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Circular Economy — Why? What? How?
Coffee Motivating Example

1 cup of Coffee (10g ary)




Circular Economy — Why? What? How?

@ Coffee Motivating Example

Food industry
« 30% of the world’s energy

* 80% of all water consumed

 17% of food is wasted
globally (30-40% in the US)

* Plastic waste
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Circular Economy — Why? What? How?

@ Coffee Motivating Example

Coffee Coffee
Roasting Packaging

Water I— Coffee pulp, Plastic Waste Coffee to

cqntamiqgted Coffee husk, Spillages & degradstion
witri artilizers Silver skin Consumers

Coffee | | Coffee Berry Collection and
Plantation Processing

Expiration,
Spent coffee,
Plastic packaging

Expiration & degradation

Nutrients
in Soil

v' Waste is created at every stage
v"  Natural resources are used
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Circular Economy — Why? What? How?
Coffee Motivating Example

Coffee ( Coffee Berry Collection and | ' Coffee Coffee

Plantation

Water
contaminated
withfartilizers

Nutrients
in Soil

Processing

Roasting Packaging

Coffee husk,
Silver skin

Emissions

Linear Economy

Coffee to
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Plastic packaging




@ What is a Circular Economy?

Linear Economy Circular Economy

EXTRACTION
Limited
resource

extraction ( )

Limited
landfill
waste
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@ What is a Circular Economy?

Definitions:

* Maintain products as long as possible

* Minimize waste and resource use

(EC 2015, 1)

* Conserve resources and the environment
* Recycle resources

* Low consumption of energy

* Low emission of pollutants

* High efficiency

(UNEP)

* Restorative and regenerative by design

* Keep materials in use

e Transition to renewable energy and materials
(Ellen McArthur Foundation)

Kirchherr, J.; Reike, D.; Hekkert, M.

Conceptualizing the circular economy: An
analysis of 114 definitions

Resources, Conservation & Recycling, 2017, 127, 221-232

Circular Economy

Limited
resource
extraction

Limited
landfill
waste
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Circular Economy — Why? What? How?

@ Coffee Motivating Example

Coffee Coffee
Roasting Packaging

Water I— Coffee pulp, Plastic Waste Coffee to

cqntacmlpgted Coffee husk, Spillages & degradstion
witri artilizers Silver skin Consumers

Coffee ( Coffee Berry Collection and
Plantation Processing

Expiration,
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Plastic packaging

Expiration & degradation
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v' Use a renewable energy source

Circular Economy
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Circular Economy — Why? What? How?

@ Coffee Motivating Example

Coffee ( Coffee Berry Collection and | ' Coffee Coffee

Plantation Processing Roasting Packaging

Water
contaminated oo ek Coffee to

o Expiration,
witri artilizers Silver skin Consumers °

Spent coffee,
Plastic packaging

Nutrients
in Soil

v' Use a renewable energy source

Ci rcu Ia r Economy v' Use reusable packaging
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Circular Economy — Why? What? How?

@ Coffee Motivating Example

A

Coffee | ( Coffee Berry Collection and | v Coffee Coffee
Plantation Processing Roasting Packaging

Spillages & degradstion Coffee to Expiration
4 xpiration,
- Consumers %

Silve: Z¥in PN Spent coffee,

Water Bad Berries @ Coffee pulp, Plastic Waste ‘/
contaminated Coffee husk

withfartilizers

— _/ Plastic packaging
— — =4 Expiration & uczradation

Nutrients Sola& ;
in Soil Energy ,3'\ Alternative
—— product
v' Use a renewable energy source
Ci rcu Ia r Economy v' Use reusable packaging
v" Collect waste and produce alternative products
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Circular Economy — Why? What? How?

@ Coffee Motivating Example

y

L)

v |
]

N

Coffee ( Coffee Berry Collection and | ' Coffee Coffee
Plantation Processing Roasting Packaging

Water Bad Berries @ Coffee pulp, Plastic Waste ‘/

& ' Coffee to
vﬁ::a‘r::"lt?l?::?s Coffee husk, Spillages & degradation C ofte Expiration,
= ; SnEEiniE Spent coffee,

- _/ Plastic packaging
— = Expiration & uczradation

Nutrients Sola& \
in Soil Energy ,3"“'-\\ Alternative

product

Silve, zVin

v' Use a renewable energy source

Ci rcu Ia r Economy v Use reusable packaging

v" Collect waste and produce alternative products
v" Return natural resources to the source
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ECirc:ular economy throughout the world
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¥ China Circular Economy
= Promotion Law

Benefits of a
Circular Economy
N South Australia
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REPORT FOR ACTION

Implementation Plan and Framework for Integrating
Circular Economy Approaches into City Procurement
Processes to Support Waste Reduction and Diversion

U.S. CHAMBER OF COMMERCE FOUNDATION

Sustainability and Circular Economy Program

A Circular Economy
in the Netherlands
by 2050

Government-wide Programme for a Circular Economy
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CAPITAL AND TESTING GROUND FOR
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@ PEPSICO
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Ceetely

COMPANY

S\
Nestle

CE is currently promoted by several national

governments and businesses around the world



Why Circular Economy?

» Rising populations put huge stresses on the natural resources

» Wastes from food industry have a negative impact on the
environment

» Successful Circular Economy would contribute to all dimensions of
sustainable development:

* Economic
 Environmental

e Social

17



Links to Process Systems &

Chemical Engineering




@ What are the links of Circular Economy to Chemical Engineering?

