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- Foundations
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* Tool
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» Global Sustainability Assessment
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SEPA

\ Y 4 . .
fiee Motivation
Environmenta | Protection
Agency

The finite availability and accelerated depletion of ecological
goods and services: The role of the chemical Industry

v" Fundamental business « Exposure of workers to toxic
sector for the (global and carcinogenic
economy and society’s  substances

quality of life - Water pollution, air
v 5% of the U.S. nominal emissions and solid waste
gross domestic product - Product use impacts: e.g.,
v directly employs [1800,000 agrochemicals, fossil fuels
people nationwide - Disposal impacts: e.g.,

v' 11% of all U.S. patents /yr flame retardant substances,

v 96% of all final goods are  paint pigments
directly influenced « 6% of the total U.S. energy
consumption



$EPA  Sustainability for Chemical
Processes

- Guidelines to achieve quality of life improvements
—without affecting the availability of ecological goods & services
—for new and existing manufacturing processes

» Address and assess environmental, social, and

economic aspects that may be affected by industry
—identify which system components are affected
—localize process and product aspects which generate them
—redesign relevant processes and products
—demonstrate system improvements

- Minimize or eliminate the environmental impacts and
maximizing the social/economic benefits



<EPA Quantitative Sustainability

Environmental Protection
Agency

Assessment

Green objectives

o Green Eng. principles

e Green Chem. principles

Qualitative Approaches
Apply all of them?

Levels of implementation?
A “win-win” situation?
Multiobjective function

GREENSCOPE

e Sustainability indicators

¢ Dimensionless scale

Quantitative Approaches
Is this a sustainable
process?

How sustainable is it?
Realistic limitations

Scale for measuring
sustainability

- From qualitative to quantitative

- Improvements achieved in one area may simultaneously affect
other areas negatively

Sustainability indicator results
e Trends
o (Clear visualization

Sustainability Criteria
Process areas for improvements
Identification of key factors (SA)
Multi-criteria decision making
Optimal tradeoff

[

Potential
sustainable
process

« A more sustainable process is the result of an optimal tradeoff




EA ~Sustainable Process Design
Procedure

Nonrenewable | | &

Resources

l @N Products
Renewable Ll R )
Resources 5

N ST 1 (ST
Env. & Ecological Dissipation & iﬁeleases ik)
Processes Impact Absorption

- Support decision-makers to determine whether a
process Is becoming more or less sustainable

—Are we doing relatively good / bad?
« What benchmarks to use?
- How close are we to achieving absolute targets?




s SUStalnabllity & Process Design

Major Rapidly |
eas >le Low influence —
I‘lnfluer]ce d;cmasu:ng

mfluence

Influence on the Process
Performance

Implementation Cost

S —

—
Conceptual Feasibility Definition Engineering, procurement,
phase phase phase construction phase

Specific process changes to improve sustainability at
early design stages will have greater potential influence

—ly the sustainability of the process during operation



SEPA  Taxonomy of Chemical Process

Indicators
Releases
. . . . Ecol. goods & services
* Triple dimensions of Sustainable o Society
Development -
—Environment, Society, Economy b e/ E
—Corporate level indicators | HET N
—Assessment at corporate level g <
Economy w

 Four areas of sustainable chemical processes
—Environmental, Efficiency, Economics, Energy (4E’s)
—Process design level

—Taxonomy of chemical process indicators for use in
B process design



e Clear, practical, and user-friendly approach

* Monitor and predict sustainability at any stage of process
design

e Currently developed into a spreadsheet tool, capable of
calculating 139+ different metrics

e User can choose which indicators / metrics to calculate

.  User can redefine absolute limits to fit circumstances



SEA\ GREENSCOPE Sustainability
Framework

« ldentification and selection of two reference states for each
sustainability indicator:
— Best target: 100% of sustainability
— Worst-case: 0% of sustainability

« Two scenarios for normalizing the indicators on a realistic
measurement scale

« Dimensionless scale for evaluating a current process or
tracking modifications/designs of a new (part of a) process

Actual-Worst
Percent Sustainabilty Score = ( )

x100%
(Best—Worst)




