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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?
• Provides “right, but not 

obligation, to change system 
easily in face of uncertainty”

– Abandon/decommission
– Defer investment
– Expand/contract capacity
– Phase deployment
– Switch technologies
– Etc.

• Also known as Real Option
– “In” system: requires 

engineering design 
considerations

– “On” system: from managerial 
standpoint

Example Waste-to-Energy System

Source: http://www.keppelseghers.com
© 2020 M.-A. Cardin DAFNI Presentation

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

resources i.e. build if and when 
needed

- Ability to capture upside 
opportunities e.g. higher demand 
than expected

3

3

Picture credit: https://www.architectsjournal.co.uk

• Engineering discipline increasingly complex
– Need socio-technical considerations
– Increasing needs for computational design 

techniques
• Uncertainty affects lifecycle performance

– Markets volatile, demographics and 
regulations change, technology evolve

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

– Protects from downsides (e.g. insurance)
– Position for upsides (e.g. stock option)
– Enables sustainable design & management
– Net effect: better expected performance, 

sustainability and resilience!
• Deterministic approach to design and 

management may lead to system failure
– IUT Global
– Others: Iridium, Ghost cities in China, more…

• Growing needs in industry and government

IUT Global:
WTE system in 
Singapore designed 
to convert daily 800 
tons food waste into 
biofuels and power 
10,000 homes, but 
waste amounts 
collected never 
reached expectations. 
Only 500 homes 
powered in 2011, 
company shut down 
(Eco-Business, 2011)

WHY FLEXIBILITY MATTERS?

Source: https://sggreendrinks.wordpress.com
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IMPORTANT RESEARCH QUESTIONS
1. How to support more systematically systems design, 

with explicit considerations of flex. and uncertainty?

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

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

4. How can data-driven approaches best support 
design, training, and decision-making process in 
systems design and analysis for flexibility?
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EXAMPLE RESEARCH
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ABSTRACT
This article introduces an approach to assess the value andmanage !exibility in engineering systems design
based on decision rules and stochastic programming. The approach di"ers from standard Real Options
Analysis (ROA) that relies on dynamic programming in that it parameterizes the decision variables used
to design and manage the !exible system in operations. Decision rules are based on heuristic-triggering
mechanisms that are used by Decision Makers (DMs) to determine when it is appropriate to exercise the
!exibility. They can be treated similarly as, and combined with, physical design variables, and optimal val-
ues can be determined using multistage stochastic programming techniques. The proposed approach is
applied as demonstration to the analysis of a !exible hybrid waste-to-energy system with two indepen-
dent !exibility strategies under two independent uncertainty drivers in an urban environment subject to
growing waste generation. Results show that the proposed approach recognizes the value of !exibility to a
similar extent as the standard ROA. The form of the solution provides intuitive guidelines to DMs for exercis-
ing the !exibility in operations. The demonstration shows that the method is suitable to analyze complex
systems and problems whenmultiple uncertainty sources and di"erent !exibility strategies are considered
simultaneously.

1. Introduction

The design of complex engineering systems—such as real estate
development projects, airports, bridges, power plants, telecom-
munication, and Waste-To-Energy (WTE) systems—is chal-
lenging, as they typically have a long life span and operate
in uncertain environments. This uncertainty inevitably a!ects
their expected life cycle performance. Flexibility in engineering
design is an emerging paradigm in engineering design research
that is inspired by the economic theory of real options, which
is an analytical approach for quantifying the value of "exibil-
ity in irreversible investment projects (Dixit and Pindyck, 1994;
Trigeorgis, 1996). It aims to provide “the right, but not the obli-
gation” to change a system easily in the face of uncertainty. Flex-
ibility aims to improve the expected life cycle performance by
reducing exposure to downside risks (i.e., acting like an insur-
ance policy) and enabling the system to capture upside opportu-
nities (i.e., like a call option on a stock). It is an important prop-
erty for complex systems and has been shown in many industry
case studies to signi#cantly improve expected life cycle perfor-
mance as comparedwith standard design and project evaluation
approaches (Chen and Yuan, 1999; Nilchiani andHastings 2007,
Suh et al., 2007; Alp and Tan 2008, Ross et al., 2008; de Neufville
and Scholtes, 2011; Jiao, 2012; Koh et al., 2013; Luo, 2015; Sub-
rahmanian et al., 2015).

