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Chemical Industry

Role of the Chemicals and Materials Industry

Top 10 Chemical Engineering Inventions

1. Drinking or potable water

2. Petrol or gasoline (and other fuels including diesel)

3. Antibiotics

4. Electricity generation (from fossil fuels)

5. Vaccines

6. Plastics

7. Fertilizer

8. Sanitation

9. Electricity generation (from non-fossil fuels)

10. Dosed medication (such as tablets, pills, capsules)

Inst. Chem. Eng., 2014

Chemical Industry Contributes

• $5.7 Trillion to global GDP

• Supports 120 million jobs

• Direct contribution of $1.1
trillion and 15 million jobs

https://www.icca-chem.org/economicanalysis/

In summary,

• CMI is essential for human
well-being

• However, it also results in a
large negative impact
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Chemical Industry

Environmental Impact of CMI

• CMI emissions: ∼30%
• Energy-related: 24.2%
• Process-related: 5.2%

• Transport: 16.2%

• Buildings: 17.5%

• Agriculture: 18.4%

Role of CMI

• CMI is a major source of direct
GHG emissions

• Embodied GHG emissions in
CMI are ∼70%
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Chemical Industry

Environmental Impact of CMI: Plastics

• Plastic islands in the
ocean

• Plastic litter in Hawaii

(US Fish and Wildlife Service)

http://marinedebris.noaa.gov
4 / 41



Net-Zero, Nature-Positive

Net-Zero, Nature-Positive, Socially Just

Interconnected crises facing the world require efforts toward,

• Net-Zero for addressing emissions and resource use
• Greenhouse gas emissions and climate change

• Nature-Positive for addressing ecological degradation
• Loss of biodiversity, ecosystem goods and services

• Socially Just for addressing social inequities
• Shortfalls in human well-being
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Net-Zero, Nature-Positive

Net-Zero: Pledges and Problems

• Corporations have
pledged net-zero
greenhouse gas
emissions

• However, they seem to
be falling short

• Progress toward
nature-positive
decisions is even slower
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Motivation and Goals

Research Motivation and Goal

For CMI to become net-zero and nature-positive while remaining economically viable,

• Small adjustments of the current system will not be enough

• CMI must be reinvented to a circular enterprise

• Engineering paradigm must shift to accounting for nature and respecting its limits

Overall Goal of Research

Develop systematic methods and tools to transform engineering so that its contributions are,

• ecologically viable

• economically feasible

• socially desirable

for current and future generations
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Motivation and Goals

Research Activities

Eco-Mimicry

• Learn from and emulate nature

• Enable a net-zero, circular economy
for materials and products

Eco-Synergy

• Include nature in engineering and LCA

• Encourage nature-positive decisions
that protect and restore ecosystems

Sustainability Transitions

• Guide transition to sustainability

• Develop roadmap of path toward
meeting sustainability goals

Safe and Just Process Engineering

• Respect nature’s capacity and social
equity

• Formulate novel metrics and designs

Multiscale Sustainable Engineering

• Provide theoretical foundation

• Framework to integrate models from
molecular to planetary scales

Sustainability Education

• Train students and professionals

• Develop teaching material, courses,
books
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Toward Net-Zero CMI

Framework for Progress Toward Net-Zero CMI

Model 
current 
system

Model
available
alternatives

Identify
"best"
pathways

Identify
hotspots

Yes
No

Identify 
potential 
innovations

Develop
roadmap

Multi-objective
optimization

Life-cycle 
inventory

Meets 
goals?

Process models

Costs
Material flows

Technological,
Ecological,
Economic

Life Cycle
Assessment

Techno-economic
analysis

Technology
Readiness
Level

Stochastic
planning

Integrated 
assessment
models

Net-zero
pledges

Accounting &
allocation

Innovation 
model &
attributes

9 / 41



Toward Net-Zero CMI

Framework for Progress Toward Net-Zero CMI: Model Current System

Model 
current 
system

Model
available
alternatives

Identify
"best"
pathways

Identify
hotspots

Yes
No

Identify 
potential 
innovations

Develop
roadmap

Multi-objective
optimization

Life-cycle 
inventory

Meets 
goals?