SEPA  GREENSCOPE: Systematic
Evaluation Procedure

Agency

Energy Products
> >
Energy flows Product
mass flows
L
Raw material
> Releases
>
Mass flows /
mass flows
Equipment
Operating conditions

Classification lists,
energy conversion
factors, potency factors

A\ 4
Physicochemical, \ .
thermodynamic, and » | GREENSCOPE Al 'ndlfator
toxicological properties/ results

Equipment, raw material,
utility, and product costs,
annual salary, land cost




=~ Environmental Indicators s

* 66 Indicators
» Specifications of process input material

- Health & Safety hazards: operating conditions and
operation failures

- Impact of components utillized In the system and
releases

*100% sustainability, best target, Is no releases of
pollutants and no hazardous material use or generation

- 0% sustainabllity, worst cases, all inputs are classified
as hazardous, and/or all generated waste for each

potential EHS hazard is released out of the process



<EPA

United States

e Environmental Indicators: Example

Safety hazard, fire explosion

SHy s = Probable energy potential for reaction with O, Sustainability value
(a1, 1oma§;°f product Best, 100% Worst, 0%
SHse/espiosion = ' o All combustion enthalpy
¢ AT is known O kJ/kg  of each process
~0.005AT,,,, +1.0 if 0<AT,, <200 substance is released
IndVal =41 if AT, <O
0 it AT, 2200 AH.: combustion enthalpy, kJ/kg
Flseif Regels known AT, temperature difference between
! ff Reoge =12,15,17,18 the standard flash point and process
vy =10875 1 Rep 511,30 temperature, °C
" lo75 if R, =10 ’
0 if R, =other R.oqe: RISk phrases of European
Elseif ~NFPA—fis known community
1 if NFPA-flamm=4 NFPA-f: flammability hazard class
0.833 if NFPA-flamm=3 according to the U.S. National Fire
IndVal, =10.667 if NFPA-flamm=2 Protection Agency (NFPA)
0.5 if NFPA-flamm=1
0 if NFPA-flamm=0

end



e Efflclency Indicators

« 26 Indicators

- Amount of materials and inputs required to generate the
desired product (reaction) or complete a specific
process task (e.g., separation)

- Mass transfer operations have implicit influence in the
amount of energy demand, equipment size, costs, raw
materials, releases, etc.

- Efficiency indicators connect material input/output with
the product or intermediate generated in the process or
operating unit



<EPA

United States
Environmental Protection
Agency

Actual atom economy

AAE = AEXx ¢
AF = [(Molecular weight) X (stoichiometric coefficient)l
"~ ¥ [(Molecular weight) x(stoichiometric coefficient) |
reagents
£ Mass of product

Theoretical mass of product

(ﬁx'\/lw)product><
I -
2(axMw) . %

i=1 MW a

limit. reagent limit. reagent

product

AAE =

in
M B
imit. reagent X product

xMW

product

Value mass intensity

Total mass input

Mi, =
Sales revenue or value added
I .
>m)

Mi, = ’:15

15 Z m productl

i=1

m ,product i

Efficiency Indicators: Example

Sustainability value

Best, Worst,
100% 0%
1 0

M*roquct: Mass flow of product |, kg/h

M"Mimit. reagent: INPUt Mass flow rate of the limiting
reagent, kg/h

MW,: molecular weight of the component i, kg/kmol
0;: stoichiometric coefficient of the reagent i

B oroduct: Stoichiometric coefficient of the desired
product

Sustainability value

Best, Worst,
100% 0%
1 40

mein_ i input mass flow rate of the limiting reagent,
kg/h

annual mass flow of substance i in year m, kg/yr
S,,: total income from all sales in year m, $

C., i cost of material i in year m, $/kg

: annual mass flow of product i in year

m’ m, product, i
m, kg/yr




e Economic lndicators

« 33 Indicators

- A sustainable economic outcome must be achieved
for any new process technology or modification
proposed for the commercial scale

- Based In profitability criteria for projects (process,
operating unit), may or may not account for the time
value of money

