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Coupled Human-Environment Systems

* Bounded rationality
* Limited certainty

« Limited predictability
* Indeterminate causality
» Evolutionary change
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Issue 1: Arbitrary System Boundaries
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Water Footprint of Energy?

Hadian and Madani, The water demand of energy: implications for
sustainable energy policy development, Sustainability, 2013.
Madani and Khatami, Water for energy: Inconsistent assessment
standards and inability to judge properly, Current
Sustainable/Renewable Energy Reports, 2015
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Water Footprint of Energy

The water footprint of the

global energy supply mix
Increases by 37% to 66% In
the next two decades.
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Water Footprint of Energy

Energy’s water footprint per unit of
energy production; increases by 5-10% in
2012-2035.

The water footprint of the
global energy supply mix
Increases by 37% to 66% In
the next two decades.
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Renewable energies are bad!?
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Renewable energies are bad!?
No. Expand your boundaries and use consistent metrics.
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Carbon footprint: Water footprint:

The carbon dioxide —-) / The total amount of

equivalent/energy \ freshwater /energy
production \' " 4 production
i 000 | (

, ’0
k.

Ecological/Land footprint: Cost:

The amount of land and sea 4 Levelized cost/energy

area /energy production < production

JW ?
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Trade-ofis and Uncertainty

Hadian and Madani, A system of systems approach to energy sustainability
assessment: Are all renewables really green?, Ecological indicators, 2015

Carbon footprint | Water footprint Land footprint Cost
Energy Sources (gCO2eq/kwh) (M3/GJ) (M2/GWh) (USD,p;o/MWh)

130-4202 20-64 14433-21800  77-150-320

Concentrated Solar Power 8.8-632 0.118-2.180 340-680 150-200-310
Solar Photovoltaic 18-180 0.0064-0.303 704-1760 84-160-210
Wind: Onshore 7-56 0.0002-0.0012 2168-2640 51-84-160
wind: Offshore 8-35 0.0002-0.0012 2168-2640 110-250
Hydropower 1-2200 0.3-850 538-3068 9-150
740-910 0.079-2.1 83-567 30-120
T o5 7-s66 0.214-1.19 1490 85-224
Natural Gas 410-650 0.076-1.240 623 34-150
Nuclear 3.7-110 0.018-1.45 63-93 45-150
Geothermal 6-79 0.0073-0.759 33-463 18-190




Imperial College
London

100
90
80
70
60
50
40
30
20
0 _-
@ 6@ & & & & N &
R ¢ & & & > 2 Qo 0 o
e o\? 00 &04 o‘\ R & \06 &o @\
® O ° & Qo R Q&
& 4 & O
N & ) & ¥
o o 3
) (&) 2
¢
©



Relative Desireability of Energy Technologies

0 Given national resource availability in a given country

red indicates the technology underperforms alternatives
while areen indicates the technoloav is preferable.



b.Geothermal c.Onshore.Wind

a.NMuclear

e.Offshore. \Wind

|.Hydro World
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Analysing and Managing Gomplexity

System of Systems
(SOS)
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Issue 2: Linear Thinking

Inputs
—

Desired
State

Present
situation

Intermediate causal states

e

Problem

Decision

Alteration of
environment

Outputs

—

Outcome
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Zayandeh-Rud River System

Urban

Agricultural

Industrial

Environmental

High population
Extensive water transfers
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Zayandeh-Rud River System

Urban
Agricultural
Industrial
Environmental
High population '
Extensive water transfers ©
Continuous water shortages

Gohari et al.,, Water transfer as a solution to water shortage: a fix that can backfire,
Journal of Hydrology, 2013
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Is Water Transfer a Sustainable Solution?

Natural surface Precnpmmon
water inflow

T

A Unallowable surface
water withdrawal

Tempreture

¢
Evapotranspiration
Gav-Khouni inflow
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groundwater inflow

| < +
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+

Returned flow
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efficiency
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demand
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water demand
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Expected water ™~
requirement for crop X
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Production of
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water requirement

+

r"’“&p&@@d iand area

ei;,q/ for crop ¥ >
+
Producuon of Benefit from

Actual land area

K Cultivation cost
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water demand
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Inter-bain water
(( transfer \

Water scarC|ty Water su pply

tR)

+

4

Watershed

Water demand development
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Inter-bain water
(( transfer \
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B
Water scarcnty Water SUPP'Y Problem symptom Q Fix

R

Watershed

Water demand
development

+
Unintended
consequences

Symptom Management
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Non-linear Thinking

Inputs Intermediate causal states Outputs
— — —~ —
Desired
state
. Alteration of
Problem Decision . Outcome
™ ™ environment [

Present
situation

DeCISIon Alteration of
_ environment
Desired
state \
Problem - Outcome

Present _—%

situation \ ‘)/
Unintended

conseqguences
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Linear Thinking?

Global Warming (Symptom)

1

Greenhouse gas emissions

1

Fossil Fuels (Source)

4

Reducing carbon dioxide by any means!
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Linear Thinking?

Global Warming (Symptom)

1

Greenhouse gas emissions

1

Fossil Fuels (Source)

Reducing carbon dioxide by any means!
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Issue 3: The Inherent Group Rationality Assumption

Madani, Game theory and water resources, Journal of Hydrology, 2010.
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Who Manages Goupled Human-Nature Systems?

Multi-Participant Multi-Objective
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Individual Rationality vs. Group Rationality
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The watet allocation Scales of Justice.
INKEINCT
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IN THE FUTURE, WARS WILL
BE FOUGHT OVER WATER
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City of Fairhanks Energy Supply Issues

* Accessiblility: Potential energy
sources are far from Fairbanks

 Affordability: Fairbanks
residents pay twice Anchorage
prices for energy

* Agreement: Decision-makers
and public have not reached a
consensus on their ideal
solution

Read et al., Stakeholder-driven multi-attribute analysis for energy project selection
under uncertainty, Energy, 2017.
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Energy Supply Alternatives

Description

A7

High Voltage, DC line from North Slope

A8

Coal to liquids power plant in Fairbanks

A9

Susitna Dam
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A7

A8

A9

Participatory performance

\

criteria selection: Stakeholders

brainstorm list of criteria to
evaluate alternatives

4

Criteria grouping, elimination,
and leveling: Stakeholders
finalize criteria tree structure

-

Performance value
determination: Stakeholders
define performance measures
to evaluate alternatives

-

Hierarchical Monte-Carlo
assessment: Criteria tree and
performance values determine
alternative ranks

Aggregate performance
calculation: Compute API for
each alternative and compare

scores to make decision
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Project levelized
costs

Capital Costs
Economic

Commodity Prices

Selection
Fairbanks

Criteria

Anchorage

Political support

by state legislator Bush

Sponsor Credibility Sl

Infrastructure/Acces
Timing S

Socio-Political

] (short/long term)
Social
Project addresses
energy needs
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We Need to Interact

with Those Affected
By Our Decisions
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Issue 4: Science-Policy Gap
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Communication Failure and Lack of Trust
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Solution Presentation & Packaging

What you see What he sees
T R
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Which Method to Use?
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JOHN'S |
WEATHER FORECASTING STONE

CONDITION ~ FORECAST

Stone is Wet  Rain

Stone is Dry  Not Raining
| Shadow on Groynd Sunny

P Snowing

Foggy
Windy

' N Earth







