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. Introduction

I Current Positions:

Academic and Professional Background —
Bl S.B Mechanical Engineering B MIT I I I I I
Pl S.M. Aeronautics and Astronautics B MIT

Bl Applications Engineer, Software Engineer, R&D, National Instruments

‘7 NATIONAL
’ INSTRUMENTS

Pl Ph.D. Aerospace Systems D MIT IR
Pl Post-Doctoral Research Associate ® MIT

Bl Research Scientist B MIT
Bl Visiting Scholar, Kennedy School of Government,
Harvard University




. Road Map

Il Session 1
Bl Introduction to Systems Analysis

Il Session 2
Bl Multi-Objective Decision Making

Il Session 3
Pl Water B Energy - Food Nexus

Il Session 4
Bl Global Perspectives on WEF




. What is a System?

Il A set of things working together as parts of an interconnecting
network; a complex whole B Oxford Dictionary

Il A set of components that interact to form an integrated whole
I'l' A set of rules that govern behavior or structure
'l A set of principles or procedures

Il Al system is an integrated composite of people, products, and
processes that provide a capability to satisfy a stated need or
objective.Ay

Il Some examples?




Engineering has progressed from artifacts to large-
scale systems
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Engineering Systems fulfill important functions in
modern societies

Engineering systems are Key Characteristics
characterized by a high degree Emergent Behavior

of technical and social Uncertainty
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Large-Scale Infrastructure for Water and Energy in Pakistan is
subject to critical future uncertainties
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. Bounded Rationality: Limits of the Human Mind

Aphe capacity of the human mind for formulating and
solving complex problems is very small compared to the
size of the problem whose solution is required for
objectively rational behavior in the real world or even for
a reasonable approximation to such objective realityAy

(Herbert Simon in Sciences of the Artificial, 1957)

Decision making, is largely based on experience,
limited data, and ad-hoc approaches

The critical emerging challenges of water, energy, and
food security make systems analysis and computer
based decision-support systems an imperative




. What is a model?

'l A mathematical description of a real system,
with simplifying assumptions, that predicts
behavior for a given set of inputs and operating

conditions 400
Pl A model does not capture all details ofa ., d
System 250 »
" 200 A ry =
150 L2
100 2
. -~
Il Empirical models 0 . .
Pl based on data and empirical observations  °° 2.0 4.0 6.0

Bl These are valid under a limited set of
conditions (under which the observations
were made)

Pl Examples: cost models, demand models etc.




I'l Physics based models
Bl Comprise of governing equations of physical
behavior of system
Pl Representation in discretized form

Bl Examples: hydrological models, finite element
models of mechanical systems etc.

I'l' A simulation is the process of using a model to
execute computation for predicting system response
under a given set of inputs and conditions




. Some Methods in Systems Analysis

Il Decision Analysis Il Optimization
B MCDA Bl Linear
Bl Cost-Benefit Analysis Bl Non-linear:

Pl gradient based methods
B heuristics based methods
] -I' Genetic Algorithms
-I' Simulated Annealing

Bl Technical Models

Pl Systems Dynamics

Pl Monte Carlo Simulation
Bl Agent Based Modeling
Bl Networks modeling

[! I Modeling and Simulation

¥ Life Cycle Analysis
¥ Input-output analysis
¥ life cycle properties

¥ Stakeholders Analysis




. Systems Analysis Process

Analysis Approach Evaluation Criteria Evaluation Techniques
1.! Define the problem 1.! Define measure of 9
2.! define analysis evaluation
goals, rules, 2.! Define variables | :
constraints 3.! Identify data needs b L S_elect t_echnlque b
. : : simulation,
3.! Identify feasible sources, estimates, ontimization. etc
alternatives etc. pti L
: : 2.! Define modeling
4.! define approach to 4.! ldentify :
. i requirements
problem solution uncertainties

: Evaluation of :
Data Collection Alternatives Analysis Results

|
1.1 Utilize existing data. |\ L Eil;?uﬁgzgﬁfl II:’> 1. Tradeoffs

2.! Generate data o 2.1 Sensitivities
. 2.! Perform sensitivity . :
through analysis : (uncertainties, risks)
: and contingency .
3.! Acquire test/ : : 3.! Confidence levels
iy analysis/ scenario :
empirical data : 4.! Recommendations
analysis etc.