» Indicators supported in cost criteria:
—Processing costs: capital cost, manufacturing cost
—Process input costs: raw material cost, utility costs
—Process output costs: waste treatment costs



SEPA . .
weeee ECconomic Indicators: Example

Net present value

NPV =The total of the present value of all cash flows minus Sustainability value
th t val f all ital i t t
e present value of all capital investments Best, 100% Worst, 0%

NPV = ;PWFM (5, -com —d )(1-®)+rec, +d, ] NPV @ ry=

n minimum

_mZbPWFv,mTC’m NPV @  acceptable rate of
s = Z’:m. xC | discount rate return
m  &d"im, producti " m,producti (rg)= 0% (MARR)=40% for
COM, =0.280FCl,,, +2.73C,,, +1.23(C,r.,. + . +Cor ) very high risk
d_=0.1FCl, projects
4 e n: life of the plant or equipment, yr
rec_= Cong +*WCHFC, _;dm tm=n PWF ... the selected present worth factor
0 ifm#n S, total income from all sales in year m, $

TCl =C_, +FCl,_+WC, COM,,: cost of manufacture without depreciation, $

’ u FCI, : Fixed capital investment without including
FCIL =CTM :1'1821:(:5/\4,:' the land value
C =C°F C d,,: depreciation charge. Here, it is assumed as

BM,i p,i° BM,i . .
C,, =4.5N,, x (annual salary) 10% of thg FCI_ evalugted in year m, however it
, 0s can be estimated by different methods
No, =(6'29 +31.7p +0'23an) @: fixed income tax rate given by the IRS
N,, = Equipment rec,,: salvage-value recovered from the working
capital, land value, and the sale of physical assets
evaluated at the end of the plant life. Often this
salvage value is neglected, $




e Energy Indicators -

=

- Different thermodynamic assessments for obtaining an
energetic sustainability score

—Energy (caloric); exergy (available); emergy (embodied)

- Zero energy consumption per unit of product is the best
target (more products per unit of consumed energy)

« Most of the worst cases do not have a predefined value
—They depend on the particular process or process equipment

« 14 indicators

—The designer has to choose which value is unacceptable

—Some worst cases can be assigned by taking the lowest
scores found through comparing several sustainability
corporate reports



<EPA

s Energy Indicators: Example

Exergy intensity

_ Net exergy used

Ex

Mass of product

R Ex " Ex, .,

Ex
product

Ex'"= [ Ex’ (physical) + Ex(chemical) |
+ Ex’(work) + Ex" (heat)

input flows

Ex" Zm '”(AH TAS) +Z[Zn Z(X,AEX;Ch"'RRXfIn(Xi))}

j=1L i=1 i=1
+kZ:1:Wk +kZ=1:Qk (l_To /TELk)
EXl.ost_ T()Sg.enerated
K Q
Sgenerated Z m " X AS Z .joUt X AS/ - z_k
j=1 k=1

0
[4

= Z x, NS +AS, DS, =Xy NS, +AS
i=1

L,j mix V,j mix
i=1

Sustainability value

Best, 100% Worst, 0%
0 Max Ex,.../Kg product

ASL=A5;+CP,V|n[ T, J AH

Entropy Value

Component state

Liquid state

298K

A

ol

o

T
101.325 kPa

Liquid state

) AH l
AS =AS +C In| —— |20
LTI e [ZQSKJ T

T

_H,

o

Tb®
101.325 kPa

Gas state
Th®

101.325 kPa

Gas state

298 K,
101.325 kPa

Elemental
reference state
Constituent

elements
7202 K 1N1 29K kPa



e Indlcators and Data Needs

- To generate a sustainability assessment a model must
have available data

- Data Is not the final goal, but it is mandatory to get
there

M & E flows , operating conditions and equipment

specifications; substance properties: physicochemical,
thermodynamic, and toxicity; manufacturing and
capital costs

- Data-source alternatives can be used to fulfill potential

data gaps
— Simulators — QSAR models
— Physiochemical — Databases
— Toxicological — Classification lists



SEPA Indicators and Data Needs:

United States
Environmental Protection
Agency

Efficiency

m:jj, M- solvents M- catalyst »
B

Molecular
formula

A"

A

Process or " m
operating unit product

M- solvent
M- catalyst

m-; J
M solvent }
M- catalyst

J ’
Hazardous
Tl maea

)\ 4
P Renewable
(EMY = [ I material list
BFy (]

A 4
(Wrseyel mat) || [ matonta
Wrecycl. mat. material list

2

M water in

\ 4

> FWC

\ 4

Consumption
rates per type
of water

Wrecycl, mat.