Green Chemistry

Atom Economy

Limited
resource
traction

Atom Economy

Example:

The reduction of a ketone to the corresponding
secondary alcohol using sodium borohydride or
molecular hydrogen as the reductant.

OH

0]
R
4 ©)l\ + NaBH. +4 H)O —i 4 O)\ + H_‘:,BO:'! + NaOH
P

81% atom economy

O OH

Pd-on-C catalyst
+ H —»

100% atom economy

Roger A. Sheldon, Green Chemistry Principle #9, American Chemical Society

* Minimize resource use
* Minimize waste at the production stage

19



@ What are the links of Circular Economy to Chemical Engineering?

Food-Energy-Water Nexus (FEW-N

'’
-

Green Chemistry

Atom Economy

extraction

Food-Energy-Water
Nexus

FEW-N in PSE: Holistic approaches to minimize the

stresses between the nexus elements /

20



@ What are the links of Circular Economy to Chemical Engineering?

Process Intensification / Process Intensification \
Green Chemistry I ) TAKE » MAKE 3
Atom Economy  limited “Any chemical engineering
resource
Food-Energy-Water | extraction development that leads to a
Nexus substantially smaller, cleaner,
Resource safer, and more energy-
managem el efficient technology”?

1. A.J. Stankiewicz and J.A. Moulijn, Process Intensification: Transforming Chemical
Engineering. Chem. Eng. Prog. 96 (2000) 22

21



@ What are the links of Circular Economy to Chemical Engineering?

Process Intensification

Green Chemistry

Atom Economy

Food-Energy-Water
Nexus

Resource
management

Limited
resource
extraction

Process Intensification

Example:
Production of Methyl Acetate

Acetic Acid + Methanol <> Water + Methyl Acetate

Acetic Acid /J\

)f Q Methyl Acetate

Impurities

Catalyst

Y

Methanol

Reactive
distillation

Return from
Impurity
Removal
Columns

nnnnnnnn

11 Units

SE ﬁ Water

1 Unit

75 % Reduction in Cost, Energy & Pollution

1. A.J. Stankiewicz and J.A. Moulijn, Process Intensification: Transforming Chemical

Engineering. Chem. Eng. Prog. 96 (2000) 22
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@ What are the links of Circular Economy to Chemical Engineering?

/ Industrial Symbiosis
Water

Organic waste
[
Al

By-product
ALELS Organic
wast
Heat

Wastes from one company can be used as
resources for the other

* Waste heat recovery
* Cogeneration
* By-product exchange

Limited
landfill
waste

Waste to
products

Industrial
Symbiosis

Reverse
supply chain

23



@ What are the links of Circular Economy to Chemical Engineering?

Process Intensification

Sustainable process synthesis & design

Green Chemistry

l ‘ : .

Lirvited

Atom Economy

resourc
raction

Food-Energy-Water O aYa
Nexus
2. D
0
Resource
management

Supply Chain Optimization

Waste to
products
Industrial
Symbiosis
(U
o Reverse
supply chain
Limited
landfill
waste
Life Cycle Analysis
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What are the scientific needs and challenges in Circular Economy

@ research?
1. Interconnected Players T
ocieties
m andard of Lj
nV|ro ental arre==a@bndg

* Multiple Stakeholders & Domain Experts
Phability

* Legislation
* Role of Policy

y 4

Multi-level Multi-agent
optimization modeling

/

objective )

. . . | L;ﬂ;inr
optimization | X/ N N
/ - b 4 St ndla Legislation

\_  Sustainability l




What are the scientific needs and challenges in Circular Economy

@ research?

1. Interconnected Players
* Multiple Stakeholders & Domain Experts
* Legislation
* Role of Policy

. . Supply Chai
2. Multi-scale issues Optimization
* Data & Model integration Waste heat / opf,a,ﬁ:'z';{,o% T
* Novel pathways System' Mode'ling Re::::z:le A J .
* Spatial & Temporal System Boundaries SV“”;‘Z;';EEZE" & Scheduling - - - o
eg-i] "4'-—;‘” —o/
o SR
E Sub-system o.. p—_ s
i: Modeling & - = - e '
. - Control Al
Multi-level A ARaea S Unit
optimization modeling & Modeing &
R H Atomistic &
Design, optimization Moloculor Cﬁo“rfrol
, delling_. 1 —
/" Planning, 4 owlg]
Scheduling & I
Control

Integration Dimension




What are the scientific needs and challenges in Circular Economy

@ research?

1.

2.

Interconnected Players

* Multiple Stakeholders & Domain Experts
* Legislation

* Role of Policy

Multi-scale issues

* Data & Model integration

* Novel pathways

* Spatial & Temporal System Boundaries

. Dynamic/Uncertain Conditions
* Demand variability

* Cost variability

* Resource availability

Data
analytics

Multi-stage
stochastic

optimization

Scenario
reduction

Y/

Sample Weeks for Energy and Water Demands

Energy Water

20 40 60 80 100 120 140 160
Sample Weeks for Solar and Wind Availabilities

1.25
Solar — Wind
1.00 -
0.75 A

0.50 A

Availability

0.25 A

0-00 T T T T T T T T
20 40 60 80 100 120 140 160

Time, [hr]
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What are the scientific needs and challenges in Circular Economy

@ research?

