01
METHANE
OXYGEN

Total Flow Ibmol/hr
Total Flow Ib/hr
Total Flow cuft/hr
Temperature F

Pressure psia

0.00
31.42
10.00
3.25
0.00
0.00
0.00
0.00
687.07
0.00
731.74
12597.21
1032390.00
1472.00

14.70

979.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
979.00
17636.98
1380510.00
1472.00

14.70

315.29
31.42
10.00
3.25
1991.14
663.71
0.00
0.00
23.36
0.00
3038.17
30234.19

315.29

31.42
10.00

3.25

1991.14
663.71
0.00
0.00
23.36
0.00

250.82
0.12
0.13
0.14
0.00
0.19
0.00
0.00
0.04
0.00

3038.17 51.24

30284.1 4542.08

4286390.00168090.00

1472.00

14.70

95.00

14.70

73.05

8 9 10 11
64.47 64.47 64.47 64.47
31.30 31.30 31.3 31.30
9.87 9.87 9.87 9.87
3.11 3.11 3.11 113.

1991.14 1m0 1991.14 796.80

663.52 663.52663.52 66.35
0.00 0.00 0.00 7.39
0.00 0.00 0.00 000.
23.32 23.32 .323 23.32
0.00 0.00 0.00 0.00

2786.74 2786.74 2786.74 1592.40
25692.12 25692.12 25692.12 25692.12

12

0.15
19.37
3.29
1.60

796.80

63.40
5.51
0.00
18.72

0.00

908.83

13

64.32
11.93
6.59
151
0.00
2.95
591.66
0.00
4.60
0.00
683

8881.21010.30

1074140.00 84866.15 4769151 PB30 17689.59

68.00 8.006 1192.02 464.00 464.00

14.70

14.70 87.8% 587.84 587.84

68.00

293.92

428.32
68.0

293.9
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14 DME METHANE S1 S2 S3 S5 WASTE WATER
Substream: MIXED
Mole Flow Ibmol/hr
WATER 64.32 0.00 0.00 64.47 336.49 336.49 336.49 7.48 979.00
ETHANE 11.93 11.93 31.42 31.30 11.93 11.93 0.00 4909. 0.00
PROPANE 6.59 6.55 10.00 9.87 6.59 6.59 0.04 3.45 00 0.
N-BUTANE 1.51 151 3.25 3.11 1.51 1.51 0.00 1.74 000.
HYDROGEN 0.00 0.00 0.00 796.80 0.00 0.00 0.00 796.8 0.00
CARBO-01 2.95 2.95 0.00 66.35 2.95 2.95 0.00 63.59 0.00
METHANOL 591.66 2.25 0.00 597.17 47.33 47.33 45.09 50.60 0.00
DIMET-01 0.00 272.03 0.00 0.00 272.16 272.16 0.14 .140 0.00
METHANE 4.60 4.60 687.07 23.32 4.60 4.60 0.00 18.76 0.00
OXYGEN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Flow Ibmol/hr 683.56 301.81 731.74 1592.40 3.68 683.56 381.75 1542.02 979.00
Total Flow Ib/hr 21010.30 13495.69 12597.21 25692.1 21010.30 21010.30 7514.62 16738.51 17636.p8
Total Flow cuft/hr 21116.15 13665.77 295805.00 5263 21612.69 55323.11 150.36 399155.00 287.04
Temperature F 464.00 97.64 95.00 455.66 464.00 2750. 309.31 96.93 95.00
Pressure psia 293.92 117.57 14.70 293.92 293.92 5117 117.57 14.70 14.70
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Table B5: Base Case Acrylonitrile Process Equipn$g@cification (Shadiya, 2010a)

Equipment Specification in Aspen
Mixer (M-301) Pressure — 0 psia, Phases- Vapor-liquid
Reactor (R-301) Type - PFR

