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Life Cycle Analysis (LCA) —“Cradle to Grave”

extraction
processing

resources
raw materials S ;

sustainable-graphic-desig n.blngﬁpnt.cM



Life Cycle Analysis (LCA)

 Quantifying environmental impacts of complex systems
* Modeling the entire product/process life cycle
* Holistic view of the system

Reference number
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Impact Assessment ;ISO‘;
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Life Cycle Optimization (LCO)

Integrating life cycle analysis approach with
multi-objective optimization techniques
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Life Cycle Optimization: Theory and Methods

o Life Cycle Optimization
= Life Cycle Analysis + Techno-economic Analysis + Design Optimization

Process
Analysis

Environmental ol bjective 4 ™y
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* Research Challenges

= How to seamlessly integrate LCA into process systems optimization?

= How to define the “optimal” systems boundary and functional unit?

= How to incorporate state-of-the-art inventory analysis methods in LCO?
How to deal with uncertainty and solve large-scale LCO problems? E




Process-based Life Cycle Optimization (LCO)

Impact Assessment

Inventory Analysis

Goal and Scope

Life Cycle Analysis

Interpretation

Inputs

)

Automatic alternative
generation and improvement

Multi-Objective
Optimization

Economic objective

>

Pareto frontier

Suboptimal
solutions

Infeasible
region

Environmental objective

Life Cycle Optimization

 Systems boundary must be defined in Phase | of LCA
« Functional unit serves as the basis for calculation and comparison
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Motivation

Biouels

innioikdl

Bioproducts

MICROALGAE CYANCBACTERIA MACROALGAE

e Algae
* Microalgae, cyanobacteria, & macroalgae Chlorella Vulgaris
« Non-food; high yield; rich in oil 2, 72 2 s

» Algae-based biorefinery
e Consume and utilize CO,; recycle nutrients & water
* Produce fuels and value-added products
* Process economics? Environmental sustainability?
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Algal Biorefinery Process Design and Optimization

Carbon Microalgae Cultivation Harvesting Refining

source ——
- o : — .‘m_%’
Biofuels
e T
|- r
| ulbmlll_
Water, nutrients, Off-gas recycle 4 Bioproducts

o Optimal design and synthesis of algal biorefinery
 Selection of technology, pathway, and processing methods
» Determination of product portfolio under the given feed
» Recycling nutrients, water and carbon dioxide
» Mass balance, capacity, and equipment sizing
» Energy and utility consumption
» Process economics ? = Techno-econmic analysis
» Environmental sustainability ? = Life cycle analysis
» Cost-effective & sustainable design




LCO for Sustainable Design of Energy Systems

Multi-criteria Model Multi-criteria MINLP
Development Optimization
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Superstructure of Algae Process

Cultation,,  Harvestig

Lipid extraction

Biofuel production

Biogas utilization

Remnant
treatment

s

Biodiesel
Diesel

Bioproduct manufacturing

Hydrogen
Propylene glycol
Glycerol-tert-butyl ether
Poly-3-hydroxybutyrate

e



Superstructure of Alaae Process

“p

<1,2> Flat plate generation
photobioreator
<1,3> Bubble column
photobioreator |

{ 11,0

<1,4> Tubular J

photobioreator /

@ 7,800+ processing pathways
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Optimization Model. Constraints for ONE Unit

Mass and material balance
Process network design specifications
Technology and pathway selection
Equipment sizing and capacity

Techno-economic
analysis

Energy balance

Utility consumption
Life cycle environmental
Impact analysis

e



Optimization Model: Objectives

e Objectives:
* Minimize: Unit cost of fuel product (techno-economic analysis)
e« CAPEX + OPEX
 Credit from selling by-products (glycerol, fertilizer, biogas, ...)
* Minimize: Unit life cycle GHG emission (life cycle analysis)
« Direct emissions: Cultivation, remnant treatment, & utility generation
 Indirect emissions: External utility, e.g. electricity and steam, ...
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Pareto Optimal Curve
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Pareto Optimal Curve
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Superstructure of Algae Process
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Optimal Design of Minimum Unit Biofuel Cost
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GWP of Algae-based H,, PHB, Propylene Glycol

(U

kg CO,-eq/kg bioproduct

14

12

10

® Fossil-based © Alternative bioproduct = This work

0
' 63%
¥ 1%
I |
Hydrogen Propylene glycol Polyhydroxybutyrate (PHB)
Alternative bio-based propylene glycol is derived from by ADM(R).
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ACS Sustainable Chem. Eng. 2015, 3, pp 82-96

ACS _
Sustalnable

. . R pubs.acs.org/journal/ascecy
Chemistryz Engineering

Value-Added Chemicals from Microalgae: Greener, More Economical,
or Both?