1. Interconnected Players
* Multiple Stakeholders & Domain Experts
* Legislation
* Role of Policy

2. Multi-scale issues Environmental

e Data & Model integration
* Novel pathways
* Spatial & Temporal System Boundaries

3. Dynamic/Uncertain Conditions ‘

Q * Demand variability
* Cost variability Soci | E .
* Resource availability OCla conomic

* Metric to compare ‘circular’ alternatives
* Global net sustainability?

AIA 4. Assessment Criteria

28



What are the scientific needs and challenges in Circular Economy

@ research?

2
iy

1. Interconnected Players
* Multiple Stakeholders & Domain Experts
* Legislation
* Role of Policy

2. Multi-scale issues
e Data & Model integration
* Novel pathways
* Spatial & Temporal System Boundaries

3. Dynamic/Uncertain Conditions
* Demand variability
* Cost variability
* Resource availability

4. Assessment Criteria

* Metric to compare ‘circular’ alternatives
* Global net sustainability?

Styliani Avraamidou, Ana I. Torres.
Circular Economy: Definitions,
Challenges, and Opportunities.
FOCAPO-CPC 2023
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Towards a Circular Economy
Systems Engineering

Framework

Coffee Case Study




Towards a Circular Economy Systems Engineering Framework

A Circular Coffee Supply Chain

Coffee | Coffee Berry Collection and | ' Coffee Coffee
Plantation Processing Roasting Packaging

Coffee to
Consumers

31



Towards a Circular Economy Systems Engineering Framework

.@—

* |dentify and characterize alternative paths to produce the
desired product

1. Production paths

32



Towards a Circular Economy Systems Engineering Framework

@ Coffee alternative production paths
l—@h coffee cherriE'—l

/Wet method\ (By-products\ [Dry method\

Pulping P[ Pulp J Drying

Fermentation & Mucilage &
washing waste water
' !
( By
Drying Husk Hulling
l . J
- r \
Peeling & p! Parchment &
Polishing . silver skin J
\ 4 \ 4
Green beans Green beans

Chala, Bilhat & Oechsner, Hans & Latif, Sajid & Muller, Joachim. (2018). Biogas Potential of Coffee Processing Waste in Ethiopia. Sustainability. 10. 2678. 10.3390/su10082678.



Towards a Circular Economy Systems Engineering Framework

.@—

 |dentify and characterize alternative paths to utilize waste
streams

2. Waste utilization paths

34



: 1 1 CENTER FOR
Towards a Circular Economy Systems Engineering Framework [lgﬂ COEFEE

Alternative Products from Coffee Waste ST R e
Spent Coffee il Coffee Pulp:Jl Coffee Huisk |l Coffee silvers

Coffee silver skin

| Animal feed H Mushrogm || Gitric Acid Phenolic
{ ) | production | ‘ | | compounds
'Biodiesel, Biooil‘ ' . | ' . . [ .
Biochar Composting ‘ Gibberellic L Dietary fiber
— Biogas — Food — Vermicompost Biogas
| J | commodities J | |
_' o] _' Polyphenol | _'
‘ Coffee oil | extraction | ‘ Flavor | Coffee Bean
' ‘ ' ) . Coffee Silver Skin
——  Adsorbent —  Anthocyanins — Particle board
— Activated — Animal feed — Biosorbents
Carbon
‘ Coffee Husk
— Pellets — Biosorbents — Tannase
— Antioxidants — Biogas — Biogas Coffee Pulp
f nt coffee |
— Spent cofiee —  Bioethanol —1  Bioethanol
extracts
H Soil
. Amendment |

35
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Towards a Circular Economy Systems Engineering Framework
Valorization of coffee by-products for the production of bio-energy

Coffee Bio-Energy Production
By-Products Fatty Acid
& Wastes Biodiesel Bioethanol Biogas Bio-oil Methyl Ester Fuel Pellet Hydrogen
(FAME)
Blinovai et al. (2017)
Coffee Husk Gouvea et al. (2009) Murﬁg"i‘; g‘;};;ﬁ‘i‘;gl 53 Blinovi et al. (2017)
Ulsido et al. (2016)
es g o Blinova et al. (2017)
Coffee Pulp gt?:’;; o Z: Efg;g; Chala et al. (2018) Blinov et al. (2017)
s Figueroa et al. (2016)
Coffee Mucilage Orrego et al. (2018) Chala et al. (2018) Hernandez et al. (2014)

Coffee Parchment

Chala et al. (2018)

Coffee Silverskin

Blinova et al. (2017)
Figueroa et al. (2016)

Spent Coffee
Grounds

Blinova et al. (2017)
Campos-Vega et al. (2015)
Banu et al. (2020)
Karmee (2018)
Murthy and Naidu (2012b)
Kwon et al. (2013)
Tongcumpou et al. (2019)
Berhe et al. (2013)
Haile (2014)
Vardon et al. (2013)
McNutt et al. (2019)

Blinova et al. (2017)
Banu et al. (2020)
Karmee (2018)
Figueroa et al. (2016)
Murthy and Naidu (2012b)
Kwon et al. (2013)
McNutt et al. (2019)

Banu et al. (2020)
Karmee (2018)
Figueroa et al. (2016)
Lietal. (2014)
Lee et al. (2019)
Vitéz et al. (2016)

