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SummarySummary

Sustainability is truly coming of ageSustainability is truly coming of age
We have marvelous toolsWe have marvelous tools
We need specific data about water and We need specific data about water and 
interactions with other issuesinteractions with other issues
The tools must be integrated into the The tools must be integrated into the 
decisiondecision--making processmaking process
Industry is getting message; how about Industry is getting message; how about 
government and academia?government and academia?



Taxonomy of Environmental Issues

• Reactive
• Reliance on          
abatement
• Driven by 
regulations

– Manufacture
– Product use
– Disposal

• No regard for 
resource consumption
• Limited 
accountability

• Reduce
• Reuse
• Recycle

• Proactive
• Beyond 
compliance
• Life cycle 
analyses
• ISO 14000
• Extended 
product 
responsibility
• Full cost 
accounting
• Benchmarking

• Eco-efficiency 
• Triple bottom line

– Economic
– Environmental
– Societal 

• Good individual 
and corporate 
citizens and 
Government
• Accountability in 
both Public and 
Private Sectors

Sustainable
Development

Design for
Environment

Pollution
Prevention

End-of-Pipe
Treatment



Economic and
Urban

Development

Governmental 
and Societal

Decision
Making

Decisions

Use of resources,
Discharge of wastes

Human and
Environmental 

Impacts Education,
Human Resource 

Development, 
Risk Communication

Triple Bottom Line: Economic/Environmental/Societal 
Considerations

Proactive Decision Making: Information Flow in 
Sustainable Systems

Environmental
Processes



Phoenix



New Technological DevelopmentNew Technological Development
will Complicate Decisions Furtherwill Complicate Decisions Further

Info - Transportation substitutes for local and long 
distance travel (e.g., teleworking, telecommerce
infrastructure versus surface transport). Reduced travel 
time, improve traffic flow, make roads safer.
Nano - Nano-photosynthesis produces sugar, starch for 
food; synthesis of cellulose for paper and wood avoids 
clear-cutting forests. Fewer farm animals and associated 
pollution. (Mark Weisner on Sunday)
Cogno - New sustainable society concept and better social 
decision-making. Engage retired community; transfer their 
knowledge to create a more sustainable environment.
Bio - Greater use of renewable resources without  
depletion, degrading the environment and negative impact 
on quality of life. Biotechnology can be used for infectious 
diseases, making residents more healthy.



Sustainability Metrics: BasicSustainability Metrics: BasicSustainability Metrics: Basic
Materials

Water Consumption

Energy

Mass of Raw Materials - Mass of Product
Output

Output

Output

Volume of Fresh Water Used

Net Energy Used 

Toxics Dispersion

Output
Total Mass of Recognized Toxics Released

Pollutant Dispersion

Output
Total Mass of Pollutants Released

Output:Output:

Mass of ProductMass of Product
oror

Sales RevenueSales Revenue
oror

ValueValue--addedadded

Land Use
Land covered, paved, in buildings

Output



Other Metrics Other Metrics 
Global Warming
Acid Deposition
Ozone Depletion
Smog Formation
Fish Toxicity
Green Algae
Human Acute and Chronic Disease - Carcinogenic 
Potential 
Need societal dimension and regional view: equity, 
societal justice, informed decision-making
Difficult to compare – multi-criteria decision-
making will be needed.



Metric Efficient Current Status Source
Least

40~70

4.9
Switzerland

25 
Uganda

0.3
Madagascar

Urban Population
Per ha

100~170 100
152 Amsterdam

72
New York

UNCHS
(1997)

Energy tons 
oil equiv/cap/yr

2.5 2.74 (Fr.); 2.85 
(Switz.);6.02 Can.

5.33 OECD (1997)

Ecological Footprint
ha/person

2.3 4.3
Canada

10.3 Wackernagel
(1996)

Europe/World USA

4.9~119.1

159 Amsterdam

1.1 Amsterdam

63.1

466 
New 
York

1.7 
New 
York

O3 Concentration
ug/m3 (8 hour mean)

120 WHO 
(1999)

SO2 Emissions
kg per capita per yr

10.0 OECD 
(1997)

Water (Potable)
L/day per capita

150 UNCHS
(1997)

Solid Waste
kg/day per capita

1.0 UNCHS
(1997)

Metrics Comparison of USA to Other Countries



Many Data Sources are Available – Some with Values Judgement



Many Data Sources are Available – Some with Values Judgement

Let’s not go too far!



