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Green = Green!
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= \/ANEUS CONCERIS G sUStalnality,

= PrRcIples oirareenENGINEENng

= =EXamples el green chemicaliengineenng
= DES|P 1e0IS



Introduction

Green Chemicall Engineerng Isimuch moere: tham a methed o)
addressing envirenmentall problems: It eliers a fiamewor o)
dehievinglinneyvatien: INme: and again;, companiesiiooking o the
fUturerthroughithe lens of green chemical engineenng have
enjoyeditiemendoeustenvireonmentall and econemic returns:

Green chemical engineenng Is: a Way e net enly Improve the
EnvirenmenRt UL pesitvely impact the clients hotiom

ine. Avelding the generation: eiiwaste (Incltding ERengy) 6r
pollutants can Gien 19e more Cosi-eliective than centrelling or
disposing ol pellutants oRce fermed.

After all, aren’t We, as engineers, supposed to e designing
processes that give the client the best value for their money?



Intro (cont'd)

= Recently; o example:

A chemical company latunched an entirely new branding
OPROURIL/ e green chemisthy efferis.

A phiarmaceuticalfirmisaved millions eiidellas=-and miliens
eif gallens el wasie = threughra redesign off thEell: PreCEsS.

Anrelectrenics fimmradded milliens i shareheldervalue threvgh
a2 redesign| ol thelr Precess.



Sustainability

IR L9817, therUnited Natiens World Comnission o Enviienment
andiDevelepment stated that sustamabiliy s “meetine| the needs
Oif the present witheut compremising tae anility off future
JENEratens o meet then: ewn needs.”

Sustainaklerdevelepment s eien used synoRymousiy; Ukis nere
eif anreconemic el deschbing hew el Econemy: shouldimprove,
andimplying that an Increase nrquaniiy s net necessanly/ the
goal; huratheraninerease n quality: Anranalegy woeuld e
ourselves. As Wwe grew. elder, We grow. e a certain mature height
and weight, and then, hopefully, Stop growing. However, unless
We avoid Iit, we never stop developing eur skills, abilities; and
knowledge.



Sustainability Concepts

= The NaturalfSiep

= PoellutienRrPrevention

= [Designier Envirenment
= ECe-Eliiciency

= Ece-Eliectiveness

= Cradle-te:Cradle’ [Design
= nRdustrial Ecoloay

= Environmental Management Systems/SustaimanblerManagement
Systems



The Natural Step

= INS represents the ultimate: principlesiof sustaimanility. JIie fou
system conadiiens e NS ane the hasic “Iaws: thal must e
iiellowedin erderiorachieve susiaimaniling and are sialed as
iiellows:

= |nra stistainale seciety/; natties not sukject to; systematically
INCreasing:
CONCENLIANIONS Gl SUBSIANCES) EXtiaciedi iioml the: eantih’s Cliust;
CONCENLrANONS Gl SURSIANCES pProduced by SeCIeLy;

degradatien by physical means
and, Inithat seciety. . .

human needs are met worldwide.”

= These conditions are based on our dearly-loved laws of
thermoedynamics (at least the first ones).



Pollution Prevention

= Pollution: preventioniincorporates e Concepis Off Source reduction
andecycling:

SeUrce reductieon s defined as these muliimeaia actvilies thaai
preveniwasie generanonianc centaminanirelease:

[RECYCIING, for the PUIPeSES of pelliltion prevention;, IS defined
2SS & pProcess inwhich awaste matenal Istretsed e enainal
Mmanuiaciuing Precess or anetnes Process.



Design for Environment

= Design o Envirenment (DiE)iis defined as  the systematic
consideranon duing designi el ISSUes asseciatedwitn
envirenmental saiety and health Ve the entre product e cycle:



Eco-Efficiency

[ECoe-efiiciency/ has been descrilkhed asideinelmere withHess. i
nvelves minimizing waste, pelition and naiural reseurnce
depletien (thus Incolperaing the concept oif pellution; preventon).