Constant at specified Temperature — 852 °F
Mtultitube reactor

Number of Tubes =20

Tube Length =19 ft

Tube Diameter=13 in

Reaction Type- Power Law

Mixer (M-302) Pressure — 0 psia, Phases- Vapor-liquid

Reactor (R-301) Type — Rstoic

Temperature — 100 °F, Pressure — 15 psia

Reaction Type- Fractional Conversion (96%) of Ammonia
Separator (T-301) Temperature — 350 °F, Pressure — 10 psia

Valid Phases- Vapor-Liquid

Cooler (E-301) Temperature — 40 °F. Pressure — 20 psia

Columns (T-302) Type —RadFac. Calculation Type- Equilibrium

Number of Stage-15

Condenser —Partial Vapor

Bottoms to Feed Ratio- 0.85, Reflux Ratio- 4

Feed Stage -15 and 1, Product Stage — 1— Vapor, 15- Liquid
Heater (E-302) Temperature —173 °F, Pressure — 15 psi

Columns (T-303) Type —RadFac, Calculation Type- Equilibrium

ANnmhae Af Ctaoa_ N

~YlhnuaavLa v qlas\f}v

Condenser —Total

Distillate to Feed Ratio- 0.15, Reflux Ratio- 7

Feed Stage -20

Stage 1 Condenser Pressure- 15 psia, Stage 2 Pressure-15 psia
Heater (E-303) Temperature — 126 °F. Pressure — 14.7 psia

Columns (T-304) Type —Distl

Number of Stage-15

Light Key-HCN, Recovery- 0.95

Heavy key- Acrolein, Recovery —0.05

Condenser —Total

Condenser Pressure- 15 psia, Re-boiler Pressure 15 psia
Columns (T-305) Type —RadFac, Calculation Type- Equilibrium
Number of Stage-12

Condenser —Total

Distillate to Feed Ratio- 0.005, Reflux Ratio- 4
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Feed Stage -20
Stage 1 Condenser Pressure- 15 psia

Columns (T-306)

Type — RadFac, Calculation Type- Equilibrium
Number of Stage-35

Condenser —Total

Distillate to Feed Ratio- 0.96, Reflux Ratio- 4
Feed Stage -15

Stage 1 Condenser Pressure- 15 psia
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Table B6: Stream Summary Table for Acrylonitrile@&uction Base Case