Ref: Adapted from (Blanchard, 1981)



System Analysis:
Energy Intensity of Urban Water Cycle




] Energy Use in Urban Water Cycle
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Siddiqgi, A., de Weck, O.L., AQuantifying the Energy Intensity in the Urban Water CycleAyASCE Journal of
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. Building-level water sources
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. Energy for building-level water use

1. Energy for Water Heating 2. Energy for On-site Pumping
1 $ '
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$]’l 6% buildin;g height rainwater — recycled wastewater}
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3. Energy for On-site Recycling V,, : volume of heated water
p . density of water
A C :specific heat capacity
E = rE v, AT : temperature difference
= a,; . i application hot water fraction

v, : i application water use volume
€, :energy intensity of recycling

hr : floor height

a, : pipe losses

F : total number of floors in building

4. Building-level Energy for Water Use:

= +E, +E
E. =E, +E,
Siddiqgi, A., de Weck, O.L., AQuantifying the Energy Intensity in the Urban Water CycleAyASCE Journal of
Infrastructure Systems. (2013). 19: 474-485




. Computational framework
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Sample outputs
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. Case Study: Masdar City, UAE
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. Demand Model Coefficients

Building Use Type Units Low Avg, High
Residential L/person/day 100 180 250
Retail, Retail Plaza, SEZ-Local Centre, Railway Station, L/mz/day 1 1.9 4.8
SEZ-Offices, ADFEC Headquarters, Commercial
Catering L/person/day 10 15 20
Hotel, Service Apartments L/person/day 200 300 400
University L/person/day 60 70 80
SEZ-Technology Park, SEZ-Research Labs L/m’/day 0.2 1.5 44
Indoor Applications Residential Commercial Industrial

Kitchen 0.15 0.09

Showers 0.2 0.63

Faucets 0.1 0.28

Toilets 0.34

Laundry 0.21

Industrial Processes




. Estimated Daily Demand

Masdar daily water demand
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. Demand Model Benchmark
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Estimated Energy for Water Cycle [GWh]
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Siddiqgi, A., de Weck, O.L., AQuantifying the Energy Intensity in the Urban Water CycleAyASCE Journal of
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Comparison of Energy Intensity of Masdar Water Cycle

Segment Intensity Masdar® San Diegob Sydney®  Melbourne’ Taipeid

[kWh, /m’]
Supply & Treatment 4+ 1.70 0.03 0.01 0.21
Distribution 0.14 0.27 0.92 0.11 0.17
Urban Indoor End-Use 3.26 3.16
Wastewater Treatment 041 0.46 0.5 1.14 041

Urban Indoor End-Use segment energy intensity ~ desalinated supply

Siddiqgi, A., de Weck, O.L., AQuantifying the Energy Intensity in the Urban Water CycleAyASCE Journal of
Infrastructure Systems. (2013). 19: 474-485




. Some Key Results

Il End-use segment compares almost equally in energy intensity with
production segment (in case of Masdar)

Il Water efficiency in end-use segment is a high-impact lever for influencing
energy consumption in the urban water cycle

Bl water efficiency in end-use has largest multiplier effect for energy

Bl water conservation measures can be incentivized from an energy and financial
savings perspectives

I Water-sector energy efficiency incentives should be targeted for both
utilities and end-users




in food, energy and water security

. Pakistan Context: Growing challenges

We need to increase the efficiency
of use of fixed resources (such as

land and water)

Pakistan per capita food supply
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Ref: Yu et al, 2013

Source: FADSTAT 2012,
Note: keal = kilocalorie.
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Optimization is a method for determining best use of
resources for a given objective

A typical maximization A typical minimization problem
problem is to maximize IS to minimize costs subject to
output (or profit) subject to a requirements on the output and
budget and other other constraints

constraints .

The question here is Ohow The question is Ohow cheaply
much can we obtain (from can we produce our output
this farm, factory, power while meeting all the technical
plant, mine etc) with the requirements and other
amount of money and standards?0

resources available, given
that we must operate within
technical, economic, legal,
and political realities?

Ref: de Neufville, 1990



. Some Methods in Systems Analysis

Il Decision Analysis 11 Optimization
B MCDA Bl Linear
Bl Cost-Benefit Analysis Bl Non-linear:

Pl gradient based methods
B heuristics based methods
-I' Genetic Algorithms
-I' Simulated Annealing

'l Modeling and Simulation
Bl Technical Models
Pl Systems Dynamics
Pl Monte Carlo Simulation
Bl Agent Based Modeling
Bl Networks modeling

¥ Life Cycle Analysis
¥ Input-output analysis
¥ life cycle properties

¥ Stakeholders Analysis




Linear Optimization:
A Brief Introduction




Linear optimization is used in design, planning
and management in many sectors

Il Linear optimization is used in a wide area of applications including
engineering design, planning, management and operations.

Il Some typical problems include resource allocation, scheduling,
production planning, investment portfolios and marketing.

1l Linear optimization is often referred to as Olinear programmingO for
historical reasons.
Pl It doesnOt require writing programs for a computer in the sense

now commonly used, and the mathematical programming
technique is available in user-friendly packages and software.




. Formulating a linear optimization problem

'l The standard form for a linear program has two parts:
Pl an objective function and
Pl constraints.