[ECO-EfliCIENnCy/ IS prokably thereasiestway. 161 ge), as Welllasihe
jogicaliioliew-Up e tie progress thathasiheen madena the area of
envirenmentalimanagement

BEGanWithran era eirne regulalien
Foellowed by an era of regulation and strict compliance

After whichiis coming a time of “beyond compliance”, where
businesses are finding that it can be to their henefit to not just
adhere to the letter of the law, but to go heyend It.



Eco-Effectiveness

= nrtnerwoerdsieiWilliamVicDonolighrand Michael Braungart, “Eco-Efficiency isinot a
Strategy l1;(I)r long-tenn SUCCESS. It SEEKS 10! make! the current, destructive: system
Sustainahle.”

= n etherwords, Itisideinglless lvad.*

= PrOPeNENTS Ol ECOENECHVENESS POINE OUL that natural sysiems are nou Very.
efficient, but they sure are efiective; and they representithe ideal systemswhich
OUIF sy/stemsimust emulatelin erder terachieve sustainability. VicDenoughrand
Braungart peint eut the: case. ol the cherny tree:
= Eachispring it makes;thousands eit blessoms; Which then fall in piles to the ground -
NEL Veny efficient: Tihe samehappens withithe leavesevenry fall.
s The'leaves and hlossems hecome: foed ier ether Iving things:
= The tree's abundance of blossems: is both safe and useful, contributing to the health
ofi a thriving, interdependent system.

= The tree spreads multiple positive effects-making oxygen, transpiring water, creating
habitat, and more.



Cradle-to-Cradle Design

= (C2C Designiis an example eiran ECerElfeclive sirateay.

= he C2C concept divides maienals inie hielegical nutients and technical
AUUIENRtS

= Ahielegicali nuirentisia maieral o) product thakisidesigned ter et e
nevielegical cycle:

= ANechnical utient s amaterial er produch that s designed 16/ go; sack
Nt the technical eycle; interthendusirali metalhelisni that madet:
|Selating the technicallnutrient fremithe bielegical nuuient allows I te
retamnisthigh qualiyin a closed-loep industrial cycle:

= Example: design oiia new upholsten/ialne

Initially considered arecycled PEIVcotioniconmbinatonitnal soundsigreat
(recycled and matural) until ene sees that the PEI willinet degrade andi the
cotton cannet recirculate in industriall cycles

Instead! of filternng out mutagens, carcinogens, endocrine disrupters, persistent
toxins, and bieaccumulative substancesi at the end of the process; a filter was
appliedto the design, rather than the waste stieam

= Eight thousand chemicals were eliminated for their negative effects; 38 were
selected for their positive effects

A textile was created that can be threwn onithe cempest pile at the end of its
useful life.



Industrial Ecology

= [ndustial metaloelismis the basiciconcept tupen wiich industrial
Ecoloay/ IS hased.

= austial ecelegy s a means ol designineg and eperating
InAUSUIalfSysSiemsias sysiems interdependent withrnatural
Systems.

= ndustiallecelegy InvoelVeSs applicalien el SySIEns SCIENCE 1o
ndustrall systems; properdefinition o the system'lseundan/ ie
NCorporate the naturaliwoid; and eptimizaten el the: systenms
Under consideration.

= ifIS chiaracierizead oy exchange o matenals aneleneray Within a
network or mdustiial, commercial, or municipal fracilives to the
mutualibenefit off each and all entities in the netwerk.

= The prime example of the employment of industial ecology.
concepts IS located In Kalundhorng, Denmark, Where a number of
Industrial facilities are intercennectediin such a manner that
}/vasites or byproducts frem one facility: provide feedstock for other
aciliues.
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nvironmential Management

Envirenmenialimanagement systems neclude:

establishment off an envirenmental pelicy that contains commitments
e conunualiimprevement, compliance; and polltuien prevention,

envirenmentel planning tedeniy signiicant EnvireRmeRtalNmpacts;,

contrellingfthese: activities, o minimize thelr mpact on the
envirenment: and

Setting envirenmental performance. ohjectives and targetsiand
aCKING| Pregress teward meeung them.