Strange Things in Treated Strange Things in Treated 
WastewaterWastewater

AHTN AHTN 
AnthraquinoneAnthraquinone
BenzophenoneBenzophenone
BisphenolBisphenol A A 
BromoformBromoform
Caffeine Caffeine 
CarbamazepineCarbamazepine
CotinineCotinine
DEET DEET 
DehydronifedipineDehydronifedipine
FluoxetineFluoxetine
HHCB HHCB 
PrometonPrometon
Synthetic Musk Synthetic Musk 
TetrachloroethyleneTetrachloroethylene
Tri(2Tri(2--butoxyethyl) phosphate butoxyethyl) phosphate 
Tri(2Tri(2--chloroethyl) phosphate chloroethyl) phosphate 
Tri(dichlorisopropylTri(dichlorisopropyl) phosphate ) phosphate 
TributylTributyl phosphate phosphate 
TriethylTriethyl citratecitrate

FragranceFragrance
ManufacturingManufacturing
FixativeFixative
PlasticizerPlasticizer
TrihalomethaneTrihalomethane
StimulantStimulant
AnticonvulsantAnticonvulsant
Nicotine metaboliteNicotine metabolite
Insect repellentInsect repellent
NifedipineNifedipine metabolitemetabolite
AntiAnti--depressant (Prozac)depressant (Prozac)
FragranceFragrance
HerbicideHerbicide
FragranceFragrance
SolventSolvent
PlasticizerPlasticizer
Flame retardantFlame retardant
Flame retardant Flame retardant 
Flame retardantFlame retardant
CosmeticsCosmetics

COMPOUNDCOMPOUND USE OR SOURCEUSE OR SOURCE

Source: C&E News, October 4, 2004 & December 3, 2001
AHTN = 7-Acetyl-1,1,3,4,4,6-hexamethyltetrahydronaphthalene. 
DEET = N,N-Dimethyl-m-toluamide.
HHCB = 1,3,4,6,7,8-Hexahydro-4,6,6,7,8,8-hexamethylcyclopenta[g]-2-benzopyran. 



Unintended ConsequencesUnintended Consequences
Mad Cow
Disease

Economic growth
In China

Demand for
Open Range Beef Demand for Soy

Amazon Foot & Mouth
Disease Eradication

R$ Devaluation

Soy ExpansionBrazilian Cattle
Herd Expansion

Amazon Deforestation
Source: Daniel C. Nepstad

USDA Bans Animal
Products in Beef



Fertilizer EffectsFertilizer Effects

New Orleans

Depth = 100 Meters



And What about Katrina & Rita?And What about Katrina & Rita?

Destruction of marshlands and buffer zones Destruction of marshlands and buffer zones 
of vegetationof vegetation
Pollutants pumped into Lake Pollutants pumped into Lake PonchartrainPonchartrain
Disruption of aquatic and marine breeding Disruption of aquatic and marine breeding 
areasareas
Seepage into undergroundSeepage into underground
Are funds achieving the greatest benefit?Are funds achieving the greatest benefit?



What is Green Engineering?What is Green Engineering?

Design, commercialization and use of processes Design, commercialization and use of processes 

and products that are and products that are feasiblefeasible and and economicaleconomical
while minimizing:while minimizing:

+ + RiskRisk to human health and the environmentto human health and the environment

+ Generation of + Generation of pollutionpollution at the sourceat the source

US EPA, OPPT, Chemical Engineering Branch, Green Engineering Program 



Green EngineeringGreen Engineering

The The SandestinSandestin PrinciplesPrinciples
1.1. Engineer processes and products holistically, use systems analysEngineer processes and products holistically, use systems analysis, and is, and 

integrate environmental impact assessment tools.integrate environmental impact assessment tools.
2.2. Conserve and improve natural ecosystems while protecting human hConserve and improve natural ecosystems while protecting human health and ealth and 

wellwell--beingbeing
3.3. Use lifeUse life--cycle thinking in all engineering activitiescycle thinking in all engineering activities
4.4. Ensure that all material and energy inputs and outputs are as inEnsure that all material and energy inputs and outputs are as inherently safe herently safe 

