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RESEARCH FOCUS AND OBJECTIVE

Focus: Design of Engineering Systems for Uncertainty & Flexibility

— Help improve system performance by exploiting ability to adapt and change
pro-actively in the face of uncertainty, by making extensive use of
computational aided engineering technology

— Enable better sustainability and resilience in complex engineered systems
— Applications: energy, finance, transportation, space, water

Objective: Develop and evaluate new computational procedures to
support analysis & design of engineering systems:
— Enable better flexibility, adaptability, evolvability in deployment and
operations
— Quantify value of flexibility and optimize systems design, deployment and
operations under uncertainty
— Improve performance, sustainability, and resilience in view growing
concerns over climate change, Paris agreement objectives
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WHAT IS FLEXIBILITY?
Example Waste-to-Energy System

Provides “right, but not
obligation, to change system
easily in face of uncertainty”

Benefits:
- Initial capital cost reduction
- Better use of financial and material

— Abandon/decommission resources i.e. build if and when
— Defer investment needed
— Expand/contract capacity - Ability to capture upside

opportunities e.g. higher demand

— Phase deployment than expected

— Switch technologies
— Etc.

Also known as Real Option
“In” system: requires
engineering design
considerations

— “On” system: from managerial
standpoint

. Source: http://www.keppelseghers.com
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WHY FLEXIBILITY MATTERS?

Cumulative Distribution Functions
Better upsides (e. P95)

Engineering discipline increasingly complex o !
— Need socio-technical considerations g oo : //
— Increasing needs for computational design ‘f / [e——
techniques i J
Uncertainty affects lifecycle performance nproved dovsides e, 75, ;
— Markets volatile, demographics and 0o i
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regulations change, technology evolve

Flexibility can improve performance by 10%-
30% compared to standard approaches

NPV (5)

fean NPV Fi —— Bascline Under Uncertainty

Protects from downsides (e.g. insurance) IUT Global:
Position for upsides (e.g. stock option) WTE system in
— Enables sustainable design & management ::'L%:':;': g:is“i,gg::
— Net effect: better expected performance, tons food waste into
sustainability and resilience! biofuels and power
Deterministic approach to design and 00k omesbet
management may lead to system failure

waste amounts
collected never

— |UT Global reached expectations.
ol e . - Only 500 homes
— Others: Iridium, Ghost cities in China, more... Source: https://sggreendrinks.wordpress.com powered in 2011,
Growing needs in industry and government company shut down
(Eco-Business, 2011)
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IMPORTANT RESEARCH QUESTIONS

. How to support more systematically systems design,
with explicit considerations of flex. and uncertainty?

. How can one adapt the theory of real options analysis
so it is better suited to engineering design practice?

. How to enable systems that are flexible, sustainable,
and robust in the face of uncertainty?

. How can data-driven approaches best support
design, training, and decision-making process in
systems design and analysis for flexibility?
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How to adapt real options theory to better
analyze design of flexible systems in
engineering practice?

DECISION RULE BASED
REAL OPTIONS ANALYSIS FOR
ENERGY SYSTEMS DESIGN

M.-A. Cardin*, Q. Xie, T. S. Ng, S. Wang, and J. Hu, "An approach
for analyzing and managing flexibility in engineering systems
design based on decision rules and multistage stochastic
programming," /ISE Transactions, vol. 49, pp. 1-12, 2017.
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ROA USING MULTI-STAGE STOCHASTIC
PROGRAMMING AND DECISION RULES

+ Objective: Maximize expected net present value (ENPV)
* NPV based on sum of discounted cash flow of system model

* Inputs:
» Cost & revenue model for system 5 -
« Stochastic process e.g. waste generation “E"{E [r(Ee®. 2] = ;p Zl re(d(¥fa). £F)
+ Constraints on decision variables

s.t.89(&f) € Xo, Vk, t

* Outputs: 8o(8ly) = 8 (&), if&l) = €5 vk k't
» Optimal initial physical design variables
* Optimal decision rule variables

89 € ACD

|

Large scale mixed integer linear programming model
Solved using Lagrangian decomposition technique