EMS arermere metnods eif analyzinefand tracking progress
tewaradsisustaianiity, retnerthan concEpLs tiat can e
Implementeartierachiever sustamamniity.

Sustainanility management systems are similar, but go one step
further i that they provide a sustainability-based framework on
which to base the targets develeped by the EMS. One example Is
the combination' off TNS with EMS.



Principles of Green Engineering

1. Inherent Rather finan Circumstaniial _
[DESIgNErs need ol strve ol ensure: that allimaternals and enengy.
IPUIS aneieuiplis are asinherenty nenhazaideus as pessilele:

2 Prevenuoenlastead oifireatment
IISTEEIFtorPreVENLWASHE tha 1ol Eal Ol ClEan U WaSte alter it
ISHiermed:

3. Design ol Sepalation
Separation and purfication operations shouldive designed o
minimize energy: consumption and materials use.

4. Maximize Efficiency.
Products, processes, and sysiems shoeuld be designed: o
maximize mass, energy, space, and time efficiency.



More Principles

5. Outpui-RPulledrVersus Inpuit-Pusied
ProdUCTS, Processes, and sysiems shieuld be ouiplrpullied= ratier
thannpuUr pushed* threugh theruse o energy anefmaterals.

6. Consenve Complexity:

Embedded entropy and ceomplexity musthe viewed as,an
IAVestment When makingldesignicheIces onlirecycle; reuse; or
Eeneficialidispesition.

7., Duraniliys Rather inantimmertaliy.
Tlargeted durability, not immortality, should e a design goal.

8. Meet Need, Minimize Excess
[Design for Unnecessary: capacity: or capability (e.g., “ene size fits
all®) selutions; should be censidered a design flaw.



And Some More

= Ol VimimizesViaterial DIVErSIty -
Viaterial diversity infmulticomponent products should ke minimized to
premete disassembly and vallue retention:

=10 IntegrateVaternal andrEnergy: Flows _ _ _
[DEsign| off products; processes; and systems must include integration and
Itercennectvity/ withravailable eneray andimaternals flows.

=17 Designier Cammercial “Afterlie®
Products, processes, andisystems;should be designed o) performance. in
a commercialaiterliie:

= 12. Renewable Rather Than Depleting
Materialland energy: Inputs should be renewable rather than depleting.

= *Anpastas, P.T., and Zimmerman, J.B., “Design through the Twelve Principles of Green
Engineering”, Enyv. Sci. and Tech., 37, 5, 95 2 101, 2003.



Chementator Listings

= e Chementator columniini Chemical Engineenng magazine
contmually Inclides;examples o green ERgINEERNNg:

Ocioker 2008: Producing phenolfren benzene Witheui
Preducing PYPreCUCHS; design! el el mere Energy-elicient
Centritige decantier; phosgene-iree reuteriorpolycanonaie

September 20038 Makingfmore: methanolin ene passwith new
catalyst; NEW rolte 1o propyleneroxide via hydregensperoxide
rather than| chierehydin o Styrene menemer reuies

July 2008 Viaking nmethanoel frem methane Using micrehes
rather than reaction of hydrogen and caron moenoxide at high
temperaiure and pressure



More Listings

Viay: 2003: Prodiicingfhiodegradanierpolymeriiom iood Waste;
WIRRING chremitm; compeunds firem chremite ere using iguid
phase exidanoninsiead el reasting

Apilr2003: Microfiltration terhelpra distlien/ e retse a Wasie
strean; wining dritweediniercharceall, VInEgar, and egas

Viarch 20085 Reclaiming eliseealloypreducts asiacive
Ingredientsiinrhantgels ash-recyching pProcess e eliminate
Waste; production’ ol hydregenriiom ieod-processing
Wastewater

Eehuan/ 2008 Wel metnanation pProcess tnat Uses halifthe
water; hylrid recket fuel that 1S nentexic and neniazardous;
fertilizer frem swine waste

January 2008: Sintering Process;to reduce carbon| dioxide
emIssions In the: production of pig|iren; dye removal process to
Improve wastewater recycle in textile production



Pollution Prevention in Process

Development and Design

= Avold adserpliverseparatens Where adserent heds camnnot be
eadily regenerated.