and benign as possibleand benign as possible
5.5. Minimize depletion of natural resourcesMinimize depletion of natural resources
6.6. Strive to prevent wasteStrive to prevent waste
7.7. Develop and apply engineering solutions, while being cognizant oDevelop and apply engineering solutions, while being cognizant of local f local 

geography, aspirations, and culturesgeography, aspirations, and cultures
8.8. Create engineering solutions beyond current or dominant technoloCreate engineering solutions beyond current or dominant technologies; gies; 

improve, innovate and invent (technologies) to achieve sustainabimprove, innovate and invent (technologies) to achieve sustainabilityility
9.9. Actively engage communities and stakeholders in development of eActively engage communities and stakeholders in development of engineering ngineering 

solutionssolutions

Green Engineering: Defining the Principles, Engineering Conferences 
International, Sandestin, FL, USA, May 17-22, 2003. 

**

**

**
**

**

* Water* Water



Early vs. Detailed Design TasksEarly vs. Detailed Design Tasks

Scaled gradient analysis

Multi-objective 
optimization 

Equipment sizing 
Economic assessment 

Environmental assessment

Optimum 

Life cycle assessment 

Iterate

Initial design task

Process 
simulation 

PDS 

Improved base 
case flowsheet 

Process synthesis and base case 
flowsheet development 

1. Reaction pathway evaluation 
2. Solvent selection  
3. Technology selection 
4. Equipment selection 

Early Design Detailed Design
Chen, H., Rogers, T.N., Barna, B.A., Shonnard, D.R.,, Environmental Progress, April, 2003.



Environmental Fate CalculationsEnvironmental Fate Calculations

Model Domain Parameters
• surface area - 104 -105 km2

• 90% land area, 10% water
• height of atmosphere - 1 km
• soil depth - 10 cm
• depth of sediment layer - 1 cm
• multiphase compartments

Multimedia 
compartment 
model

Processes modeled
• emission inputs, E
• advection in and out, DA
• intercompartment mass transfer,Di,j
• reaction loss, DR

Mackay, D. 1991, ”Multimedia Environmental Models", 1st edition,, Lewis Publishers, Chelsea, MI

Level 1. Input / Output Information
“Tier 1” Environmental Impact Analysis



TRACITRACI
Tool for the Reduction and 
Assessment Of Chemical and 
Other Environmental Impacts

Ozone Depletion
Global W arming

Cancer 

Option BOption A

Inventory of Stressors
Land Use
Chemical Emissions
Water Use
Fossil Fuel Use

Impact Categories
Ozone Depletion
Global W arming
Acidification
Cancer
Noncancer
Criteria
Eutrophication
Smog Formation
Ecotoxicity
Fossil Fuel Use
Land Use
Water Use

…….

Characterization (e.g., Cancer)

Original Source: Jane Bare, USEPA



Endpoint Approach May Reduce Endpoint Approach May Reduce 
ComprehensivenessComprehensiveness

Emissions (CFCs, Halons)

Chemical reaction releases Cl- and Br-

Cl-, Br- destroys ozone 
MIDPOINT measures ozone depletion potential (ODP)

Less ozone allows increased UVB radiation 
which leads to following ENDPOINTS

immune system suppression

skin cancer cataracts

marine life damage

damage to materials like plastics

crop damage



Hazard Toxics Potential Hazard Toxics Potential -- CalTOXCalTOX

Follows Risk Assessment Guidelines and Follows Risk Assessment Guidelines and 
Exposure Factors Handbook.Exposure Factors Handbook.
Multimedia modeling approach allows Multimedia modeling approach allows 
appropriate media transfer.appropriate media transfer.
Persistence is integral part of LCIA equation. Persistence is integral part of LCIA equation. 
Developed for U.S. Developed for U.S. -- incorporates data for incorporates data for 
every state.every state.
USEPA Science Advisory Board said that USEPA Science Advisory Board said that 
CalTOXCalTOX was the was the ““most sophisticated.most sophisticated.””