Banu et al. (2020)
Karmee (2018)
Figueroa et al. (2016)
Liet al. (2014)
Vardon et al. (2013)

Banu et al. (2020)
Karmee (2018)
Lee et al. (2019)

Blinova et al. (2017)
Banu et al. (2020)
Karmee (2018)
Figueroa et al. (2016)
Stylianou et al. (2018)
Haile (2014)

Banu et al. (2020)
Karmee (2018)
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Towards a Circular Economy Systems Engineering Framework

.@—

* Built a network representation that includes all alternative
paths

3. Network representation

37



Towards a Circular Economy Systems Engineering Framework
Superstructure Network of the coffee supply chain

Biogas

I

Biogas_
Production_1
Husk

T

Biogas_ Alternative

Biogas«—— Production_2 <« _

Processes

T

Husk

Biogthanol
+

Bioethanol
- Production_1
Husk

( Dry Processing

Husk
190kg

~\

. @)
‘ Dried Cherry

380kg
NO

Biodiesel
Biodiesel_Pellets
Production_1 -
Biodiese! 366
B Biodiesel_Bioil_
'l< | Biochar_ . Aternative
Production_2 Processes
SCG

Biogas_
»  Production_6 +Biogas

Water / ton
of Cherries

’ Mucilage
50kg

stewater

%

DryPa rchment
230kg

Parchment

v

S Biogas_
BioetHano! ~+— Prodi . ?:l::::;:: Production_4
Mucilage Mucilage
v
> Biogas.
Alternative e &
»  Production_3 ——»Biogas
Processes Pulp
y
Bioethanol
Production_2 —— Bioethanol
Pulp

»Biogas

. |
Soluble/Insta

Coffee

Instant Coffee -

Deciffeination

Biodiesel_Bioil_

5 . Biogas.
\——Biogas | Biochar_ Alternative =i S
"“ Production_3 il Processes " Prod;étlaonj g
SCG
l All values
per 1000 kg of
V- Biodiesel_Pellets 3 coffee cherry
Biodiesel Production_4 — -1. b
SCG = aterial Flow

!

Biodiesel

PN

U Material Resource
—J Conversion
Process

Material Waste
Resource
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Towards a Circular Economy Systems Engineering Framework

-—

* Derive the Mixed Integer Linear Programing (MILP) model
4. MILP Model to represent the supply chain with the alternative paths

39



Towards a Circular Economy Systems Engineering Framework

@ MILP model for the coffee supply chain

»Binary Variables:
o Choice of process (e.g. wet or dry)
o Choice of waste utilization processes

»Continuous Variables
o Amount of material going in and out of each process

=Constraints

o Mass balances and conversion equations o Big-M constraints
Pi+zpci,j'xj=SiViEM X; SM-ijjEP
JEP

=Objective Functions

o Maximize profit Coffee model statistics:
o Minimize waste 138 equations

o Minimize natural resource use 58 continuous variables
o Minimize GHG emissions 18 binary variables

o Maximize energy efficiency
o Etc.



Towards a Circular Economy Systems Engineering Framework

-@—

* Solve the model through multi-objective optimization to
consider all CE objectives

5. Optimization

41



Towards a Circular Economy Systems Engineering Framework
Pareto fronts — Analysis of different demand scenarios

120K 200K
180K
J
Scenario_1 o~ 160K
WholeBeans >= 2K o
= CoffeeBeverages >= 2K ‘ — 140K
§, InstantCoffee >= 2K ‘ o §
c — "
c Scenario_1 120K
'eg- . S . 2 WholeBeans >= 2000
E' ‘ ® Scenario_5 '6'. CoffeeBeverages >= 2000
3 60K WholeBeans > 0 g InstantCoffee >= 2000 10
S ‘ eCoffeeBeverages = 0 2
ot InstantCoffee = 0 S
3 J . ff E 80K Scenario_2
‘£ Scenario_2 ° % WholeBeans >= 1000
2 WholeBeans >= 1K 40 s CoffeeBeverages >= 1000
o CoffeeBeverages >= 1K . . 60K InstantCoffee >=-1000
InstantCoffee >= 1K
40K
20K
Scenario_5
20K WholeBeans>0
CoffeeBeverages = 0
p Size of Bubble: Normalized CO2 emissions Size of Bubble: CO2 emissions [ton] p A " Cofee=0
-40,000 -30,000 -20,000 -10,000 0 10,000 20,000 30,000 -40,000 -30,000 -20,000 -10,000 0 10,000 20,000 30,000
Energy Output [MWh] Energy Output [MWh]
® Scenario_1 @ Scenario_2 Scenario_3 Scenario_4 @ Scenario_5 ®Scenario_1 @ Scenario_2 Scenario_3 Scenario_4 @ Scenario_5

| Scenario 1 | Scenario 2 | Scenario 5
Whole Beans (ton) > 2,000 > 1,000 =0 =0 >0

Coffee Beverages (ton) > 2,000 > 1,000 >0 =0 =

Instant Coffee (ton) > 2,000 > 1,000 =0 > 6,000 =

Baratsas, S. G; Pistikopoulos, E. N; Avraamidou, S. A systems engineering framework for the optimization of food supply chains under circular economy considerations. Science of The Total

Environment 2021, 794, 148726.