= Provide separate e actors ol iecycle streams Lol permit
OpLimiZzation of Conversions:

= Consider low=temperature: distillationicolumns \wien dealingwith
taermally~lakile process; streams:

= Consider Ngn=EfficiEncy Packing rathErthain conventionalitiay=
ype celumnsito reduce pressure drop and decrease reboller
[Emperatures;

= Consider continueus processing When baichicleaning Wastesiarne
likely te be significant.

= Consider scraped-wallfexchangers and evapoeraters with VISceus
matenals to avold thermal degradation of preduct.



SEEKSONNINIMIZESENUINIEISOIN
Minimize peientialierieaks
ViaximiZe pPrecess selecuvity at each uniroperation
MiRImize precess utility reguirements
SEgregate proecess stieams Where possible
[Design!fier operalility
\/essel design:
[EnSUre easy access i vVessels torsimpliiy/ cleaning
[DesIgnior complete drainage
PIpIng design:
RECOVEr Waste Streams separately
Minimize length of piping runs te reduce Inventory
Minimize valves andiflanges
Route drains, vents, relieflines te recovery: or treatment
Specily bellow-seal or zero-emission| valves



And more.

= Rstrumentation design
Uselin-line precess analy/zers
Use closed-loep samplinglperis
Install predicuvermaintenance monierng equipment

IRstrimEent heat exchiangers te permit real-time moniterng o ieuling
andiieakage

Consider advancediconirel strategies;suchas medel-hased contrel
= \aierals selection

Consider costs oiiwaste disposal Wieniselecting maximuim allowakle
COIGSION lates

Consider foul-resistant materials like Teflon on surfaces reguiring
frequent cleaning

Consider glass or polymer linings where freguent cleaning Is required
= (Cost estimation
Incorperate hidden waste Costs In cost estimales



Pollution Prevention through

Reactor Design

= Prevent pollutient by moedification ol reacioer parameters:
KIRETICS
MIXINGIrEQIMES
JIEmperature
Pressure
Batch Versusicontintious pProcessing
Contrel sehemes



Separations Technologies

= Removal oriselation off CompenENtSHIom PreCESS SHEAMS| 1o
enakleIn-pPrecess FECyCling Ok ECEVER/ and reuse ol the
COMPONENTS

= Liguiefsepanaiiens
Suspended selids
[Disselved selids
Miseible andimmiscibleliguids
[DiSspIVedigases
" (GaS Separalens
Suspended solids
Miscible gases
Suspended liguids



Pollution Prevention through

Process Control

= Opuinize Controel system pererHmance
Vieasurement acclracy, stanility; repeataiility
Senser lecation
Conireller response action
Precess) dynamics
Einalicontrel element chanracienstics and location
Overall systemireliaility



Pollution Prevention through

Process Simulation

= Process simulation can enalle engineers torconsider,
environmental ISSUES, SUch as Waste: generation; and energy: Use,
earlierin therdesign;, as\wellras:

Characterizing the' envirenmentall propEIES| Ol PrOCESS WaSsie
streams

laking interaccount envirenmental aspects off design;, SUCH as raw
material’and selvent selection, assembly of reaction and separation
Sieps, and consideraten el In-pPrecess| recycling aliematves

Implementing methodologiesiand tools thatidentiy and evaltaie
alternatve envirenmentally  senign reactien: pathways

IRtegrating therdesign eirmanuiactinng With treatment systems

Estimating the reall costs| of the process; including waste treatment
and dispoesal, permitting, iability, etc.