Process models

Costs
Material flows

Technological,
Ecological,
Economic

Life Cycle
Assessment

Techno-economic
analysis

Technology
Readiness
Level

Stochastic
planning

Integrated 
assessment
models

Net-zero
pledges

Accounting &
allocation

Innovation 
model &
attributes

10 / 41



Toward Net-Zero CMI

Model Current System: Global Chemicals and Materials Industry

• Direct carbon flow in the global chemical industry
• Carbon efficiency: 42%

Environment

Syngas
Refinery

Steam Cracker

Methanol Manufacture

Toluene

Ethylene

Butene

Propane
PE Manufacture
Metathesis

Dehydrogenation
VC Production
Disproportionation (TDP)
Hydrodealkylation (THD)
EG Production

Methanol

Vinyl chloride Monomer

Propylene
Xylene
Ethylene glycol

Benzene

PVC Manufacture
Acetic acid production

Polyethylene

Electricity

PTA Production
SOHIO Process
Cyclohexane Production

Styrene production
PP Manufacture

Polyvinyl chloride

Polypropylene
Terephthalic Acid (PTA)

Formaldehyde production
Propylene Oxide Production

Cumene
Cyclohexane

Caprolactam Manufacture
Butadiene

Adipic Acid Production
Hock's Process

Waste

Styrene

PET Production
Formaldehyde

Caprolactam
Phenol
Acetone
Acrylonitrile
Acetic Acid
Adipic Acid

Propylene Oxide
Bottles
Sheet/Film

Nylon 6 6 resin

Polyurethanes

Polyethylene Terephthalate (PET)

Adipate ester

Consumer Go
Others
Mechanical
Equipment
Packaging
Electrical/
Elec

Healthcare &

AutomotiveBuilding/Infrastructure

Cumene Production

Urea Synthesis

Ammonia Manufacture Urea

Coal

Natural Gas

Oil
tronics

Pharmaceuticals

ods

(Sen, Stephanopoulos, Bakshi, AIChE meeting, 2021)
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Toward Net-Zero CMI

Net-Zero GHG Emissions: Which Grocery Sack?

Plastic (LDPE, HDPE, PP, PLA), paper, cotton, something else?

12 / 41



Toward Net-Zero CMI

Grocery Sacks: Model Current System

Pyrolysis

Compos-
ting

Cement
Clinker

Downcycling

Recycling

Type of Bag
Decision

Collection Method
Decision

End of Life Treatment
Decision

Landfill

HDPE  LDPE  PP  PLA Paper  

Manufacturing

Households Reuse

Upstream 
Life Cycle

Plastic 
Lumber

Incineration

Segregation

MRF

Environment Environment

Economy or 
Industrial Symbiosis

• Each step has many
alternatives

• Each combination of
alternatives has different,

• Circularity
• Life cycle impact
• Cost

• Which pathway is best?

• How do we innovate for
circularity?

(Thakker and Bakshi, ACS SCE, 2021)
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Toward Net-Zero CMI

Expanded Superstructure for SCE Design of Grocery Bags

Economy or Industrial 
Symbiosis

Life-cycle Upstream
(Extraction & Processing

of natural resources)

Manufacturing
(Polymerization, pelletization,

extrusion, film-production)Resource use Re-use

Collection
(Curbside/ Drop-off)

Material 
Recovery 

Facility
(Cleaning)

Sorting of 
MSW

Without
sorting

Recycling to resin
(Mechanical, allowed

recycled content ~36%)