Towards a Circular Economy Systems Engineering Framework

@ CE Coffee Supply Chain — Remarks

« Presented a framework for the modeling and optimization of CE food supply
chains

« Can aid in the understanding, analysis and optimization of more general Circular
Economy Supply Chains

Future Work:

1. Economics!
2. Time dimension
3. Uncertainty/Resilience studies

4. Modeling simplifications

43



Towards a Circular Economy Systems Engineering Framework

@ CE Coffee Supply Chain — Future work/Open Questions

1. How do we model different decision makers?

Resources: Green Coffee, Electricity, Natural Gas, Packing
Materials, Coffee Filters;Water

Roasting elii
Importer beverage Consumer
Company Company

Resources: Fertilizer, Pesticides, Fuel Oil, Water

Producmg Country Consummg Country

Product: Green Coffee . Product; Coffee beverages

Waste/Emissions: Nitrogen, Phosp_horous, Pesticides, Waste/Emissions: Carbon Monoxide, Carbon dioxide, Coffee
Outer hull, dust, scraps from cleaning coffee bean, Chaff from roasting, Coffee Grinds, Coffee Filter, Packaging
wastewater Materials

Avraamidou, S.; Baratsas, S.; Tian, Y.; Pistikopoulos, E. N. Circular Economy - a challenge and an opportunity for Process Systems Engineering. Computers & Chemical Engineering 2020, 133, 106629
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Towards a Circular Economy Systems Engineering Framework

@ CE Coffee Supply Chain — Future work/Open Questions

1. How do we model different decision makers?
2. Policy & regulation issues?

4 N
Societies

Obijectives:
Increase Standard of Living
Environmental and Economic

Sustainability

\-

4 Nations & ) Network of Industri A
Governmental Bodies etwork of Industries
Objectives: and businesses
- Increase Standard of Living Objectives:

Environmental and Economic Economic Sustainability

\___ Sustainability J N J

Avraamidou, S.; Baratsas, S.; Tian, Y.; Pistikopoulos, E. N. Circular Economy - a challenge and an opportunity for Process Systems Engineering. Computers & Chemical Engineering 2020, 133, 106629. 45



Towards a Circular Economy Systems Engineering Framework

@ Challenge 1: Interconnected Players

Interconnected Players

= Role of policy
= Multiple Stakeholders and Domain Experts
= Legislation

Observations:
1.
2. Different objectives

3.

4. Take decisions sequentially

Multiple decision makers

Control different variables

Multi-level optimization

Styliani Avraamidou, Efstratios Pistikopoulos

MULTI-LEVEL
MIXED-INTEGER
OPTIMIZATION

PARAMETRIC PROGRAMMING APPROACH

46



Towards a Circular Economy Systems Engineering Framework

@ Challenge 1: Interconnected Players

Wind We have a fictional piece of land owned by an
Energy organization

* Invest on this land to maximize profit
Wind » Considering important characteristics of
Energy « Each land process

* Land itself
» Subsidies given by the government

» Climate: Texas climate (4 — seasons)
« Land Properties: 8 equal-sized sections

Government Land Developer

Lobbying

Minimize stresses on natural Maximize Profit

resources

Legislation

I




Towards a Circular Economy Systems Engineering Framework

@ Challenge 1: Interconnected Players

Wind
Energy

Wind
Energy

Fruit

Bi-level optimization of Land Use Allocation:

Observations:

. Different objectives

1. Two decision makers

2
3. Control different variables
4. Take decisions sequentially

min Stresses on Natural Resources
s.t. Government Budget

max Developer's Profit
s.t. Land Properties , Developers Budget,

Land Process Models

Ve

Government

min Resource Use

Legislation

Legislation < Budget

| Land Developer
- New iilax Profit
| ) v

New inv.< Budget )

48



Towards a Circular Economy Systems Engineering Framework

@ Challenge 1: Interconnected Players

Leader Bi-level optimization of Land Use Allocation:
(Government)

min Stresses on Natural Resources

Leader

s.t. Government Budget
Outcome

max Developer's Profit

Follower

s.t. Land Properties , Developers Budget,
Outcome

Land Process Models

Follower (Land Developer)

Ve

G_overnment Land DeveIPop(_er

Leglil.s!llcgion Resource Use New ingflz?géments TOflt
Lobbying

L Legislation < Budget New inv.< Budget )

49




Multi-level Programming — An overview

_@—

Very difficult (NP-hard) even in the bi-level linear case (without integer variables at

any level)
»>Need for Global optimization

Integer variables in the follower’s optimization problem
»Even more challenging!! Only sporadic attempts

min = F(z,y) =ciTz+dily

Z1,Y1

Both contil?uousgnd s.t. A1z + By < by
integer variables in the . T T
lower level @@% f(:li‘, y) =C2" T +dy Y

s.t. Asx + Boy < bo
o [xlTath]T c R

T
y=[ply!] €z




Multi-level Programming — An overview

Very difficult (NP-hard) even in the bi-level linear case (without integer variables at any
level)

»Need for Global optimization

Integer variables in the follower’s optimization problem
»Even more challenging!! Only sporadic attempts

Muiltiple followers and/or levels
»Even more challenging!!
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—————————
Mixed-Integer Multi-level Programming

via
Multi-Parametric Programming

= Main ideas:

* The feasible sets of the lower level problems are multi-parametric in terms of
the decision variables of the higher level problems.

e Using multi-parametric programming the linearity of the problem is
conserved.
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@ Multi-level Mixed-Integer Programming-The algorithms

Global optimization algorithms for the global solution of different classes of multi-level
programming problems:

1. Bi-level mixed-integer linear programming problems (B-MILP)
Bi-level mixed-integer quadratic programming problems (B-MIQP)
Extensions to problems with RHS uncertainty.