Tracking trace components in process and waste: streams



Pollution Prevention through

Chemistry

Alternative synthetic pathways
Userofhielegical methedsHiorreaction e catalysis

AveIdance o toxic ieedstocks, Including Intermediates
Elimination; eif erganic selvents



Design Tools

= Green Chemistny Expert Systiem (GCES)
W RERe Y/ GreERNCHEMISHY/ICEISHIIT
Searnchableliierature datalase on greemn chemistiy
Eor example,
= SUpercriticaliselvents
= Soelvents
= |nherently: safer chemical

sAllematver pathway/siol parial exidauon reaciuons or;
Eredel Craiits reactions

= |ndexing methods for evaluatingjalternative syntnetic: patnways
using:

Compesite envirenmental index based on reactant and product
steichiemetry and weighting facters for toxicity, persistence,
hieaccumulation, etc.



http://www.epa.gov/greenchemistry/tools.htm

Design Tools

= Precessiheat integraton

Usesiihe heat fiiem streams; that need ceoling te heat stieams
that need heatng

Preventsipoellluen by reducing the need fer fuels and o
COOJING lOWer Gperatien

[DeRe By heat exchange network (IHEN) syathesis

One meted IS te Use a pinch diagram, WhIChI determines the
exient o Wwhichr heat transieris possiklie and helpsidetermine
Whichi het streami sheuld be paired withiwhich| cold stream



Design Tools

= Precess mass Iniegraten

Usereimateralssthatwouldrethermvise lse wasted
Jieols Include:
= SEUnce-sink mapping

= QpPUMIZING SirategIes o SEgregation;, miXing andistrean
recycle

= mass exchiange netwerk (MEN) synthesis (similar ter HEN
SyRthesis) (canrusewater pinch* methedology)



Design Example

= nra refineny, Precess Water s rought Inte contact Withr cride o1l te
remove salis and ether selidicontaminanisithat could disrupt dewnsireaim
OPErauens; then sent terWwastewater treatment iaciity

= Preblemiis that selids accumulate I therbelerand excessive Ievels of
SsUspendediselids Ieadioiouling; eNicIENcy, decreases; and cleaning
reguirements

= Dissoelved selids alseraccumulatienn coeling iewerr blewdewn

= \Whenlelerslewdeownimeets tewer blewdewn; precipiiaioniocecurs and
hazandeusielly sludges are iormed Whenhlended withwastewater iiom
gdesalier

= Soelution uses reverse osmosis to remove dissolved solids from feed
water tor eliminate source ofi selids;in oily sludge.

= Savings inidispesal cests paid o) pretreatment equipment and Its
operation

= [Fewer boeller and tower chemicals were needed), and malntenance costs
were reduced



Design Examples

= Preblem: Non-opuimalfreactant addition canlead 1o segregaton
andlexcessive byproduct fermatien

= Selutien: Premixliguid reactantsand selid catalysisiusing inline
MIXErs

= Beneiit: Viere efficient mixing and reducediwasie Generauen oy,
side reactions; for 22% erder or higher competitive-consecutive
[Eacliens

= Seluueniimpreve dipritibe and spanger designs ok ik Eaciors.
Do not add low-density: materal above liquid surface. Control
residence time: of gases added to liguidi reactien mixtures.

= Benefit: Controll strategy. reduced hazardeus waste generation; by,
88% and saved $200K



Design Examples

= Preblen: hemoeeenous caialysis canileadiierheavy metal
contanminatien’ eiwaierr and selid wasie streams

= Selutien: usereteregeneeus caalystimmonilized enrsolidisuppori

= Preblem: old catalysis designs Emphasized CoRversion GVer
selectivity

= SelUueRi considera new catalyst thatieatlres Higher selecuvity.
and leetter physical characienstics

= Beneiits: Cower downsirean separation and Waste: treatment
COSIS; e.d., new: catalyst fior phosgene minimized formation of
carbon tetrachloride and methyl chleride, saving $1Miand
eliminating an end-oi-pipe treatment device



Design Example

= Preblen: reactants entenng a fixed-led reactor ane pooerly,
distibuted. Elow preferentially iravels downr e cEnLer:
RESIGENCE tIME 1N the CERLER S 10! sholiand e |ong at thewalls:

Yield andiselectivity, sufier.
= Solutions Installia flovw distrbutor at the! entrance torensure unifiorm
HOW aCroSS the eacioN CloSS-SEction.