1 2 3 4 5 6 7 8 9 10
Substream: MIXED
Mole Flow Ibmol/hr
AMMONIA 85 0 0 85 21.77 21.77 0 0.87 0.00 0.B7
WATER 0 0 0 0 205.60 205.81 0.21 205.81 1.32 204.50
HYDRO-01 0 0 0 0 15.89 15.89 0 15.89 0.03 15.86
CARBO-01 0 0 0 0 16.93 16.93 0 16.93 0.00 14.93
OXYGE-01 0 129 0 129 0.35 0.35 0 0.35 0.00 0.35
PROPY-01 0 0 85 85 21.74 21.74 0 21.74 0.03 21.71
CARBO-02 0 0 0 0 17.37 17.37 0 17.37 0.01 17.36
ACETO-01 0 0 0 0 2.53 2.53 0 2.53 0.02 2{51
ACRYL-01 0 0 0 0 44 .81 44.81 0 44.81 0.28 44154
ACROL-01 0 0 0 0 0.03 0.03 0 0.03 0.00 0/o3
SULFU-01 0 0 0 0 0.00 11.00 11 0.55 0.53 0(02
AMMON-01 0 0 0 0 0.00 0.00 0 10.45 10.45 0J00
Total Flow Ibmol/hr 85 129 85 299 347.02 358.23 1. 337.33 12.66 324.6
Total Flow Ib/hr 1447.60 4127.85 3576.85 9152.30 5230 10234.95 1082.657 10234.95 1474.46 876D.49
Total Flow cuft/hr 33247.78 50785.02 33045.89 1B/@6  331947.00 307864.00 9.65 56588.31 42.47 118018
Temperature F 80.00 80.00 80.00 79.65 852.00 719.51 86.00 170.00 359.00 359.00
Pressure psia 14.70 14.70 14.70 14.70 14.70 1470 4.701 15.00 23.99 23.9P
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11 12 13 14 15 16 17 18 19
Substream: MIXED
Mole Flow Ibmol/hr
AMMONIA 0.87 0.00 0.00 0.09 0.78 0.78 0.78 0.00 |7
WATER 204.50 120.00 120.00 0.13 324.37 324.37 11.86 312.51 11.86
HYDRO-01 15.86 0.00 0.00 12.53 3.33 3.33 3.33 0.00 3.33
CARBO-01 16.93 0.00 0.00 16.89 0.04 0.04 0.04 0.00 0.04
OXYGE-01 0.35 0.00 0.00 0.34 0.00 0.00 0.00 0.00 000.
PROPY-01 21.71 0.00 0.00 19.49 2.22 2.22 2.22 0.00 2.22
CARBO-02 17.36 0.00 0.00 17.22 0.14 0.14 0.14 0.00 0.14
ACETO-01 251 0.00 0.00 0.00 251 251 2.20 0.31 202.
ACRYL-01 44.54 0.00 0.00 0.00 44.54 44.54 43.66 80.8  43.66
ACROL-01 0.03 0.00 0.00 0.00 0.03 0.03 0.03 0.00 030.
SULFU-01 0.02 0.00 0.00 0.00 0.02 0.02 0.00 0.02 000.
AMMON-01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00g.
Total Flow Ibmol/hr 324.67 120.00 120.00 66.70 977. 377.97 64.25 313.72 64.25
Total Flow Ib/hr 8760.49 2161.83 2161.83 2404.88 173885 8517.45 2826.13 5691.32 2826|13
Total Flow cuft/hr 10679.41 34.69 34.63 22872.38 6.38 154.23 56.18 95.48 810.88
Temperature F 70.00 70.00 45.00 24.64 195.39 173.00 93.54 212.87 127.0D
Pressure psia 20.00 20.00 14.70 15 20 20 15 15 15

156



Substream: MIXED
Mole Flow Ibmol/hr
AMMONIA
WATER
HYDRO-01
CARBO-01
OXYGE-01
PROPY-01
CARBO-02
ACETO-01
ACRYL-01
ACROL-01
SULFU-01
AMMON-01

Total Flow Ibmol/hr
Total Flow Ib/hr
Total Flow cuft/hr
Temperature F

Pressure psia

21

0.00
11.86
1.53
0.00
0.00
0.00
0.00
2.20
43.50
0.02
0.00
0.00
59.11
2655.01
54.88
170.93

14.7

22

0.78
0.00
1.80
0.04
0.00
2.22
0.14
0.00
0.16
0.00
0.00
0.00
5.14
171.12
3.96
-59.11

14.7

23

0.78
0.00
1.80
0.04
0.00
2.22
0.14
0.00
0.16
0.00
0.00
0.00
5.14
171.12
1917.20
70.00

15

24

0.00
0.00
0.54
0.00
0.00
0.00
0.00
0.01
0.40
0.00
0.00
0.00
0.95
36.02
403.55
137.29

14.7

25

0.00
11.86
0.99
0.00
0.00
0.00
0.00
2.19
43.11
0.02
0.00
0.00
58.17
2618.99
54.21
173.52

14.7

26

0.00
0.00
0.99
0.00
0.00
0.00
0.00
1.75
42.62
0.02
0.00
0.00
45.37
2360.98
48.91
155.53

12

27

0.00
11.86
0.00
0.00
0.00
0.00
0.00
0.44
0.49
0.00
0.00
0.00
12.80

258.01
4.53
198.73

12

28

=

14
16

21
17

o

85
4086.49
3330
.534

14.