Tri-level mixed-integer programming problems (T-MILP and T-MIQP)
Multi-level mixed-integer programming problems (M-MILP and M-MIQP)

6. Bi-level multi-follower programming problems (BMF-MILP and BMF-MIQP)

o k0N

containing both integer and ootimization levels.

Government's
Opt. Problem

F(x,y)=c1Te+diy
Ala: —+ Bly < by

Investor’s
Opt. Problem

xr = [wlTng]T cR
T
y=[nly!] €z

53



B-POP toolbox

..@@D_....................................................

B-MILP

min
1,y

s.t. Ajx + Bly < b
min  f(z,y) ="z +dy'y

T2,Y2
s.t. Asx + Boy < bs
T
= [r1TaT] e R

P &
y= [Ty’ €2

F(z,y)=c1Tz + dily

Recast as a mp-MILP

min  f(z,y) =c2lz +doTy
T2,Yy2

s.t. Asx + Boy < by
bl <z <V

Parameters: xj,y1

»

@ Solve single-level MILP

CR |Objective

1 Z
2 Z,
k %

Compare and choose
optimum

Substitute mp solution in
the upper level

sn= min e lz+d’y
T
s.t. Az + Biy < by

Hl:l‘l E hl

7. T
Tr = [;IY]T E] (.IJT)l]
Y= [‘le ‘c"ll]

2= min clz+d’y

’TQ.T[ < ]7.2
;I» ’1
= [T ()]
m , T
y=[n" ¥
zp= min c¢lz+ leg/

1,11

s.t. AIJ‘ + Bly S bl
Hpxy < hy

T = [;zflT fk(J{J)T]T

y=[n" ']

I
st A+ By <b l

[z2,y2] =

Solve the mp-MILP using
POP®

if [Il.’l.‘-l < h]_
if Hgi(;l S hz

&1L =p1+qr,
§2 = p2 + Q1 ¥

§k = Pr + Qi @y,

if Hpay < hy,

DN NN

Bi-level

Tri-level
Multi-level
Integer &
Continuous
Variables for all
decision makers

v’ Linear
v" Quadradic

54



Towards a Circular Economy Systems Engineering Framework

@ Challenge 1: Interconnected Players

Government's F(z,y) = cila + ley E\:_‘v:::y
Opt. Problem Az + By < by

Investor’s glyr; flz,y) = co’ MILP Wind

Opt. Problem { 5.+ Aoz 4 Boy < b Energy

— [a:lT:ch]T c R
T
y=[yTy!] €Z

Government

Land Developer
. Stresses on Natural Resources p it
Leglil.;'lllal}ionResource USB New inrlggt)gments TOfl
Lobbying
Legislation < Budget m New inv.< Budget )

Avraamidou, S.; Beykal, B.; Pistikopoulos, I. P. E.; Pistikopoulos, E. N. A hierarchical Food-Energy-Water Nexus (FEW-N) Decision-making Approach for Land Use
Optimization. 13th International Symposium on Process Systems Engineering (PSE 2018); Elsevier, 2018; pp 1885-1890. 55




Circular Economy Systems Engineering

@ Land Use Allocation - Extensions

Yucheng County, Shandong @

(Waste)

nexus system: a case study in Texas

Province of China: FEW Production Units Land Types Products
Nie, Y.; Avraamidou, S.; Xiao, X.; rotation system
Pistikopoulos, E. N.; Li, J.; Zeng, Y.; Song, F.; | [ Energy 1 ‘ (';?gg)
Yu, J.; Zhu, M. A Food-Energy-Water Nexus e Rotation
approach for land use O Ko T
optimization. Science of the Total g B a g |
Environment 2019, 659, 7-19. products U | | ™ g
(Economic)
> ooy oo ans
Sitweas o Treatment2 || |
Texas Edwards region: o — =
Nie, Y.; Avraamidou, S.; Xiao, X; : — (Milkf;(:;dt/Egg) T
Pistikopoulos, E. N.; Li, J. Two-stage Land T Lend
use optimization for a Food-Energy-Water [ Lo Quaiiy) i

Edwards region. Foundations of » Organic Fertiliser

—p» Straw Return
Computer-Aided Process Design (FOCAPD @ —pressrood
2019) 2019 —# Products Conversion




Towards a Circular Economy Systems Engineering Framework

@ CE Coffee Supply Chain — Future work/Open Questions

1. How do we choose between the different optimal points in the Pareto fronts?

2. How do we optimize Circularity?
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Towards a Circular Economy Calculator

.@—

« Atool to evaluate the ‘circularity’ of
companies

« Considers a set of specific indicators and
metrics based on the CE goals

« Metrics are mostly GRI based with some
LCA

A set of indicators and metrics with sector-
specific dimensions

» Media for data visualization and analysis of
CE indicators

« Towards an analytical tool to assess the
multi-scale, multi-faceted and
interconnected CE supply chains.