Design Examples

= Preblen: Conventionrheat exchange design s net epunun for
conuelling| reactoer iemperaiure.

= Selutien: Eerrhighly exethermic reactions, Use CocUIEnL lowW. of
coepling fiuid en exienalisuiface: o illbular reacio)s at the Inlet; use
cCoURiercurrent iew near exitWhere reaction iatesrand leat
gEneraunoen rates;ane lewest.

= Preplem: Diluentsiadded e gas phnase eaclions, such asinitegen
Or aiir help 1o dissipate heat but result I the generaton off Wastes
such as nitregen exides

= Solution: Use a non-reactive substitute diluent, such as carben
dioxide o even Water vapor.



Design Examples

= \Wastewateriren a selutien: pelymernzauon Precess contaned
RCRA selvenis andiwasiincineraied: Distllaien iollewed 13y
extraction recevered more: taan L0 millientl/yr el selvent; reduced
neineratienioadsiby 4 millien /i andiad a 2-year paylack.

= \Vaste nkfirem nEWSPapEr prRng contained 20%) erganic
selvent; 15%water, and 65% ks Elashrdistiliauoniseparated e
ks BIRaRdistllatenR Separated the SeIVERL, andithie Rk and
SelventwWere reused.

= Pure etayliene glycel was haichidistlled freny USedlaniireeze and
[eused In new: antifreeze.

= | electroplating), spent acids frem etching tanks, cleaning tanks,
and pickliing tanks can e distilled te recever pure acids such as
hydrechleric acid and nitric acid.



Design Examples

= rethylanmines used asia selvent 1o extract hydrecanens! iiom
elinen/ wastewaier and siudees fer recycle hack Inte the Process.

= REeverse 0smesisiis Used 1o iecoverny homogeneous metal
catalysts (instead el chemicall precipitation) and saves $SS00KIVT.

= Ultraiiliralien e covers polymers fifem cleaning o pelymenzatien
[EaCloNS) sUch as pelyvinyi alconoel emsynthelc yarm
manuiactune.

= Vieleculai sieve alserIentis are usediordenydraie naitial gas,
eliminating the use ofi a selvent (trethyleneglycol).

= Melecular sieve alsenoents can replace azeotropic distiliation by,
eliminating the azeotropic selvents such as benzene and
cyclohexane.



Design Examples

Gasimembranes, can receven andirecyle high-value volaiile
Organic compeunds; suck as elelin nMenemerireni polyeleiin
PIEGCESSES), JaSeline Vapol recoveny fren sierage: tanks, Vinyi
chileriderrecoveny from PV reacior Venis, and CEC recoveny/ ficm
PIECESS Venis and transier Gperatens.

PEVaperationis a membrane Process USed 10 [ECOVEr Brganics
fliemiiow lievw and moederaie concentratien Wasiewater.

Viembrane: canrecover metal ionsiiomiaguecus Wasie: stieams.



Detailed Case Study

= (Generic crude: ol precessing Uit
[Desalter:
AlMesphERE distiliatien tewer
Vacuumdisuliaten column

= Eeed matenaisiarer cruder ol Water

= Preducts arercrudertower overhead light naphtia fiaction)
Keresene firaction, heavy distillate firaction), atmespheric gas;oll
iliacuen; lightvacttm gas el heavy vaculnm gas el and vactum
residue



CRUDE OIL

[
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Desalting

= Pesaliing
Cruder ol nixed withrparially-treated wastewater, then heated

IWesstiage desalier creates, a dispersed mixitre ool and
Waler

\Walel exiracis salts fireni el anditae BHRE IS Sepalaied fem
the el using an electric field

Bring fliom 21% stage: SErves; asiwashwater for 15 stage

Brine fromi 1= stage goees 1o Wastewaler treatment aiter heing
cooled by heat exchange with;desalter feed water and coeoling
Walter