Recyclable
material list

Mathematical
operations

o (o Aindeor deribedy(Intermedin
) \  inatable value

Process External
data data
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United States
Environmental Protection
Agency

Indicators and Data Needs:

Economic

mr;, Utility flow rates =

Annual

salary
Utility-%
cost rates

Utility-£2
per source

Other utility
cost rates

Process or

operating unit

PID,
Equipment,
Operating
conditions

Waste
treatment
cost rates

7 product =>

] T i |

!
G The—{ S|

e
Notation: Indicator /Indicator described
N }n_aﬁa&l@_ Wz

ntermediate
value

Mathematical
operations

Process External
data data
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United States
Environmental Protection

Agency

Data Sources

Data source

DOT, TOXNET,
ACToR

TRI program
TOXNET/HSDB

NIST Chemistry
WebBook
AIHA

ACToR

ACToR/ICSC

IRIS

Property or type of provided data

Hazardous material list

TRI PBT chemical list
ERPG-2, ERPG-3, MW, AH_, p, pH, Kow: Py Tiash» NFPA-1, NFPA-,
IDLH, ECg, LCqy, LDy, TWA

MW, AH,, C,(T), AH;, AH,, AH,,, Thasn, Pu(T), U, AG,,

ERPG-2, ERPG-3

MW, IDLH, LCg,, LD, p, Kow: P, MAK-CH, TWA, hazard, acute
toxicity, chronic toxicity, carcinogenicity, reproductive toxicity,
neurotoxicity, immunotoxicity, dermal toxicity, respiratory toxicity,
nephrotoxity, endocrine effects, ecotoxicity

MW, EU .cer Reoger NFPA, MAK-CH, Tiach » Ky ECgjassy TWA
MW, P,, Kow, RID, toxicity kinetics, pharmacokinetic modeling, hazard

identification, mode-of-action and dose-response, cancer factors, and
cancer descriptors




SEPA  Sustainability Assessment:
Biodiesel Case Study

Agency

- External data: ERPG, IDLH, T,, T,,, LC.,, etc.
- Process data: me; i, me; o0 Coms Cuts Cequipment €€
- Definition of best & worst case scenarios

/ New process design | _
\ specifications N
Rroducts:

FAME, glys.erol

Process design
Decision-making
Experimental work
> Process modeling

& optimization

Energy & mass flows
Equipment
Operating conditions
Product & releases flows

NO

Experimental data
Predicted data
Process data
Literature data
Assumptions
Tools/Simulation

\ Classification lists,
energy conversion

factors, potency factors

\ Physicochemical,
] thermodynamic, and
/ toxicological properties

All indicator
results

» | GREENSCOPE |

Potential
sustainable process

Equipment, raw material,
J:Jtility, and product costs,
/ annual salary, land cost

""""""""""




United States . . n
Environmen tal Protection
Agency [ ]

« Soybean oll

« 95% OiIl conversion
1 Ton FAME/h

« 99.60% Purity

Process Description

« 0.1 Ton Glycerol/h

- Utilities: steam, electricity,
cooling water

- Solid, liquid, & air releases

Air Rel.

H20 >
E=—>—1203 _
e | ——fsoo———=>
= FAME
S P 101 T-102
oil |
P {5 P-103
=>200 (el B
P-101 26 - W-101 Waste Oil
ﬁ S 7 —{z04——C—>
NaOH - 303—= >
:>_@2 NaOH Rem oval
‘ ya S-101
MeOH [ J—!ﬁz——@
—>201 P-102 J o, | H20 & MeOH
23 16 [
C {T-103
—_— —
H3PO4 [ Glycerol
204 18 sot :




wEPA

United States
Environmental Protection
Agency

11.SHeacidec 1
31 12-SHacute tox.