Down-cycling

Cement Clinker

Plastic lumber

Grocery bags
Single- use HDPE

5-uses LDPE
10-uses PP

Bio-based PLA
Single-use paper

Incineration

Landfill/
Litter

Pyrolysis

Electricity displacement

Lighter olefin displacement (gas and liquids)

Innovations

Emissions

Bit. Coal,
at mine

Diesel,
at refinery

NG,
extracted

Forest
Residue

Gasoline,
at refinery

Corn stover,
at field

Residual oil,
at refinery

Processing
value-chain

Electricity,
at Grid

Ethylene,
at plant

Propylene,
at plant

Polylactcic
acid, plant

Pulp,
at plant

Biofuel,
pyrolysis

Electricity,
Incineration

Cement
Clinker

Lumber
displaced

Compost,
at facility

Expanded Life-cycle network

(~103 processes)
Natural 
Resource
Uptake Losses to environment
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Toward Net-Zero CMI

Framework for SCE Design: Optimization Problem

min
s,aim,anj

z := Z (·) Single or multiple objectives

s.t. As = f Life cycle network

g = Bs Life cycle impact

Hs ≥ u Consumer requirements

F(·) = 0 Governing Equations

fk ∈ R ∀ k ∈ c

fk = const ∀ k /∈ c

s ≥ 0

(Thakker and Bakshi, J. Cleaner Prod., 2021)
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Toward Net-Zero CMI Grocery Sacks

Framework for SCE Design: Application to Grocery Sacks
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Toward Net-Zero CMI Grocery Sacks

Framework for Progress Toward Net-Zero CMI

Model 
current 
system

Model
available
alternatives

Identify
"best"
pathways

Identify
hotspots

Yes
No

Identify 
potential 
innovations

Develop
roadmap

Multi-objective
optimization

Life-cycle 
inventory

Meets 
goals?

Process models

Costs
Material flows

Technological,
Ecological,
Economic

Life Cycle
Assessment

Techno-economic
analysis

Technology
Readiness
Level

Stochastic
planning

Integrated 
assessment
models

Net-zero
pledges

Accounting &
allocation

Innovation 
model &
attributes
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Toward Net-Zero CMI Grocery Sacks

Framework for Progress Toward Net-Zero CMI: Hotspots and Innovations

Model 
current 
system

Model
available
alternatives

Identify
"best"
pathways

Identify
hotspots

Yes
No

Identify 
potential 
innovations

Develop
roadmap

Multi-objective
optimization

Life-cycle 
inventory

Meets 
goals?

Process models

Costs
Material flows

Technological,
Ecological,
Economic

Life Cycle
Assessment

Techno-economic
analysis

Technology
Readiness
Level

Stochastic
planning

Integrated 
assessment
models

Net-zero
pledges

Accounting &
allocation

Innovation 
model &
attributes
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Toward Net-Zero CMI Grocery Sacks

Identifying Opportunities for Improvement

Reducing the carbon footprint

Electricity,
Bituminous coal

Natural gas,
combustion

Transport,
truck

HDPE,
incineration

GWP
(%)

Reducing plastics leakage into the
environment

Households

Mechanical
Recycling,
HDPE

Sorting
Curbside
collection

Leakage
(%)
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Toward Net-Zero CMI Grocery Sacks

Screening and Ranking of Innovations
• Identified 100+ alternatives in grocery bags’ value chain (Hafsa et al., J. Cleaner Prod., 2022)

• Determine potential effect of new technologies by comparing Pareto surfaces
• Consider technology readiness levels
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Toward Net-Zero CMI Grocery Sacks