87
45
90
93
35
74
37
03
83
01
53
45
45

0.21
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Figure B1: Schematic of the Acrylonitrile ProcesssB Case
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Table B7: Optimized Case Acrylonitrile Process pgueént Specification (Shadiya,

2010a)

Equipment Specification in Aspen
Mixer (M-301) Pressure — 0 psia. Phases- Vapor-liquid
Reactor (R-301) Type - PFR

Constant at specified Temperature — 852 °F
Mtultitube reactor

Number of Tubes = 13
Tube Length = 10 ft

Tube Diameter=138 ft
Reaction Type- Power Law

Mixer (M-302)

Pressure — 0 psia, Phases- vapor-liquid

Reactor (R-302)

Type — Rstoic
Temperature — 170 °F, Pressure — 15 psia
Reaction Type- Fractional Conversion (96%) of Ammonia

Separator (T-301)

Temperature — 350 °F, Pressure — 15 psia
Valid Phases- Vapor-Liquid

Cooler (E-301)

Temperature — 170 °F, Pressure — 20 psia

Columns (T-302)

Type —RadFac. Calculation Type- Equilibrium

Number of Stage-15

Condenser —Partial Vapor

Bottoms to Feed Ratio- 0.85, Reflux Ratio- 2.4

Feed Stage -15. and 1. Product Stage — 1- Vapor. 15- Liquid

Heater (E-302)

Temperature —170 °F. Pressure — 20 psia

Heater (E-303)

Temperature —80°F. Pressure — 15 psia

Columns (T-303)

Type —RadFac, Calculation Type- Equilibrium

Number of Stage-30

Condenser —Total

Distillate to Feed Ratio- 0.16. Reflux Ratio- 10.5

Feed Stage -10

Stage 1 Condenser Pressure- 15 psia. Stage 2 Pressure-15 psia

Heater (E-304)

Temperature — 80 °F. Pressure — 15 psia

Columns (T-305)

Type —RadFac. Calculation Type- Equilibrium
Number of Stage-12

Condenser — Partial vapor

Distillate to Feed Ratio- 0.113, Reflux Ratio- 10
Feed Stage -5

Stage 1 Condenser Pressure- 14.7 psia

Columns (T-306)

Type — RadFac, Calculation Type- Equilibrium
Number of Stage-35

Condenser —Total

Distillate to Feed Ratio- 0.59, Reflux Ratio- 3
Feed Stage -10

Stage 1 Condenser Pressure- 14.7 psia

Columns (T-307)

Type - DSTWU, Calculation Type- Equilibrium
Number of Stage-10
Light Key Component- Carbon Dioxide
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Recovery -99%
Heavy Key Component- Propylene
Recovery -1%

Columns (T-308)

Type — DSTWU, Calculation Type- Equilibrium
Number of Stage-10

Light Key Component- Propylene

Recovery -99%

Heavy Key Component- Hydrogen Cyanide
Recovery -1%
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Figure B.2: Schematic of the Acrylonitrile Proc&ystimized Case
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Table B8: Stream Summary Table for Acrylonitrile@&uction Optimized Case

1 2 3 4 5 6 7 8 9 10
Substream: MIXED
Mole Flow Ibmol/hr
AMMONIA 0.0 0.0 0.0 75.0 8.6 8.6 0.0 0.3 0.0 d.
WATER 0.0 0.4 0.4 0.0 2134 213.6 0.0 213.6 0.3 213
HYDRO-01 0.0 10.0 10.0 0.1 14.2 14.2 0.1 14.2 0.0 4.2]
CARBO-01 15.3 0.0 0.0 0.0 15.3 15.3 0.0 15.3 0.0 315
OXYGE-01 0.0 0.0 0.0 130.0 0.0 0.0 0.0 0.0 0.0 0.0
PROPY-01 0.3 27.6 27.6 97.3 30.9 30.9 27.3 30.9 0.0 30.8
CARBO-02 15.6 0.2 0.2 0.2 15.8 15.8 0.2 15.8 0.0 .815
ACETO-01 0.0 0.0 0.0 0.0 2.7 2.7 0.0 2.7 0.0 P.7
ACRYL-01 0.0 0.0 0.0 0.0 49.6 49.6 0.0 49.6 0.1 540,
ACROL-01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 D.0
SULFU-01 0.0 0.0 0.0 0.0 0.0 4.2 0.0 0.1 0.1 D.0
AMMON-01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.1 4.1 .0
Temperature F -141.6 -42.1 80.0 79.6 852.0 802.1 5.0-5 170.0 350.0 350.p
Pressure psia 14.7 14.7 15.0 14.7 14.7 14.7 14.7 .0 15 150 15.0)
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11 13 14 15 16 18 20 21 24 25