Jian Gong and Fenggi You*®

Department of Chemical and Biological Engineering, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208,
United States

(5 ) Supporting Information

ABSTRACT: This paper addresses the sustainable design and
synthesis of manufacturing processes for making algal
bioproducts. We propose by far the most comprehensive
superstructure capable of producing biodiesel, hydrogen,
propylene glycol, glycerol-tert-butyl ether, and poly-3-hydrox-
ybutyrate from microalgae. The major processing sections
incdlude cultivation, harvesting, lipid extraction, remnant

.-.'- o o il [
treatment, biogas utilization, biofuel proneduction, and Microalgac @ an J-ld.

'y Biodiesel

--------

bioproduct manufacturing. On the basis of the superstructure, Bioproducts

we integrate a cradle-to-gate life cycle analysis and techno-

economic analysis with multiobjective optimization to

simultaneously optimize the environmental and economic performance. We also apply a tailored global optimization algorithm
to efficiently solve the problem in reasonable computation times. Results show that the most environmentally sustainable
processes reduce life cycle greenhouse gas emissions per kilogram of the algal bioproducts by 5% to 63%, compared with
petrochemical counterparts. In addition, the coproduction of value-added bioproducts in the algal glycerol process helps reduce
the biodiesel production cost to as low as $2.79 per gasoline-gallon-equivalent.

KEYWORDS: Life cycle analysis, glycerol, bioproduct, algal biofuels, global optimization




Hybrid Life Cycle Optimization (h-LCO)

>

Inputs Pareto frontier

Multi-Objective
Optimization

R Automatic alternative Infeasible
Goal and Scope generation and improvement region

Suboptimal
solutions

Economic objective

Environmental objective>
Life Cycle Assessment Life Cycle Optimization
Alternative approaches for Life Cycle Inventory (LCI) analysis
* Process-based LCA (most widely used)
e Economic Input-Output (EIO)-based LCA (for macroscopic analysis)
e Hybrid LCA (state of the art)
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Process-based LCA

/ Process system boundary

Detailed process inventories

Input
Process-based -
—pb Processes
Resolution Process Xy,
#\

Construction | Bottom Up

Scope Selected Processes

Output
.yl,p

-yi,p




ElO-based LCA

Entire macroeconomy

-

Transactions among sectors

UK ROW
Sector A; | Sector A, Sector Ay
UK Sector B, | Sector B, Sector By
Sector C; | Sector C, Sector Cy
ROW | Sector N, | Sector N, | =+ | Sector Ny |
Process-based E10-based .
Sectors:

Agriculture, mining,

: construction, manufacturing,
Resolution Process Sector wholesale trade, retail trade,

transportation, etc.

Construction | Bottom Up Top Down

Scope Selected Processes | Entire Economy

U .




Integrated Hybrid LCA

Process-based EI1O-based Integrated Hybrid
Resolution Process Sector Process (foreground)
Sector (background)
Construction | Bottom Up Top Down Hybrid
Scope Selected Processes | Entire Economy | Entire Economy
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Advantage:

Drawbacks:

System boundary truncation
Underestimation of the true impact

Specificity of process analysis



ElO-based LCA

-~
Drawbacks: -
» Loss of precision at process level %
Advantage:

 Completeness of life cycle boundary



Integrated Hybrid LCA

Integrates process- and |0-based LCA

Advantages:
 Completeness of life cycle boundary
» Specificity of foreground processes
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Toaster Example

Comparing two toasters
(Functional unit: produce 1,000 pieces of bread)

Production of Steel el Production of Electricity

1 kWh

Production of Toaster A Production of Toaster B
2 kg CO,/toaster unit 2 kg CO,/toaster unit

toaster unit 1 toaster unit

Toasting 1,000 Pieces Toasting 1,000 Pieces

of Bread with Toaster A of Bread with Toaster B
0.001 kg CO,/piece 0.001 kg CO,/piece

| toaster unit 1 toaster unit

Disposal of Toaster

0.5 kg CO,/toaster unit

0.5 kWh




/ SIYIO m
JoueUl a
o L] . _.,_,ﬂ A
S UOoIINISUO) g—
) 9 3 i
ULINJORJNURIA] >
n
Sutuly >
\ 2y noLISy
/ 19se0) Jo [esodsi(q