Innovations Relevant to Grocery Sacks

Rank Innovation name Readiness level UU* Ranking criterion

1 Catalytic pyrolysis of segregated LDPE 7 0.85 0.621
2 Alkaline hydrolysis of PLA to LA using

ionic liquids
2 1.83 0.611

3 Linear alkyl benzenes from sorted PE 2 1.83 0.610
4 Bio-polyethylene from sugarcane based

bio-ethanol harvested in Brazil
7 0.8 0.603

5 Source segregation by consumers 7 0.41 0.500
6 Catalytic pyrolysis of segregated PP 5 0.7 0.469
7 Alcoholysis of PLA 5 0.59 0.439
8 Catalytic pyrolysis of segregated HDPE 6 0.38 0.436
9 Chemical recycling of PLA to polymer

using mononitrile clay, Sn/Toluene
3 0.18 0.216

(Thakker and Bakshi, ACS SCE, 2022)
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Toward Net-Zero CMI Grocery Sacks

Future Grocery Sacks: Sustainable, Circular, Net-Zero

• Grocery bags
with net-zero
CO2 and high
circularity are
possible

• Likely to cost
more

• Need
research and
development
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Toward Net-Zero CMI Grocery Sacks

Evolution of Grocery Sacks with Advances in Technology

Net-zero 
Emissions

Net-zero 
Emissions

Net-zero 
Emissions

Net-zero Emissions
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Toward Net-Zero CMI Grocery Sacks

Framework for Progress Toward Net-Zero CMI: Develop Roadmap

Model 
current 
system

Model
available
alternatives

Identify
"best"
pathways

Identify
hotspots

Yes
No

Identify 
potential 
innovations

Develop
roadmap

Multi-objective
optimization

Life-cycle 
inventory

Meets 
goals?

Process models

Costs
Material flows

Technological,
Ecological,
Economic

Life Cycle
Assessment

Techno-economic
analysis

Technology
Readiness
Level

Stochastic
planning

Integrated 
assessment
models

Net-zero
pledges

Accounting &
allocation

Innovation 
model &
attributes
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Toward Net-Zero CMI Grocery Sacks

Develop Innovation Roadmap: Planning Optimization framework

min
x,y ,t

z := Operating Cost + R&D Cost =

∑
tt

[ ∑
k∈ Pareto-set

Cost Resource use from k +
∑
i∈inn

Cost perRL of i {RLmax − E [RLi ]}

]
s.t. f (x , y , t, tt) ≥ 0, Multi-Period Planning Constraints

RLi = gi (t, tt, ·) ≥ 0 Continuous-time Markov Chains

A(t) = hi (A0,RCP2.6, t) Integrated Assessment Models

CO2

(
x , y , t2050

)
≤ 0 Climate Change Target

Circularity
(
x , y , t2030

)
≥ 0.5 US Plastics Pact Target∑

i,ti

k (xi ti , tt) ≤ B Accrued Emission constraints

y ∈ Z, x = R ∈ {0, 1}
t ∈ R, tt ∈ Z
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Toward Net-Zero CMI Grocery Sacks

Innovation Roadmap: Grocery Sacks

Target Scenario:
Net-zero (within 5%)
75% circularity
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Toward Net-Zero CMI Grocery Sacks

Net-Zero, Nature-Positive, Socially Just

Interconnected crises facing the world require efforts toward,

• Net-Zero for addressing emissions and resource use
• Greenhouse gas emissions and climate change

• Nature-Positive for addressing ecological degradation
• Loss of biodiversity, ecosystem goods and services

• Socially Just for addressing social inequities
• Shortfalls in human well-being
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Toward Net-Zero CMI Nature-Positive

Eco-Synergy: Engineering and Ecosystems
How does industry depend on ecosystems?

• Source of goods like water, minerals, biomass

• Sink for wastes to air, water, land

• Services that support industrial activities such as air and water quality regulation, food
and water provisioning

Trees clean air by absorbing
CO2, SO2, NOx, 
and filtering PM

Oxygen

Biomass

Cobenefits: Water provisioning, 
soil formation, recreation

Wetlands clean water by 
removing solvents, aromatics, 
pesticides, etc.