Desalted crude Is sent to a series of heat exchangers



Atmospheric Distillation

= Euel-iired heaier provide enengy. ie) the: tewer;

= Wo sidersireamss ane seni o) Secondany/ stippers; contactedwiti
Sieam), and Sent e GIher GPEratens

= Overnead preductis coeled witiinceming crude ol andicenling
Waler; cellectedina ditm; and el eases I Vaporphase ane
Withdirawn, cCompressed, andisent elsewnerne

= Parieligaseline inicondensed phasesiis Used as a el
= Betiem stream s, Sent to the vacuum: distiliationrcoltmn



Vacuum Distillation

= Beiioms are further fractionated
= Euel-fired heater provides eneray

= @vernead strieani s contaciedwiti steamy, Coeled; and separaied
nter el andwalefin an evenead arim

= \aler sirean gOEes e SeUIfWaler: StippRer
= @IlsISent terstoerage



Rehollwithrhoet ol rather than steam 16 aveld ell/Avater cContacting
OpPErations; reguires two additonal side: strippers e meet product
SPECIICAlIeNS

Add iguid rnevacuum: pump; te reduce Vacuum oWer: pressure;

Which reduces;allewahler operating| temperaitre;, Whichresultsiin

reducedl crackingand ieuling eiffumace tulees; So that preduction
Off seur Waler Is reduced

Replacehurmersiwithilew:=NOx bumers and retrelit o file gas
recirculation to reduce NOx emissions

Reduce fugitive emissiens With stringent Inspection and
maintenance, leakless valves, , etc.

Segregate mildly-contaminated water andl tieat for reuse



Pinchranaly/sisiio reduce exiernallenengy requirements shewed
thatantemissions ceuld e reduced sulastantally By increasing
SUface el the existing prelneaters; by 8% by adding three
addivenal preleaters: Cestwas $2. SV el Cost Savings Wels
$S1. 7V, withra payback of 1.3 years,

[Decreasedinitiogen oxide emissions; by 60% and VOC emissiens
9y 98%

IHalvead eilfand grease in Wastiewaier, decreasediiiSs by 82%;) and
reduced suliides by 19%

Reduced hazandeus selid waste by ever 90%, and generated a
nonhazardeus solid waste stream



Assignment

= magine that you have been assigned 1o design the lndustial
REVoIUtien, retiespectvely. The assignment weuld read
sEmening ke this; designiar sysien of preductiionsthatwoeuld:

Putbillions eif peunds, elftexic maienal inie the envireniment EVER
year

Producerseme; materalsiserdangerous they will reguire: constant
vigilanee by fuilire: generatons

Resultin gigantic amoeunLs; ol Wasie

PUtvaluable matenals inholes all overtne planetWherethney cannot
pe retieved

Reqguire theusands o complex regulations — not o' keep peeple and
natural systems sale- but toe keep them frem being| peisened teo
quickly

Measures preductivity: by hew: few: people are werking

Creates presperity by digging up or cutiing down natural rescurces
and then burning or bunying| them

= Off course, thisiwas never the intent — just the way. It turned out.



Challenge!

= [DESIgN products and PrOcESSES Withigoeals off ZEro
Wasie, Whichincludes pellutien and eneray:

= [DEesign pPreducts and pProcesses) tihal are: restorative:

= Use thentelleciualiand matenalireseurces; ol chemical
EN0INEENNG 10 create aword thats sustainalele; 11n
WhICh WhathWerlhiave teaayis still thereior memhers of
the seventh generation Inithe future.



Resources

= AICHE Center for\Waste Reduction liechnology.
= AICHE Sustainable Engineenngl Eeruim

= Chemical Engineenng, Chemical Engineenng Progress, and other;
Magaznes;and jeurmals

= Allenby, IndustialfEcelegy,
= Ereeman; Industhal Pelittien Prevention Handhe ek

= Allenrand Shennare, Green Engineenner Envirenmentaily
Conscious Design off Chemical Processes

= VicDonough and Briauneeart, Cradle e’ Cradle
= |nternet
= Many ether reseurces are out there just for the leoking!
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