J2ISe0] JO a5

£l

12]580] JO "poid

B
Ap
@“

K12y Jo poid

Processes
A

\ [991S JO "poid N

Steel
Electricity
Toaster

Toast

\ Waste disposal
Agriculture
Mining
Manufacturing
Construction
Finance
Others

p
\

Y Y
S9SSad0.1d S10]99S

Q
Q.
&
©
x
LL]
O
)
V)
©
@)
T

~



Toaster Example

30
25 u Steel
® Electricity
i
20 Toaster
18.7 17.7 m Toaster use
Direct emission = Waste disposal

(process system) Agricultural products

Mining products

® Manufacturing products

[y
<

Construction

Life Cycle CO, Emission (kg)
-y
h

” Financial services

= Other products and services

Toaster A Toaster B

P



Toaster Example

Full emission %
(process + 10 systems)
25
Neglected
indirect emission
(IO system) 20

Direct emission
(process system)

Life Cycle CO, Emission (kg)
ot [
= h

27.2

18.7

17.7

Toaster A

Toaster B

N Steel

® Electricity

" Toaster

B Toaster use

= Waste disposal
Agricultural products
Mining products

© Manufacturing products
Construction

” Financial services

© Other products and services

..



Integrated Hybrid LCA

Upstream Economic Input-output Systems Downstream
cutoffs cutoffs

Sectors

Integrated Hybrid LCA:

» Explicit process analysis — foreground process systems (precision of analysis)
» EIO analysis — background macroeconomic systems (complement the truncated
system boundary)




Mathematical Foundation

~ Environmental extension
10" factor (EIO systems)

Direct requirements
matrix

Downstream cutoff

: : matrix
E Environmental extension

P factor (process systems)

e T .

Ap Process matrix

Cu Upstream cutoff matrix

o m m m m m E m m m mm m

Total environmental impact = [E
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Application to Shale Gas

» Unconventional natural gas from shale rocks

» Large-scale production due to hydraulic
fracturing and horizontal drilling

« Half of the NG production in the U.S.
e Qver 63,000 shale wells in the U.S.

History 2012 Projections

40

| Barnett
"

30

20 Shale gas

Tight gas
10
Lower 48 onshore conventional

Alagka Lower 48 offshore
Coalbed methane

0 T
1990 2000 2010 2020 2030

g) U.S. natural gas production

2040




Hybrid LCA of Shale Gas

RAAAAAA

Methane gas
escapes during the
mining process.

Blowouts
are possible.

Leakage of fracking
fluids from the pipe

: has not been seen.
Possible flow

of methane.

Holes in the well
casing allow fluid to
exit and gas to enter.

Water recovery tanks
Polluted flowback water
may be injected into a deep
storage well, recycled or
sent to a treatment plant.

Poorly treated

flowback water
has leaked into
drinking water.

High-pressure fracturing fluid

High-pressure fracking
fluid opens networks
of fractures in the
shale. Sand props the
fractures open.

Gas flows
from the
fractures
into the pipe.

* Climate change

Barnett Shale, Texas CH, Emissions
Ty 15 e

i‘ Ty

e \Water consumption

Other: <2%
Acid
Used in swimming pools

Friction Reducer
Used ir it

Anti-bacterial Agent
Used in disinfectants
Breaker

Used in hair color

Clay Stabilizer

Used in IV fluids
Corrosion Inhibitor
Used in plastics
Crosslinker

Used in laundry detergents

Gelling Agent

Used in toothpastes

Iron Control

Used in food additives

PH Adjusting Agent
Used in many bar soaps
Scale Inhibitor

Used in household cleaners
Surfactant

Used in deodorant



LCA of Shale Gas

Goal and scope

UK shale gas O

* System boundary: well-to-wire Shale gas
* Functional unit: 1 MWh electricity generation from shale gas

Life cycle inventory

» 40 basic processes in the process systems

« Two-region 10 model (UK-ROW) with 224 industrial sectors

» Three cases from literature: best, balance, and worst cases
corresponding to the lowest, the medium, and the highest

environmental impacts
GHG emissions Water

Impact assessment o~ o O

 GHG emissions (100-year GWP factors; .
CO,, CH,, N,O, HFCs, PFCs, and SF)