13.FTA

14 TRy

3] 15.TR
116 EQ
A17.EBancer eff
18 EHyegragation

319.EH,,

Jd 23.GWP

E24.GWI

Environmental Indicator Results

Indicator Description Sust. (%)
Number of hazardous
1.N
haz. mat. materials input 40.00
Health hazard,
6 HHimiaon irritation factor 93.31
Safety hazard, reaction
10- SHeacidec / decomposition | 97.00
Environmental hazard,
22.EH,p.cc  |bioaccumulation (the | 98.34
food chain or in soil)
Photochemical
27.PCOP oxidation (smog) 99.83
potential
Agquatic acidification
32. WPI
acid. water intensity 9988
Aquatic oxygen
38. WPI
O2dem. | Jemand intensity 0.60
43 EP Eutrophication 98.89

potential




ates
Environmental Protection
AAAAAA

Indicator Description Sust. (%)

2. AE Atom econo my 90.60

7. Ml, Value mass intensity 99.46
Physical return

17. pRO .

® Mhat. to. PROW investment 99.76

Mass fracti f

21. Wreeyel. proa|Product from 4.50
recyclable materials

25. Wi Water intensity 100




wEPA

United States
Environmental Protection
Agency

11.Rey

Energy Indicator Results

Indicator Description Sust. (%)
Specific energy
2. .
Ree intensity 99.49
Resource-energy
6. .
e efficiency 63.26
Breeding-ener
8. BF, SENCEY 1 5338
factor
Exer
10. ExXy & 92.59
consumption
Breeding-exer
14. BF,, SEXETEY 1 100.00

factor




nnnnn
Environmental Protection
AAAAAA

Indicator Description Sust. (%)
1. NPV Net present val 44.52
8. PBP Payback Period 81.10
19. COM Manufacturing cost 68.70
23. Cg gpec.  |Specific energy costs | 88.07
33, Cpur. . FractionaL‘(i:r ts of 35 26
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United States
Environmental Protection