Substream: MIXED
Mole Flow Ibmol/hr
AMMONIA 0.3 0.0 0.0 0.0 0.3 0.0 0.0 0.3 0.3 0.p0
WATER 213.3 0.0 0.4 329.3 330.6 329.3 0.4 1.3 0.0 311
HYDRO-01 14.2 0.1 10.0 0.0 4.2 0.0 9.9 4.2 3.7 q.47
CARBO-01 15.3 0.0 15.3 0.0 0.0 0.0 0.0 0.0 0.0 d.00
OXYGE-01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0}00
PROPY-01 30.8 27.3 27.9 0.0 3.0 0.0 0.3 3.0 3.0 10.0
CARBO-02 15.8 0.2 15.7 0.0 0.1 0.0 0.0 0.1 0.1 d.00
ACETO-01 2.7 0.0 0.0 0.3 3.3 0.3 0.0 3.0 0.0 303
ACRYL-01 49.5 0.0 0.0 0.4 51.2 0.4 0.0 50.9 0.0 880
ACROL-01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0[04
SULFU-01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,00
AMMON-01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0Joo
Temperature F 170.0 80.0 40.7 170.0 181.1 213.0 4 69. 100.9 51.6 170.14
Pressure psia 20.0 15.0 14.7 20.0 14.7 15.0 14.7 .0 15 14.7 14.70
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27 38 39 ACRYL AMMONIA H2S0O4 OXYGEN PROPYLEN WAES

Substream: MIXED

Mole Flow Ibmol/hr

AMMONIA 0.00 0.00 0.00 0.00 75.00 0.0 0.00E+00 ES00 3.42E-01
WATER 131 212091 117.66 0.00 0.00 0.2 0.00E+00 OB#@O 7.29E-0]
HYDRO-01 0.00 0.00 0.00 0.47 0.00 0.0 0.00E+00 B 1.36E+01
CARBO-01 0.00 0.00 0.00 0.00 0.00 0.0 0.00E+00 B:@D 1.53E+01
OXYGE-01 0.00 0.00 0.00 0.00 0.00 0.0 1.30E+02 B« 0.00E+00
PROPY-01 0.00 0.00 0.00 0.01 0.00 0.0 0.00E+00 EA0Q 3.52E+00
CARBO-02 0.00 0.00 0.00 0.00 0.00 0.0 0.00E+00 B:@D 1.56E+01
ACETO-01 1.38 1.06 0.59 1.65 0.00 0.0 0.00E+00 Bi@D 1.77E-02
ACRYL-01 4.56 3.17 1.75 46.32 0.00 0.0 0.00E+00 0800 1.14E-01
ACROL-01 0.00 0.00 0.00 0.04 0.00 0.0 0.00E+00 B  5.24E-05
SULFU-01 0.00 0.01 0.00 0.00 0.00 4.2  0.00E+00 B:@D 5.40E-02
AMMON-01 0.00 0.00 0.00 0.00 0.00 0.0 0.00E+00 €600 4.11E+00
Temperature F 167.71 169.94 169.94 157.78 80.00 0 868.00E+01 8.00E+01 2.70E+(Q1
Pressure psia 12.00 12.00 12.00 12.00 15.00 14.750E101 1.50E+01 1.47E+0f
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