« \Water consumption \ 5 2

@ « Energy consumption Energy I



Process Systems — 40 Basic Processes

Process 1D Description Process ID Description
m, Steel production, converter, chromium steel 18/8 My, jgg:tash, dense, to generic market for neutralizing
Concrete production, for civil engineering, with . .
m, cement CEM | m,, Sodium persulfate production
m, Tap water production, direct filtration treatment m,, Sodium borates production
m, Diesel production, low-sulfur m,, Citric acid production
mg Diesel, burned in building machine Mg Pesticide production, unspecified
Diesel, burned in diesel-electric generating set, . ) .
Mg 18 5KW Myg N, N-dimethylformamide production
m, Barite production m,, UK electricity generation, with mixed energy inputs
. . Transport, freight, lorry, all sizes, EUROS3 to generic
Mg Bentonite quarry operation Mag market for transport, freight, lorry, unspecified
my Chemical production, inorganic M, Injection in disposal well
Myq Chemical production, organic M5 Wastewater treatment by CWT
mll Lignite mine operation Ms; Onsite treatment with MSF
m12 Treatment of inert waste, inert material landfill ms, Onsite treatment with MED
m13 Treatment of drilling waste, landfarming M, Onsite treatment- with RO
ml4 Silica sand production Msy Steam production, in chemical industry
m15 Petroleum refinery operation Mss Tap water production, direct filtration treatment
m16 Isopropanol production Mg Transporting gas through pipelines
Hydrochloric acid production, from the reaction of . .
m17 hydrogen with chlorine Ms- Ethanolamine production
Ethylene glycol production Mg Ethylene glycol production
Potassium chloride production Msq Fugitive emissions of CO,
Carboxymethyl cellulose production, powder My, Fugitive emissions of CH,

e



Hybrid LCI Data Structure

IO System (896 x 896 matrix)

e Multi-region: UK and ROW (rest of world)
o Supply-Use Table (SUT): each containing 224 industrial sectors/products

Final Demand
UK Industries 2;4 UK Products ROW Industries ROW Products UK ROW
v
UK = r | + UK supply table 1E+06
Industries - : 3
B 1E+05
e
224 =
'— UK use table FaS Siie= = == ROW imports table (UK exports) I 1E+04
UK "y ey | 1
Products K . — = — =
= = Sl== B2 1E+03
i e —
! 6 o Bpd il M — =
e 1E+02
.. ROW supply table
ROW
Industries 1E+01
ne
Ry 0
_— UK imports table (ROW exports) | | S0 4 ROW use table 1E+01
ROW : )
Products =
-1E+02
Primary Inputs —— [ == =
& Extensions -1E+03

Q :



LCA Results

1,400 7 12,000
1,200 g 6 £ 10,000
g o~ = e
.2 <= 1,000 =y
Z § ! £ _° E _ 8000
EZ 800 £54 E
o ¢ oS © = 6,000
T O 600 5 &3 =
2 % 400 - = % 2 = 0 a -
D | = ot
200 I 5 || l 2,000
B I
Best Balance Worst Best Balance Worst Best Balance Worst
case casec casc case casc casc case case case
® Drilling ™ Production = Processing ™ Transportation Electricity generation ™ EIO systems
{0 . FElectricity generation  Electricity generation - « Drilling
(\ _ _
CO2 « Transportation * Processing * EIO system
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Comparison with Existing Hybrid LCA Studies

1,400
H Indirect GHG emissions ™ Direct GHG emissions

g 1,200
g
S 1,000
@)
£
» 800
=
=
‘e 600
[-*]
2
&) 400
-
>
@ 200
&
=

0

Coal Natural gas Natural gas Shale gas (Best)  Shale gas Shale gas
o o (Balance) (Wors‘t)
Feng et al., 2014 (China) Singh et al., 2011 (Norway) This work (UK)

» GHG emissions of shale gas are comparable to those of natural gas
* Less GHG emissions than Coal and Oil

U e



Activity — Linking SC Decisions with h-LCO @

Definition: Activity is a flexible process that involves decision making.

?