Il Objective function is an equation that defines the quantity to be
optimized. For linear programming this quantity must be a one-
dimensional scalar quantity such as:

Y=1 cx

I'l The variables in the objective function, the x;, are known as
decision variables

Bl We seek to make decisions about these variables to optimize the
objective




. Formulating a linear optimization problem

'l The constraints are of the form:

I Where b; are upper or lower bounds on particular aspects of a
problem




. Example:

Il SolTech manufactures four types of solar power systems for
commercial and household use, requiring two types of machines

and two types of (skilled and unskilled) labor.

Il The amount of machine time and labor (in hours) needed to produce
a unit of each product and the sales price per unit of each product

are.

Product Machinel Machine2 Skilled labor

(hours) (hours)
1 11 4
2 6
3 5
4 4

(hours)

5
5
6

Unskilled
labor ( hrs)

8
4
4

Unit sale
price (%)

300
260
220
180

Guenin, Konemann and Tuncel, OA Gentle Introduction to OptimizationO, Cambridge University Press, 201



'l Each month, 700 hours are available on machine 1 and 500 hours
on machine 2.

Il Each month, SolTech can purchase up to 600 hours of skilled labor
at $ 8/hr and up to 650 hours of unskilled labor at $ 6/hr.

'l How much of each product should the company produce each
month and how much labor it should purchase to maximize
profit (revenue from sales minus labor costs)?

Il What are the decision variables? What is the objective?




. Formulation

I I'VVariables: How much of each product should be
produced?

Bl Denote quantity of product i as X;.

BIX(, X5, X3, X4

BYNumber of purchased hours for skilled labor: y,
BINumber of purchased hours for unskilled labor: y,

I Objective Function:
Pl Maximize the profit:

300x, +260x, +220x,+180x,! (8y. +6y )




. Constraints

'l Total amount of time needed on machine 1 must not exceed
700 hours:

11X, + /X, + 6X, + 95X, < 700
Il Similarly, for machine 2:
4x,+6x,+5x,+4x,! 500

' Also:
8x, +5x, +5x,+6x, <y

(x,+8x,+ x,+4x, <y,
y, = 600
y, <650

Xpy Xy X3 X5 Y, ¥, 2 0




. Graphical Representation and Software Tools

Il Software packages and tools

HOME PLOTS S 25 L
D C |eX . New Variable Analyze Code ]~ Pr
p E" I£|:l|:I 7 L5l Find Files I&J E = lj L) E 9
_ E_} Open Variable = &? Run and Time o Se
_D GAMS New New Open [iz] Compare Import Save - Simulink  Layout
d Script ¥ - Data Workspace @ Clear Workspace ¥ [ Clear Commands ¥  Library - Im Pz
FILE VARIABLE CODE SIMULINK ENVIRONN
'E] Matlab &= = 5 = [/ » Users » afreensiddigi » Documents » MATLAB
Workspace ® Command Window
'D M S Excel Name & Value New to MATLAB? See resources for Getting Started.

New MATLAB Graphics System

MATLAB R2014b introduces a new MATLAB graphics sys
many new features. Some existing code may need to be
Learn more

Jfx >>




. Solutions

'l A Feasible Solution:

X, =10,X, =30,X%, =0, X, =20
y, =600, y, = 600

'l Optimal Solution:
X, =16.66,%, =50,%, =0,%, =33.33
y. =583.33,y, =650

Il Maximum Profit (at optimal solution): $ 15,433.33




. Steps in Linear Optimization

Il Formulate the problem mathematically

Il Represent various parameters that the decision-maker/designer
wishes to determine as variables (unknowns) in the formulation

Il Mathematically express the quantity that needs to be optimized
(maximized or minimized) as an Oobjective functionO

Il Express every constraint to the problem as a mathematical
expression

'l Software packages, using algorithms (systematic procedures), are
employed to solve the mathematical problem

Il The values assigned to the decision variables indicate optimal
choices for the given problem




Indus Basin Model B Revised (IBMR)




. Application: Indus Basin Model

I'l' Indus Basin Model (IBM) was b
developed in the 1980s T

Il The model was originally designed to
allocate water to achieve maximum
agricultural profits in the basin subject
to physical and institutional constraints

Countries and Reglons

'l Arecent (2013) detailed study is by The Indus Basin of Pakistan
Winston Yu et al

Winston Yu, Yi-Chen Yang, Andre Savitsky,

Donald Alford, Casey Brown, James Wescoat,
Dario Debowicz, and Sherman Robinson

Ref: Yu et al,(2013), “The Indus Basin of Pakistan :The Impacts of Climate Risks on Water and AgricultureC)
The World Bank.