Typical 
CalTOX
Screen 



Indicators of ToxicityIndicators of Toxicity
Level 1. Input / Output Information
“Tier 1” Environmental Impact Analysis

Relative Risk Index Equation 
Human Toxicity 
Ingestion Route I*

ING =
CW ,i LD50, Toluene

CW ,Toluene LD50,i

 

Human Toxicity 
Inhalation Route I*

INH =
CA, i LC50,Toluene

CA, Toluene LC50,i
 

Human 
Carcinogenicity 
Ingestion Route 

I*
CING =

CW ,i HVi

CW , Benzene HVBenzene
 

Human 
Carcinogenicity 
Inhalation Route 

I*
CINH =

CA, i HVi

CA,BenzeneHVBenzene
 

 

Fish Toxicity 
 

I*
FT =

CW,i LC50 f , PCP

CW, PCP LC50 f ,i
 

LD50 = lethal dose 50% mortality, LC50 = lethal concentration 50% mortality,  
and HV = hazard value for carcinogenic health effects. 

The TRACI method and software
contains a comprehensive listing
of impact categories and indicators. 



Total Cost AssessmentTotal Cost Assessment——What What 
does it do?does it do?

Evaluate a decision on a financial basisEvaluate a decision on a financial basis
Takes into consideration contingent liabilities Takes into consideration contingent liabilities 

and intangiblesand intangibles
Helpful for environmental and health related Helpful for environmental and health related 

decisionsdecisions



Total Cost AssessmentTotal Cost Assessment
Cost Type Description Examples

I. Direct costs Manufacturing site costs Capital investment, operating, labor, 
materials, and waste disposal costs

II. Indirect costs Corporate and 
manufacturing overhead 

Reporting costs, regulatory costs, 
and monitoring costs

III. Future and 
contingent liability 
costs

Potential fines, penalties 
and future liabilities

Clean-up, personal injury, and 
property damage lawsuits; industrial 
accident costs.

IV. Intangible 
internal costs 
(Company-paid)

Difficult-to-measure but 
real costs borne by the 
company

Cost to maintain customer loyalty, 
worker morale, union relations, and 
community relations.

V. External costs 
(Not currently paid  
by the company)

Costs borne by society Effect of operations on housing 
costs, degradation of habitat, effect 
of pollution on human health



Define & ScopeDefine & Scope
DecisionDecision

Conduct LCIConduct LCI
&&

Streamline Streamline 

Identify Identify 
RisksRisks

Estimate Estimate 
CostsCosts

AssessAssess
ImpactsImpacts

Possible Possible 
ImprovementImprovementDecision

Hold forHold for
Future Review?Future Review?

?

Choice 1

Choice 2

Document

StartStart

Total Total BenefitBenefit & Cost Assessment & Cost Assessment 

DATABASES:DATABASES:
CWRTCWRT-- TCAceTCAceTMTM

EVRIEVRITMTM

EnvalueEnvalue





Financial inventoryFinancial inventory
Major nonMajor non--compliancecompliance

Loss of some customers, at Loss of some customers, at 
least temporarily : 50% least temporarily : 50% 
probability of losing at probability of losing at 
least one customer. least one customer. 
Costs from $20K/yr to Costs from $20K/yr to 
$1M/yr. Most likely result $1M/yr. Most likely result 
is annual losses of $200is annual losses of $200--
$400K/yr. $400K/yr. 

0

1

2

Beta (5, 10, 20k, 1M)

Beta
20,000 265,000 510,000 755,000 1,000,000



Conduct AssessmentConduct Assessment
Data is entered into tables in a tool such as Data is entered into tables in a tool such as TCAceTCAceTMTM



Conduct AssessmentConduct Assessment
Calculate Net Present Value with Respect to Baseline (Business aCalculate Net Present Value with Respect to Baseline (Business as s 

Usual) or Conventional TreatmentUsual) or Conventional Treatment



Conduct AssessmentConduct Assessment
Simulation shows < 25% chance  Simulation shows < 25% chance  ““Business as UsualBusiness as Usual”” will be the will be the 

more costmore cost--effective solution.effective solution.



CONSTRUCTED CONSTRUCTED 
TREATMENT WETLANDSTREATMENT WETLANDS

Is this a Sustainable 
Choice?



What Is a Constructed Wetland?What Is a Constructed Wetland?