Polluted
water

Fresh
water

Cobenefits: Flood regulation, 
food provisioning, aesthetic
value
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Toward Net-Zero CMI TES

Techno-Ecological Synergy

Technological
Systems

Raw Materials

Wastes

Products

Pollutants

• Eco-efficiency, life cycle design

• Circular economy, industrial symbiosis, byproduct synergy

• Techno-ecological synergy

• Sustainable TES

Bakshi, Ziv, Lepech, Env. Sci. Technol., 2015
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Toward Net-Zero CMI TES

Techno-Ecological Synergy

Technological
Systems
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Waste
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Toward Net-Zero CMI TES

Techno-Ecological Synergy

Ecological
Systems

Pollutants

Raw MaterialsCo-benefits

Capital &
Management

Ecological
Inputs

Waste
Conversion

Natural
Resources

Product
leakage
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Systems

Products
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Toward Net-Zero CMI TES

Techno-Ecological Synergy: Framework and Case Studies

• Biodiesel manufacturing (Gopalakrishnan et al., 2016,

2018; Charles et al., 2019)

• Biosolids management (Gopalakrishnan et al., 2017)

• Corn ethanol supply chain management for
reducing nutrient runoff (Ghosh and Bakshi, 2019)

• Watershed management (Lee et al., 2021)

• Agricultural landscape design and FEW nexus
(Hanes et al., 2017, 2018)

• Single-family home and yard (Urban and Bakshi, 2013)

• 20,000 US manufacturing sites (Gopalakrishnan et al., 2019a)

• Point and non-point source emissions in US counties (Gopalakrishnan et al., 2019b)

• Ecosystem services in Life Cycle Assessment (Liu and Bakshi, 2018, 2019)
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Toward Net-Zero CMI Dynamic TES

Adapting Manufacturing to Nature’s Intermittency
Goal: Manufacture chlorine and manage ground level ozone in Galveston, Texas

Objectives

• Minimize (Cost of production)
and (Cost to society)

Decision variables

• SCR size

• Reforestation area

• Chlorine production rate

Subject to

• Air quality constraints
• Vegetation growth dynamics (FVS)

• Pollution uptake by vegetation (iTree)

• Chloralkali process model (Otashu and Baldea, 2019)
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Toward Net-Zero CMI Dynamic TES

Trade-off Between Production Cost and Social Cost

(Shah and Bakshi, ACS SCE, 2021)
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Toward Net-Zero CMI Dynamic TES

Dynamic TES Design and Operation of Chlor-Alkali Process

• Technology only

• Minimum production cost
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Toward Net-Zero CMI Dynamic TES

Dynamic TES Design and Operation of Chlor-Alkali Process

• Technology only

• Minimum production cost

• Techno-Ecological Synergy

• Minimum production cost

• Win-win solution
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Toward Net-Zero CMI Dynamic TES

Trade-off Between Production Cost and Social Cost

(Shah and Bakshi, ACS SCE, 2021)
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Summary and Conclusions

Seeking Synergies with Nature

Nature-positive design

Synergies with nature can provide net-positive designs and innovative solutions

Opportunities from Eco-Synergy

By 2030, nature-positive and society-positive businesses are expected to provide

• $10 trillion of business opportunities

• 395 million jobs

Forward-looking businesses are figuring out how to develop such synergies and
benefit from them

(World Economic Forum, New Nature Economy Report II, 2020)
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Summary and Conclusions

Conclusions

• Urgent solutions are needed for addressing,
• Climate change: Net-zero GHG emissions by 2050
• Ecological degradation: Nature-positive business decisions
• Social inequities: Socially just decisions

• Small tweaks to the existing system such as increasing efficiency, using renewable
energy, or reducing life cycle impact will not be enough

• Real progress requires reinvention of the CMI and shift of the engineering paradigm
• Net-zero requires reinvention of CMI as a circular enterprise
• Nature-positive requires shifting the engineering paradigm to accounting for nature and

respecting its limits

• Need systematic methods and tools for addressing the challenges
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