Indus basin is modeled with 12 agro-climatic

Map 5.2 Indus River and IBMR Canal Command Areas in Pakistan
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Ref: Yu et al,(2013), “The Indus Basin of Pakistan :The Impacts of Climate Risks on Water and Agriculture()
The World Bank.



General Algebraic Modeling System used for modeling equations for
water balance, agricultural parameters, and economic objectives

Il 26 equations are used in the IBMR for optimizing water allocation and
economic activities

'l The model includes water balance equations, crop production, canal
irrigation and others.

I IBM-R optimizes water allocation for agriculture for basin level
economic benefit but does not include hydropower production or
municipal or industrial water consumption

Il Objective function:

CPS=%, %, X Price, . x Proa'ucﬁonzﬂ‘c -3, X Cost, .
— Zz Zc Import, . — ImaginaryWater + ZZ Zc Export,
+ 20 2 WaterValueM'N

Ref: Yu et al,(2013), “The Indus Basin of Pakistan :The Impacts of Climate Risks on Water and Agriculture()
The World Bank.



Several updates to IBMR have been done that include hydropower and
other important elements

Il The IBMR-MY is a multi-year extension of the Indus Basin Model
Revised and includes hydropower benefits.

Il Input data include:
Pl agronomic data (crop yield, crop water requirements and labor and
tractor needs);

Bl economic data (crop price, price elasticity and wage, etc);
Pl a resources inventory (available land area, labor force and tractors);

Bl irrigation systems and water data (stream flow, canal capacity and
field efficiency).

Il Qutputs are gross profits from agricultural production, farm cost, and
surface and groundwater usage at ACZ level.

'l No international trade is incorporated

Ref: Yi-Chen et al,(2014), “Inter-sectoral Water Allocation in the Indus Basin Under Different Management
PoliciesO. Workina Paper 24. Pakistan Strateav Support Proaram. IFPRI




. Sample Results

Table 3. Basinwide sectoral profits under different surface and groundwater policies-30 year-average, maximum and
minimum value

281

IRSA-RUL allocation policy

GW-no cap 4393 4640 4191 174 175 174 31 31 31 319 248
GW- 50 cap 4384 4612 4189 175 175 175 30 31 26 280 319 248

GW-no cap 4414 4643 4227 174 175 174 31 31 31 281 319 248

GW- 50 cap 4410 4637 4212 174 175 174 31 &y 3 281 319 248
IRSA-OPT allocation policy

GW-no cap 4497 4744 4301 174 175 173 3 £y £y 283 333 250

GW- 50 cap 4496 4703 4299 175 175 175 3 3 23 283 332 249

GW-no cap 4515 A746 4326 175 175 175 31 31 31 283 334 249

GW- 50 cap 4513 4748 4326 175 175 175 31 31 31 283 333 249

BAS-OPT allocation policy

282 332

4772 175 31 31 31

GW-no cap 175 175

GW- 50 cap 4607 4772 4466 175 175 175 31 31 31 282 332 248
GW-no cap 4623 4772 4492 175 175 175 31 31 31 282 331 249
GW- 50 cap 4623 4772 4495 175 175 175 31 31 31 282 331 249

* D&I-GW: Domestic and industrial water uses only use groundwater; D&-5GW: Domestic and industrial water uses use both surface and groundwa-
ter; GW-no cap: no groundwater pumping cap; GW- 50 cap: basin-wide groundwater pumping is limited to 50 MAF. Note that profits listed in the
table are affected by the penalty item in the objective function.

Ref: Yu et al,(2013), “The Indus Basin of Pakistan :The Impacts of Climate Risks on Water and AgricultureO
The World Bank.



Review

A linear optimization model is a problem of optimizing an objective
function expressed as a linear function  of the decision variables,
subject to constraints that are also linear  functions of decision
variables.

A feasible solution is any assignment of values of the decision
variables that satisfies all of the constraints and the non-negativity
conditions.

The goal in a linear optimization model is to find an optimal solution
which is feasible solution that optimizes the value of the objective
function.

Optimization analysis can be useful for planning and improving
resource use-efficiency
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Questions?




. Linear Optimization: Assumptions

Il The central assumption of linear programming is that the objective
function and all constraints are linear

Il Decision variables are assumed to be nonnegative and continuous

Il The concept of linearity has a precise meaning. The definition implies

constant returns:
f(kX) = kf (X)

I'l'i.e. multiplying each decision variable with a constant factor k leads to a
k-fold change in the objective function on constraint.

Pl this means there are constant returns or economies of scale.

'l In practice, in many important industries and applications there are
Increasing returns

Il For decreasing returns, one can use piece-wise linear approximations.




. Assumptions

Il Continuity and non-negativity:

Bl In practice variables may be discrete or integer values. This can be
dealt by rounding off results to nearest value and accepting the
errors.

Bl Integer programming methods can be employed