The motivation for this work is twofold. First, there is a
need to provide intuitive guidance to Decision Makers (DMs)
on when and how to exercise the "exibility in operations.

CONTACT Michel-Alexandre Cardin macardin@nus.edu.sg

This is important because a well-designed system can display a
better life cycle performance only if it is implemented follow-
ing an optimal or best design strategy, in a stochastic sense. As
uncertainty evolves over time, it may be challenging to make
decisions on when to exercise "exibility so as to achieve better
performance, especially whenmany stakeholders and thousands
of design variables are involved. Second, it is di$cult to access
the value of "exibility in large-scale engineering system projects.
These systems typically face multiple uncertainty sources (e.g.,
market prices and demand, amount of natural resources, regula-
tions, technology, etc.). In addition, several "exibility strategies
may be implemented simultaneously to extract additional value
from uncertainty. How to analyze and manage di!erent "exibil-
ities concurrently in the face of multiple sources of uncertainty
can be a challenging task. Recent e!orts have focused on devel-
oping practical approaches for assessing the value of "exibility in
an engineering setting, to help designers and DMs implement
it and manage it in operations. The work on real options and
"exibility in engineering design aims to do just that, by relaxing
and/or modifying some of the underlying assumptions behind
standard Real Options Analysis (ROA) to better suit the needs
of industrial and systems engineers. The emphasis is on enabling
the ranking and evaluation of di!erent design alternatives (e.g.,
rigid versus "exible design), based on their expected life cycle
performance. In this context, this article explores the question
of how one can assess the value of "exibility using an approach
di!erent from standard ROA, with a form of solution that is
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How to adapt real options theory to better 
analyze design of flexible systems in 
engineering practice?
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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
• Stochastic process e.g. waste generation
• Constraints on decision variables

• Outputs: 
• Optimal initial physical design variables
• Optimal decision rule variables

Ø Large scale mixed integer linear programming model
Ø Solved using Lagrangian decomposition technique
Ø Results compared with solution from standard real options analysis –

binomial lattice analysis
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where!∆ is a subset of!!, the variables with superscript ! correspond to the variables in scenario !.    

If this model can be solved to be optimal, then an optimal decision rule!!∗ can be obtained, under which 

the DM will do the best by choosing !!∗ !  to attain the maximum of expected total profit once the 

uncertainty!! is observed. However, even with the finiteness of!Ω, the problem may be very large. In the 

case of!∆= !, to obtain an analytical description of !∗ might be extremely difficult. In the design of 

flexible engineering systems, one is usually interested in certain types of flexibilities embedded in the 

system, which will lead to some particular patterns of decision rules. Therefore, to obtain the closed form 

solution to the decision rule problem, ∆ can be restricted to a class of mappings which is a subset of!!!. 

For example, to study the capacity expansion strategy in the AD plant, the type of conditional-go decision 

rule!Δ!"  is very practical and effective: for example in each time period!!, expand the capacity by a 

certain amount if the observed amount of organic waste collected in the previous year is more than a 

certain threshold. By restricting!∆ to be a proper subset of!!, it is possible to solve a multistage version of 

such problem, which is generally intractable computationally. In this paper, the focus is on the 

conditional-go decision rules as a demonstration of this approach.  
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• Analysis of more complex system with multiple 
uncertainty sources and flexibility strategies

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

Anaerobic digestion (AD) 
(modularly designed )

Gasifier (capacity is able to expand )
Source: http://www.allpowerlabs.org/gasification/

- 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 

CASE STUDY: 
HYBRID WASTE TO ENERGY SYSTEM
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YES

NO

Expand by 2 modules

Don’t expand

VS Decision rule approach ROA based on ADP
AD unit: 

FORM OF SOLUTION

• Provide intuitive operational guidance for 
decision-makers
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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

“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

Source: https://www.bbc.com/news/business-46880468 (Getty Images)
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COMPUTATIONAL DATA-DRIVEN REAL OPTIONS ANALYSIS

Finding optimal system design:
• Grids configuration
• Technologies allocation
• Capacities selection

Initial 
deployment

Deployment 
Phase 2

Deployment 
Phase 3

Initial 
deployment

Deployment 
Phase 2

Deployment 
Phase 3

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

Overall DSS Software 
Architecture for Waste-

to-Energy System

Example Prototype 
User Interface for 
Flexible Systems 

Design and Analytics

In collaboration with NEA
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