CE metric
BMW 2019
0.54
Energy Waste Water & Procurement Durability Emissions & Spillages
0 | 2 : 0 | 6

2017 Water& 07
Procurement
10 06
0.8
L 05
0.6 2
0.4 3 04
= - 2
N y 03
\| 0
¥
\ a2
\ 01
0.0
201 &

2017 Waste

’’’’
Spillages

rrrrrr
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Towards a CE Calculator

CE
Goals

I | I

Indicators

Reduction of
material losses

Hazardous waste
generated

| Non-hazardous waste
generated

| Waste diverted from
disposal

Reduction of the use

of natural resources

Fresh water
discharge

Other water
discharge

Water recycled or
reused

Non-renewable
materials used

Renewable materials
used

Recycled materials
used

— Materials reclaimed

Increase in the share
of renewable energy

| Total energy
consumed/delivered

| Renewable energy
consumed/delivered

Reduction of
emission levels

GHG Emissions

GHG Emissions
neutralized

ODS Emissions

Other emissions
including NOx and
SOx

Spillages &
Discharges

Environmental fines

Increase the value

durability of

Durability

59



Towards a CE Calculator

CE Reduction of
material losses
Goals
Dimensions
Hazardous waste generated
. Non-hazardous waste
Indicators -
Waste diverted from disposal
% of
Metrics hazardous
waste

% of diverted
waste

Reduction of the use
of natural resources

Fresh water discharge
Other water discharge

Water recycled or reused

% of recycled
water

% of fresh
water
discharge

% of water
consumed

Procurement

Non-renewable materials
used

Renewable materials used
Recycled materials used

Materials reclaimed

% of recycled
input
materials

% of
renewable
material used

% of
reclaimed
materials

Increase in the share
of renewable energy

Total energy
consumed/delivered

Renewable energy
consumed/delivered

% of
renewable
energy

Reduction of

emission levels

GHG Emissions
GHG Emissions neutralized
ODS Emissions

Other significant emissions
including NOx and SOx

Net GHG
emissions over
revenue/
production

ODS emissions
over revenue/
production

Other
emissions over
revenue/
production

Spillages &
Discharges

Environmental fines

Environmental
fines over
production/
revenue

Increase the value
durability of
products

Durability

Average
lifespan of
products
/packaging
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Towards a CE Calculator

CE
Goals

Reduction of
material losses

Reduction of input
and use of natural
resources

Increase in the share
of renewable
resources and energy

Dimensions

Hazardous waste generated Fresh water discharge

. Non-hazardous waste ;
Indicators generated Other water discharge
Waste diverted from disposal Water recycled or reused
% ofazzsigdous % of recycled water
Metrics % of fresh water

% of diverted waste discharge

% of water
consumed

CE sub-index

0.5 0.7

Reduction of
emission levels

Increase the value
durability of
products

Procurement

Non-renewable materials

GHG Emissions
used

Total energy
consumed/delivered

GHG Emissions neutralized
Renewable materials used

ODS Emissions
Recycled materials used Renewable energy —r o
consumed/delivered Other significant emissions

Materials reclaimed including NOx and SOx

% of recycled input
materials

% of renewable
energy

Net GHG emissions over
revenue/ production

% of renewable

ODS emissions over
material used

revenue/ production

% of reclaimed

© Other emissions over
materials

revenue/ production

0.3 0.6

Spillages &

Discharges TS

Environmental fines

Environmental fines over

Average lifespan of
production/ revenue

products /packaging

0.8

Bilinear Average
Composite

CE index
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Towards a Circular Economy Systems Engineering Framework

@ Towards a Circular Economy Calculator for Measuring the “Circularity” of Companies

*  Chialdikas, Elizabeth, Aurora del C. Munguia-Lopez, Horacio
2017 Water & ) ) o )
Procurement Aguirre-Villegas, Styliani Avraamidou. A framework for the

1.0 0.7 evaluation of the circularity of plastic waste management
0.8 06 systems. FOCAPO-CPC (2023)
o5 $05
s . Baratsas, Stefanos G., Efstratios N. Pistikopoulos, and
2017 Durability 2017 Energy X 04 Styliani Avraamidou. A quantitative and holistic circular
© .
£ 03 0—0—"“_. economy assessment framework at the micro
g level. Computers & Chemical Engineering (2022), 107697.
302
0.1 *  Baratsas, S. G., Masoud, N., Pappa, V. A., Pistikopoulos, E.
00 N., & Avraamidou, S. Towards a Circular Economy
2017 Waste 20173';:1":;2"5 & 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Calculator for Measuring the “Circularity” of Companies.

In Computer Aided Chemical Engineering (2021), Vol. 50,
pp. 1547-1552. Elsevier.

Year

v' Companies are able to track their transition towards CE
v’ Identify areas that need improvement

v Conduct temporal analysis

v' Compare their performance against their peers

A step towards predictive metrics
to be used in supply chain
optimization
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@ Circular Economy Systems Engineering - Concluding remarks

» Circular Economy relies on system-wide innovation

» The concept has been created mainly by practitioners, the business community and policy-makers

» Building a scientific basis for Circular Economy is important

A Process Systems Engineering approach can have a big impact on:
 The understanding, analysis and optimization of Circular Economy Supply Chains, and
 The convergence of different disciplines towards a common vision of Circular Economy

Open Research Questions:

1. Uniqueness of a circular system?

2. Robustness?

3. At which scale? 'Centralized'? Decentralized?
4. Policy & regulation issues?
5

. Resource utilization & novel pathway analysis o
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Developing CE systems engineering framework and decision-making tool for the

modeling and optimization of food supply chains.