Saturated SubstratesSaturated Substrates

A designed manA designed man--made complex of:made complex of:

Emergent and Submergent Vegetation Emergent and Submergent Vegetation 

Animal LifeAnimal Life

Water That Simulates Natural WetlandsWater That Simulates Natural Wetlands



Present Treatment ApplicationsPresent Treatment Applications

Municipal and Industrial Wastewaters
Acid Mine Drainage
Landfill Leachates
Agricultural Runoff
Urban Stormwater



BIOLOGICALBIOLOGICAL

PHYSICALPHYSICAL

through plants to
root zone
through plants to
root zone

O2O2

CHEMICALCHEMICAL

Treated
Water

Treated
Water

Planting
Substrate
Planting

Substrate

InfluentInfluent

Contaminant Removal Mechanisms:
Multiple Processes At Work



55

1515

44

33

22

11

00

Typical Construction Costs

CONSTRUCTED
WETLANDS

CONSTRUCTED
WETLANDS

LAGOONSLAGOONS

CONVENTIONAL
TREATMENT

SYSTEMS

CONVENTIONAL
TREATMENT

SYSTEMS

$
PER

GALLON
PER
DAY

$
PER

GALLON
PER
DAY



Advantages of Constructed
Wetland Treatment Systems

Tolerant of fluctuating hydraulic and contaminant 
loading rates

Very low operation and maintenance costs
Easy to maintain, simple to operate
Provide proven and reliable wastewater treatment

Inexpensive to construct

Indirect benefits including additional green space, 
wildlife habitat, recreational and educational areas
Less negative impact on freshwater



Potential Disadvantages of Constructed 
Wetland Treatment Systems

Require relatively large land areas

Lack precise design and operating criteria

Processing mechanisms not fully defined

Potential vector control concerns



Sustainability ModelSustainability Model

Invest when Business revenues > Business costs
andTotal benefits > Total costs

Societal Societal 
BenefitsBenefits

++
BusinessBusiness
RevenuesRevenues

Societal Societal 
CostsCosts

++
Business Business 

CostsCosts

SocietalSocietal
ConcernsConcerns

Adapted from Dicksen Tanzil, BRIDGES to Sustainability



Evolution of Costs

Reduced Enjoyment of PropertyReduced Enjoyment of Property
Psychological ImpactsPsychological Impacts

Physical Health ImpactsPhysical Health Impacts

Join Citizen GroupsJoin Citizen Groups
Take Legal ActionTake Legal Action

Contact Regulatory AgencyContact Regulatory Agency
RelocateRelocate

Property DevaluesProperty Devalues
Tourism Declines Tourism Declines 

Development HinderedDevelopment Hindered
Employment DeclinesEmployment Declines

Capital for equipmentCapital for equipment
Internal legal costsInternal legal costs
Punitive DamagesPunitive Damages

Public Relations StaffPublic Relations Staff
Fines & penaltiesFines & penalties Lost good will

Job productivity

ExternalExternal

DirectDirect IndirectIndirect FutureFuture IntangibleIntangible



Model Ecosystem: Trophic Levels

Primary Producers

Nutrient Pool

Herbivores

Carnivores

Omnivore



System Response
Increase Growth of Plant 3 
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Source: Herb Cabezas

OmnivoreOmnivore



Co-extinctions

Source: Science, Vol 305, 10 September 2004

http://www.sciencemag.org/content/vol305/issue5690/images/large/zse0350428220001.jpeg




Evolution of Benefits

Increased Enjoyment of PropertyIncreased Enjoyment of Property
Psychological ImpactsPsychological Impacts

Physical Health ImpactsPhysical Health Impacts

Support Citizen GroupsSupport Citizen Groups
Reduce Legal ActionReduce Legal Action

Regulatory Agency SilenceRegulatory Agency Silence

Property RevaluesProperty Revalues
Tourism Increases Tourism Increases 

Development TailoredDevelopment Tailored
Employment ImprovesEmployment Improves

Capital for equipmentCapital for equipment
Internal legal costsInternal legal costs
Faster ApprovalsFaster Approvals

Public Relations StaffPublic Relations Staff
New OptionsNew Options Good will

Job productivity

ExternalExternal

DirectDirect IndirectIndirect FutureFuture IntangibleIntangible



Limited Life Cycle 
Inventory

Limited Life Cycle Limited Life Cycle 
InventoryInventory

Sustainability Metrics
>Material >Water >Toxics >Energy
>Pollutants >Greenhouse Gases