Agency

REENSCOPE.xIsm

2 Range
g Indicator Symbol Yalue Input unit Best case  |Worst casefercent Sc
£ anerqy Flow rate s 3 heat Flow ar pawer
fo-e provided by utilitics such a5 natural gas, fuel oil,
Total snergy consumed by the process | i, = 120 By steam, snd lecticty, MUh; Ceuns: sonversion
1 | Toral energu sonsumption 1. Etotal | or procereunit as primars fuel L T aatngatezy | fuiterto fulungy @ bt flow saam &, rh 27401 2740 38.07
cquivalent FaresAl 4370 FTH ~F A Al =0 Wthih;
stream 7, kiglh; mjrout: tatal mass flow rate of the
. aukpuk stream J, kathi A X - o mass enthalpy of the
£ anarqy Flow rake 2 5 heat Flow ar pawer
Tatal energy conzumed by the process . °‘”d°d:"|‘"'t"‘.'°.: “I‘\‘,I':l:h‘_ "C“‘"“'_g“" G
2 | Specific energy intensity ar pracess operating unit az primary 2114752602 i e Tlikg i 1343 99,36
fuel equivalent per unit maz of product ackor ko fuel energy; S8 = heat flow stream &,
i It = energy Flow & for power needs,
5 m =product: total mass Flow rate of the
£ anerqy Flow rate s 3 heat Flow ar pawer
) . ::mmd . p?;vi:‘: ‘::‘h:m 'and et prouidedggy utiltes such as natural gag. fue oil,
3 |Energy intensity 3 Rg T P O LT 16472 steam, and clectricity, MUI; Craunan: conversion LU 0 Tz 9545
unit of sales revenue or value addedd Fackor bo Fuel cnergy; &% = heat flow stream &
' MU Ik v enerqy Flaw & For power needs,
£ anerqy Flow rate s 3 heat Flow ar pawer
provided by utilitics such as natural gas, fuel oil,
Thiz iz the net amount of energy steam, and clectricity, kth; G, conversion
4 |waste treatment energy 4 WTE required by the waste precess unit per 0.040673198 Factor to fuel energy; &3 = heat flow stream &, Mdikg ] 027147526 $5.02
mass of product klh: I o aneray Flawe & For power neads, Kwhih;
& rproduct: total mass flow rate of the product
5 stream, kigih. All ener gy flows to the waste
£ anerqy Flow rate s 3 heat Flow ar pawer
provided by utilitics such a5 natural gas, fuel oil,
Thiz iz the net amount of energy steam, and clactricity, kh; G, conversion
5 | Soleent recovery energy 5.8RE required by the process ko recover and o Factor b0 Fucl energy; &3 = heat Flow stream 4, Milkg 0 027147526 100
reuse solvents per mass of product Klih; I =: encrgy flow & For power needs, Kwhih;
o product: takal mazs Alow rate oF the product
. stream, kgeh. Al anergy flows ta the solven recovery
The ratic of the physical "valus" of the o — n
y products [I'E] to the totl resource bt eprotiu pocduc o et by .
6 |Resource-energy efficiency Bz uze in the same energetic unit. VE iz 0631606851 gt mep P v rate, et s Fractiaon 1 1]
the quantity of the raw materisls encrgy miass enthalpy of the stream / in the respective
, remains in the desired product phase [£: liquid, |+ vapar), kitkg
£ eneray flow rake 3z 3 heat flow or power
The ratic of the concumption of provided by utilitics such as natural gas, fuel oil,
T |Renewability-energy index renewable  encrgy b total energy o steam, and electricity, kith; Ceoa,: conversion Fraction 1 a
consuUmption fackor bo fuel energy; 53 = heat flow stream &,
" Klih; Ik =z encray Fowe & For power neads, Kwhib;
g vin: bokal mass Flawe rake of the input stream /,
The total <nergy output of the precess kath; meproduct: product flow rate, kath; 24
& |BEreeding-energy Factor 8. BF: divided by the non-rencwable material 5335203773 mass enthalpy of the stream / in the respective sealar 10 1]
input cnergy phase [£ : liquid, I*: vapor], kitkg; utility rates from
@ non-renewable sources
£ anerqy Flow rate s 3 heat Flow ar pawer
This iz the net amount of energy provided by utilitics such as natural gas, fuel oil,
9 |Energy for recycling 8 E u required by the recpcling operating 0532567335 steam, and clectricity, kb G, conversion Mitkg ] 027147526
- units per mass of product factor to fucl chergy; &3 = heat flow stream 4,
= Kth; Ik =: encrgy Flow & For power neads, Kwhih.
Ex=in: total cxergy flow input ko the process or
process unit, kdth; mej: total mags flow rate of the
B, -Er-Er . stream 7, kathi & 2 - - mass enthalpy of the stream
B~ =B iyl )+ B ihanial], |+ Briwak)+ Bribet) F kg T temperature of reference, 7 y=235 K;
A mazs entropy of the stream kW (ka K)ne v
It deseribes quantitatively the amount| Br™ = Fas [ LE8-T 48] +E[Exjg(m{_- +ETE (%, ])] molar flow rate of substance £, kmalth; Exi'ch:
10 | Exergy consumption 10 Ex,_o of resources in exergy units in order ko ' [ ] 2HEE.554424 standard chemical exergy of substance 7, khtkmal; MUk ' 42962 154 931
deliver a praduct - - £ the gas constant, &= 5514 ki[kmal KJ; = ¢
+R W AR E[-TIL) molar fraction of specic 7; Ir's 4 : energy Flow &
. ! . For power needs, kwhih; &= 4 : heat Flow stream 4,
B =M (L H-TAS) | 4 B Kb 7 -4 kemperaturs 3t which 3 heat Aow sream
# iz supplicd, K: Seasnarabed: asnerated antracu
LER Stream&Compound Data Equipment&Cost Inputs Utility Data Material Efficiency Environment Energy .~ Economics Best&\Worst-Economics CEI Potency Factors Exergﬁ|_< 1L