Truck Rail Ship =
Operation Operation, freight train Operation, transoceanic freight ship
Lorry Locomotive Transoceanic freight ship
maintenance, lorry Goods wagon Maintenance, transoceanic freight ship
disposal, lorry Maintenance, goods wagon Port facilities
Road Maintenance, locomotive Operation, maintenance, port
operation, maintenance, road Disposal, locomotive
disposal, road Railway track
Operation, maintenance, railway track Unit price
L Disposal, railway track
Unit price > i
Unit price
Agriculture Mining Manufacturing Finance Law Energy

Yue, Pandya, & You (2016). Environmental Science & Technology, 50, 1501-1509. A



Hybrid LCO Model for Shale Gas

TCS® +Z TC™

Economic objective: _ = (1+ dr)‘
min LCOE = - :
TGE Nonlinear term:
TEP™ +TEIO Cceep Z ri PCP " pCI
1 1 1 - . = |- .
Environmental objective: min UE = proe = L P ore e
TGE P<Fn
s.t. Economic Constraints Total GHG emissions :
Environmental Constraints TE™ =eP°Q_ TE' =e°P,
Mass Balance Constraints
Capacity Constraints Total output of each industrial sector P,
Composition Constraints P - Z aio,, .- P,, > UP,
Bounding Constraints oS
Logic Constraints Upstream input from industry sector ns to process systems

UPns = Z Cns,m : pricem °Qm

meM

g) Mixed-Integer Nonlinear Fractional Program

e




Case Study of UK Shale Gas Supply Chain

Fennines (AT(M))

\ o AONB oMiddlesbrough é Existing shale site
\ Lake District North York -
\ National Park Moors i Potential shale site
Yorkshire National Park
»f Man Dales m Existing
Sitel National Park _ progessng plant
Y%rk e Sited) . potential
Blackggor - Site2 Leeds ~ sites = "% processing plant
si (o] Flall] _E _L_ 3
— Great Britain o L it.lé’i;sg_‘ﬁﬂ e ;I-;!\CCGT power plant
Lk an
Site4 (T3] m m’ Site8
Lwerpoogl Sheffield
Processing . _ ot plant 19,5k Dnsmcr 2
plant 1 a National Park Processing
plant 2
_ m Nomrggham
Snowdonia
National Park
Leicester Norwick
= ° Peterborough o
ENGLAND
Carntgfidge
: Ipsvgich
ALES s | [ Mao] Colcl;ester
% Processing The Cotswolds oxford G [p11]
s Site9  plant 3 AONB
waua
;,Slteﬂ} Swindon Londo?]CGT plant 4
125N ST'“' f Brigtol Reaé'.ling —U
i : .
CCGT plant 3 Bgth Site1 1'_= i \J plant 4 Eanterbury
[E Site13 FhpSited2
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Pareto-optimal Curve

73
70
Cost breakdowns
63
= 60
=
@55
%]
O 50
et
= Drilling
45 = Production
= Processing
40 Transportation
= Electricity generation
e = IO emissions Emission breakdowns

472 473 474 475 476 477 478 479 480 481 482
Life cycle GHG emissions (kg CO2-eq/MWh)




Drilling Schedules and Production Profiles
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Supply Chain Design and Flow
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ABSTRACT: This paper analyzes the life opcle environmental

CIMG emlssdans Waker

impacts of shale gas by wsing an integrated hybrid life cyde w ol S
analyss (LCA) and optimization approach. Unlike the process- ' U
based LCA that suffers system truncation, the integrated hybrid P, ol
LCA supplements the tmncated system with a comprehensive . 5
economic input-output system Compared with the economic

input=output-based LCA that loses acoumcy from process Fmamay
aggregation, the integrated hybrid LCA retains the precision in

modeling major unit processes within the well-to-wire system . . “wolle ool - = .
boundary. Three ervironmental categories, mamdy, life cyde I
greenhouse gas emissions, water consumpton, and energy - |
consumption, are considered. Based on this integrated hybrid el |

LCA framework, we further developed an integrated hybrid life

cyde optimization model, which enables mtomatic identification

of sustainable alternatives in the design and opemtions of shale gas supply chains. We applied the model to a well-to-wire shale
gas supply chain in the UK to illustrate the applicability. According to the optimization results, the lowest levelized cost of
electricity generated from shale gas is £51L8/MWh, and the optimal life cyde GHG emissions, water consumption, and energy
consumption are 473.5 kg COy-eq/MWh, 2263 kg/MWh, and 1009 M]/MWh, respectively.

g) KEYWORDS: Hybrid kife orcle amesment, Hybrid kfe orcle optimization, Shale gas Supply dhain ’




LCO: Attributional v.s. Consequential

Life Cycle Assessment

4 N

Goal and Scope
Definition

| R
. . : \ 4 N

Multio bJ ective I Life Cycle Inventory
\ Optl mization Analysis

R
C Y

Life Cycle Impact
Assessment

\ Ao /

[

Automatic generation of « Attributional LCA
system design decisions :
y g « Consequential LCA

U .