Sustainability MetricsSustainability Metrics
>Material>Material >Water>Water >Toxics>Toxics >Energy>Energy
>Pollutants>Pollutants >Greenhouse Gases>Greenhouse Gases

Decision Rules for 
Simplified Calculations

Decision Rules for Decision Rules for 
Simplified CalculationsSimplified Calculations

BoundariesBoundariesBoundaries

Criteria
Simple Cost Effective
Robust Understandable
Useful Reproducible
Stackable   Protective

CriteriaCriteria
SimpleSimple Cost EffectiveCost Effective
RobustRobust UnderstandableUnderstandable
UsefulUseful ReproducibleReproducible
Stackable   ProtectiveStackable   Protective

Alternatives
“What if”

?

AlternativesAlternatives
““What ifWhat if””

??

Total Cost & Benefit
Assessment

Total Cost & BenefitTotal Cost & Benefit
AssessmentAssessment

FacilityFacility Product        Supply ChainProduct        Supply Chain

Sustainability Toolbox

Practical
Minimum
Energy

PracticalPractical
MinimumMinimum
EnergyEnergy

Sustainability
Screen

SustainabilitySustainability
ScreenScreen

Green Building &
Planning Metrics
Green Building &Green Building &
Planning MetricsPlanning Metrics

Societal Indicators Societal Indicators 
& Metrics& Metrics

Data
Internal Company, Government,

Private, University

DataData
Internal Company, Government,Internal Company, Government,

Private, UniversityPrivate, University

Ideation

Facility Design 
Optimization

Facility Design Facility Design 
OptimizationOptimization

BRIDGES, Monsanto, A.D. Little



Where Do We Need More Information?Where Do We Need More Information?
(for Freshwater)(for Freshwater)

EutrophicationEutrophication
PerchloratesPerchlorates
Animal AgricultureAnimal Agriculture
Wastewater ResidualsWastewater Residuals
Disinfection MethodsDisinfection Methods
–– OzoneOzone
–– ChlorinationChlorination
–– UltravioletUltraviolet

Seawater SubstitutionSeawater Substitution

Industrial treatment Industrial treatment 
SystemsSystems
Homeland SecurityHomeland Security
Constructed WetlandsConstructed Wetlands
DesalinationDesalination
Use of Use of GraywaterGraywater
Rainwater Collection Rainwater Collection 
and Useand Use

More Information or Better Transfer?
Source: Sustainable Engineering Forum



EutrophicationEutrophication

Emissions to waterEmissions to water
Green slimeGreen slime
Impacts on many life formsImpacts on many life forms
Property devaluesProperty devalues
Tourism declinesTourism declines
Commercial activity declinesCommercial activity declines
Job lossJob loss
Search for the guiltySearch for the guilty
Punishment of the innocentPunishment of the innocent
Reward to the nonReward to the non--participantparticipant

Monetized by Monetized by 
BRIDGES to BRIDGES to SustainabiltySustainabilty

1 day at the beach = $241 day at the beach = $24



Seawater SubstitutionSeawater Substitution

Ocean is pH of 8.2 to 8.4Ocean is pH of 8.2 to 8.4
Specific gravity is 1.02 to 1.03Specific gravity is 1.02 to 1.03
Salinity of 36,000 Salinity of 36,000 ppmppm
Temperature is 29 F to 104 FTemperature is 29 F to 104 F
Variable Total Solids (Littoral)Variable Total Solids (Littoral)
10x more than freshwater10x more than freshwater



SummarySummary

Sustainability is truly coming of ageSustainability is truly coming of age
We have marvelous toolsWe have marvelous tools
We need specific data about water and We need specific data about water and 
interactions with other issuesinteractions with other issues
The tools must be integrated into the The tools must be integrated into the 
decisiondecision--making processmaking process
Industry is getting message; how about Industry is getting message; how about 
government and academia?government and academia?
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Questions?
Comments?
Harassment?

Inst4sust@sbcglobal.net
Electronic or paper copies, TCA report, Institute for SustainabiElectronic or paper copies, TCA report, Institute for Sustainabilitylity
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