* A superstructure representation will be used to model and capture all identified
pathways, based on which an optimization model will be developed and solved.

« Current case studies include supply chain of coffee, dairy and plastics.

/

SUSTAINABLE

OPTIMIZATION
Alternative
DEVELOPMENT Prosaton (B
w, and Mixed-Integer linear model
Processing at "
paths Binary Continuous
Supply Chain Network Variables Variables
representation Constraints
nterme
diteC Objective Functions
e .’
and Input A . “
Model “ i orrodut
Input B Interme- 1 Multi-objective optimization
il Iterme
diate E
oz g M
Alternative . E
waste
valorization , !
paths ” .c o Obiecive 1
'roduct Product F
mCUW ’

Avraamidou Group: Circular Economy Systems Engineering

Modeling and Optimizati Food Supply Chains Modeling and Optimization of Chemical Supply Chains

m Developing decision-making tools for the design of sustainable chemical supply
~t chains by:

i) Modeling the critical components in the supply chain of chemicals

if) Mathematical optimization under uncertainty

iii) Infrastructure expansion planning optimization

Example case study on the supply chain of ammonia and hydrogen for transportation fuels:

Natural Primary Energy Energy Secondary Energy Energ " Onboard energy
Resources Conversion Sinks C i Carrier Sinks. conversion

{ [ NH3 Synthesis:
> Air Seug::{allon -Haber-Bosh
T -Electrochemical
Air —— Nitrogen

Ammonia fuel cell

Sink y
Renewable |

electricity generation

Solar Electricity
) NH3 combustion
Sinks Ammonia cracker . engine
T 4
Ammonia

Wind Non-renewable Sinks
|" electricity generation

[}

Lithium lon
Batteries

Natural Gas

Biomass —— Reforming
Heat generation [~/ C)——

Fossil fuels E—) ;| Heat |
Sinks

[

Hydrogen fuel cell

b

]

Water Hydrogen

Sinks

Energy Sys Engineering

Developing a systems engineering decision-making framework for the trade-off

analysis and optimization of renewable energy systems.

» Combine mathematical modeling, optimization, and data analytics to capture
the interdependencies of the different elements (energy, water, land) and
therefore facilitate informed decision making.

Input .
Area under consideration Mg"el“'g of lt(e}’
Technologies under ‘omponents
consideration .

Meteorological data
Energy demand profiles
Economic & technical data
Stakeholder objectives

Combined Model

sgle

)

¥

Optimization and trade-off

analysis Output
Encrgy : *  Types and capacities of new
renewable energy
Water Cost » infrastructure to build
+ Land and water footprints of

Land

new energy infrastructure

Multistage Optimization under Uncertainty

Developing an algorithm for two-stage mixed-integer quadratic adjustable robust

optimization (ARO) to find the exact and global solution.

« Several algorithms have been proposed and studied, but most methods are
limited to continuous linear ARO problems. Solving the mixed-integer quadratic
ARO problems still remains a challenge.

« Application area: scheduling & control, facility location & transportation ...

i i : T i t
e
ecisions ecisions i ARG A AGSD (2" stage) wait-and-see

reactor & column spec feed rate
capacity & location of plant operating level XEX=RPex (0,1, y €Y =R¥x{0,1}%, uel =R"
TO\ Critical region representation Computational time for
f (Step1) Reformulate, then = MIQP-MIQP structure
establish bounds for variables
(T-MIQP ;

(Step2) Solve the 3" level
mp-MIQP, then obtain y(x,u) <

B-MIQP
(Step3) Solve the 2 |evel
mp -MIQP, then obtain x(u)

‘ Slep4 ) Solve for u 5
Sleps) Comparison procedure
000

| Solution J

10 20 30 40 50 60
Total number of variables

Department of Chemical

and Biological Engineering
UNIVERSITY OF WISCONSIN-MADISON



Avraamidou Group: Circular Economy Systems Engineering

Undergraduate Student Projects:

» Control systems

|

» LCA and TEA of H, Supply Chain

e

» Energy Systems Engineering

&P

) Modeling of Key Combined Model Optimization and
Pretreated <] Huber Group’s 2
Biomass “|Catalytic Process Components ' I trade-off analysis
Compressed CO, \ iy »,lcl\ - » Energy
/\‘l\ = ::‘- m Water Cost
=== fy (7S
I %= 3 n
Land
Collaboration with the Huber Group
> Designing a CE Beer Supply Chain > ' - CUW
gning pply Measuring CE: The CE Calculator )
i . — Chemical Upcycling of Waste Plast
S B EEEE,E ¢ BMW 2019 ™ e e —
i . Anal LI ; :
* = 2 0.54 4 ¢ Bowsr
[ R . . = ———
o .o = e
= E Waste Water & Procurement Durability Emissions & Spillages
. : : : r —
5’:;’%1: \ :"7. / ﬁ w:sfe 0.2 0.9 0.6 o 2 ™ Sublndex Value o o e
| o #Film to Film  @Bottle to Film  Bortle to Bottle  # Film to Bortle
) Alucmmum
wi muh s in - . . . = Tool f H d : H laritv of
a pint? | — * Web-based tool for measuring circularity at the ool Tor measuring and comparing circularity o
' § 3 swcliess company level different plastic waste management processes
Water: /é é‘l \
236 [ = T — A I I i .
g ° Collaboration with the Zavala Group
Group Website:
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