Interpretation




Motivating Example

Attributional LCA: static and fact-based

— _83

Environmental Impacts
of producing A

Environmental Impacts Environmental Impacts

T of the conversion of end of life of B

Consequential LCA: dynamic and change-driven

4 )
D
1 2
(1) @
Environmental Impacts Environmental Impacts
of the new system of the original system
Or
Environmental Environmental Environmental Environmental
Impacts of + Impacts of - Impacts of - Impacts of

g) conversion (2) end of life of B conversion (1) end of life of C a



Consequential Life Cycle Optimization

/— Consequential Life Cycle Optimization —\
®»  Multiobjective Optimization

Techno-economic

> + Analysis _)

\ - Process Models /

How does it work? J

 What upstream and downstream processes are influenced
by the target process?

 How does the target process influence the upstream and
downstream processes?

U P



An Analogy — Spot the Difference

Before After




Attributional LCA for Process Design Problems

Environmental impacts from

Environmental impacts transportation A Environmental
in the feedstock _ _ impacts in the
production phase Environmental impacts use and end-of-
X from the process life phases
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v T 7
\ | ’

! / | Target Process "

Feedstock | / Product -
suppliers’ —p —Pp  CcOonsumers

I

processes Section Section Section processes
1 2 3
| |

Attributional system boundary

)
\

N » Applicable to existing systems

i * Not suitable for new systems
e Qverlook the power of markets and influences in other processes

U _



System Boundary of the Consequential LCO
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Partial Equilibrium Model
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Consequential LCO framework

max > h(R.Q, X, YC,) Economic Objective
k,l e.g. maximize net present value

min Z[Cl,r,s v,,.(Q,AS,, AD, )] Environmental Objective
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o Q| = z fk,| (Xk ,YPk ), Vi Integer variables for technology selection;
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Market Model
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Application to Algae-based Biofuel Production
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Optimization Results for ReCiPe
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Environmental Impact Breakdown

Attributional
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Consequential Environmental Profile
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ABSTRACT: Life cyce optimization (LCO) enables static
life cycle analysis (LCA) and techno-economic analysis to be

performed dynamically for automatic generation and opti- Contacuentnl - o
mization of process alternatives. Existing LCO models are Impacts

developed following an attributional LCA approach, which

e ! Emiss |;5_ Euppllcr

overlooks the environmental consequences in response to the f """ Target Process
in the market. In this study, we develop a con- N v |..?'....,-. = § ot &% —I -
sequential LCO framework that simultaneously optimizes :' ——— . % et
consequential environmental impacts and economic perform- =™ el B
ance. We propose a general system boundary that encloses T"‘ = JJ_'_'_,- ;'_'_‘ 125
processes linked by markets. On the basis of the general Economics | | | | - '.c_—-;'_'_':'
system boundary, we develop a multiobjective optimization [ Lo T Other customer

model, which integrates process models and market models

with the tenets of consequential LCA and techno-economic analysis methodologies. To efficiently solve the resulting nonconvex
mixed-integer nonlinear programming problem, a global optimization algorithm is proposed to integrate the inexact parametric
algorithm and the branch-and-refine algorithm. The application of the proposed framework is illustrated through a case study of
producing renewable diesel from microalgae. We conduct detailed market analysis to identify the consequences associated with
the renewable diesel production process. The environmental impacts of the optimal process designs based on the proposed
consequential LCO framework are significantly lower than those based on the existing attributional LCO framework.
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Conclusion

« Life cycle analysis and life cycle optimization

* Process-level LCA and life cycle design/optimization
« Systems boundary
 Functional unit

e Integrated hybrid LCA and LCO
* Process systems to supply chain, and to macroeconomics scales

e Consequential LCA and LCO
« Dynamic and change-driven

 Suitable for new product systems to account for influences of other
processes through the market

o Applications to energy systems
» Algal biorefinery
« Shale gas
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