Results compared with solution from standard real options analysis —
binomial lattice analysis

Y V VY
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CASE STUDY:
HYBRID WASTE TO ENERGY SYSTEM

» Analysis of more complex system with multiple

uncertainty sources and flexibility strategies

Source: http://www.adbiogas.co.uk/

Source: http://www.allpowerlabs.org/gasification/
Anaerobic digestion (AD) Gasifier (capacity is able to expand )
(modularly designed )
- Food waste treated by anaerobic digestion (AD)
- Other organic waste (paper, wood and horticultural waste) treated by gasifier
- If capacity of gasifier is not enough, part of the feed stock (mainly paper and

horticultural waste) is treated by AD
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» Provide intuitive operational guidance for
decision-makers
4 N 4
Decision rule approach VS ROA based on ADP
AD unit:
unit YES Solve an optimization problem at
Food waste amount in each time period
previous year 1s more (xt'yt)
than (x;—; — 2) * 30 tpd - n
Gasifier unit: =
1 T
ye = 04701 +0.28n,_ + 0.357;_3 TPt 4’:+1(S:)n
) &
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FUTURE RESEARCH
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DATA-DRIVEN FLEXIBILITY IN ™"

SYSTEMS ANALYSIS AND DESIGN

Source: https://www.amd.com
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FUTURE CITY DESIGN

(Getty Images)

“Simulation software that can create accurate "digital twins" of entire cities is
enabling planners, designers and engineers to improve their designs and
measure the effect changes will have on the lives of citizens.”

BBC Article, Jan. 18 2019
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& ~— Anthropogenic
heat threshold

. 14 )

Finding optimal system design:
« Grids configuration

« Technologies allocation

« Capacities selection

Initial

deployment
Deployment

eployment
Phase 3
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https://www.bbc.com/news/business-46880468

SIMULATION GAMES FOR
SUSTAINABILITY AND RESILIENCE
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DATA-DRIVEN DECISION-SUPPORT SYSTEM (DSS)

@@[ GruphicuITUsirlnmr'uce 4}‘ ]

Data analytics
Embed EXE

E

Simulation / \
Calibrated data
—

Optimum Solutions

Optimization

oG
colex | EIP concer

Overall DSS Software
Architecture for \Waste-
to-Energy System

Example Prototype
User Interface for
Flexible Systems

Design and Analytics

In collaboration with NEA

National
Environment|

\ Agency

T F

© 2020 M.-A. Cardin DAFNI Presentation 19

19

12/15/20



Imperial College
London

ACKNOWLEDGMENTS AND CONTACTS

* Thanks to current Imperial College and former NUS team members — Strategic
Engineering Lab
— Post-doc fellows: Drs. Mark De Lessio, Hu Junfei, Simon Ng, Chang Sun, Aakil Caunhye, Elizaveta
Kuznetsova, Wyean Chan
— Research Associates/Engineers: Jiang Yixin, Howard Ka-Ho Yue, Mingzhen Diao
— PhD students: Mehdi Ranjbar-Bourani, Yinghan Deng, Zhang Sizhe, Xie Qihui, Ashwani Kumar, Sixiang
Zhao, Steffen Blume (ETH), Cesare Caputo
« Thanks for financial and other support provided by
— Imperial European Partner Fund
— NUS Faculty Research Committee via MoE AcRF Tier 1 grant
—  Singapore-MIT Alliance for Research and Technology (SMART)
— Singapore-ETH Centre (SEC)

— National Research Foundation Campus for Research Excellence And Technological Enterprise (NRF-
CREATE)

— Keppel Offshore and Marine Technology Centre (KOMTech)
— Singapore Civil Defence Force (SCDF)

¢ More details at http://www.imperial.ac.uk/people/m.cardin
« Pl contact: Dr. Michel-Alexandre Cardin

— Email: m.cardin@imperial.ac.uk

— Phone: +44 (0)20 7594 1893

© 2020 M.-A. Cardin DAFNI Presentation 20

20

12/15/20


http://www.imperial.ac.uk/people/m.cardin