30



Software

A Stand Alone GREENSCOPE

« Currently in
development

 Dr. Rajib Mukherjee
(ORISE Post-Doc)

« JAVA Language

- Based on the Excel®
version
« User can define
— level of interaction

—which indicators to
calculate

— best and worst case
scenarios
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Agency

— —_
ficlency | Energy | Environment | Economy |

Efficiency information
Compound ID | Compound Na... Product Hazardous Renewable Recyclable #olC
i FAME _ i N i N 13
2 Glycerol Y N Y Y 3
3 Methanol N L Y N 1
4 Phosphoric acid [N Y M Y 0
5 Trisodium Phos.. |N/A Y N N 0
G OIL N N Y Y =1
7 Water N M N N ]
8 Sodium Hydroxl.. [N Y M Y 0

[ Tupload] | confirm
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United States

Environmental Protection

Agency

|| GREENSCOPE

Calculate efficiency indicators, choose from the list:

® 1. Reaction Yield

@ 2. Atom Economy

@ 3. Actual Atom Economy

@ 4. Stoichiometric Factor

® 5, Reaction Mass Efficiency

® §. Total material consumption

® 7. Mass Intensity

® 8. Value mass intensity

@ 9, Mass Productivity

® 10. Environmental Factor

® 11. Mass Loss Index

@ 12. Environmental Factor based on molecular weight

(@ 13. Effective Mass Yield

(@) 14. Carbon Efficiency

(@) 15, Material Recovery Parameter

i@ 16. Solvent and Catalyst Environmental impact Parameter
i@ 17. Physical Return on Investment

(@ 18. Renewability-Material Index

{® 19. Breeding-Material factor

@ 20. Recycled material fraction

(@) 21. Mass fraction of products from recyclable materials
(@) 22, Mass fraction of products designed for disassembly, reuse or recycling
(@ 23, Total water consumption

(@) 24, Fractional water consumption

@ 25, Water intensity

(@) 26, Volume fraction of water type

@ Select All




e (Global Sustainability Assessment

Atom economy

Less or non toxic Safe product Ecological risk reduction
solvents/reagents Functional/effective Human health risk
Minimum water use Minimum or no Risk reduction recju.ction
—— Minimum energy needs environmental risk No hazard exposure ~ Minimum land use
Renewable Minimum or no releases Design for Safe Recyclability
Lowcost Sustainable design (e.g., degradation/ Effective Biodegradability
Reduced toxicity  ith GREENSCOPE) commercial afterlife Functional Reusability
l L l l
Natural Raw Product
—> i ; P —>» ——» | Di |
< Resources Materials rocess roduct Use Isposa
A I

 Impact assessment beyond the process to decide which
design alternative is more sustainable based on the life-
cycle considerations

- [dentifying stages contributing greater than any other
stage to the global life-cycle impact within the product life

cycle



i T R
System ecological services
‘Sustainable system indicators

A
e
- Supply chain and product
Life cycle indicators

Level 3 »
Facility products and releases Eco-LCA
Potential effects indicators LCA
Level 2 Gate-to-Gate
Facility material use e.g.. GREENSCOPE
Performance indicators

Level 1
Facility compliance
Conformance indicators

A4 v A\ 4

A complete quantification of sustainability performance
requires an extensive evaluation of the entire system
beyond the manufacturing facility



u
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Environmen tal Protection
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- Performance indicators for designing sustainable
chemical processes at any level:
— Provides direction to the designer (0% and 100% sustainability)
— Modifying existing processes as well as implementing new chemistries

— Approximates manufacturing scale sustainability from a bench or pilot
scale

« With GREENSCOPE, the results of sustainable

chemical practices are quantified:
— Modifications in the type and magnitude of goods and services
— Preventing and minimizing all types of releases

— Manufacturing the desired product without negatively affecting the
economic profitability

- GREENSCOPE can be used as a reliable and robust
tool for the development of chemical processes
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The views expressed In this presentation are those of
the author and do not necessarily represent the views
or policies of the U.S. Environmental Protection Agency.
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Questions?



