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(/| Traditional infrastructure planning approaches are not pertinent in

®! | stin-American

o Vast set of uncertain stressors
— Complex social phenomena
— Natural disasters
— Rapid demographic change
— Economic and regulatory instability

o Investment decisions with long lasting effects
— Backward infrastructure systems
— Highly sensitive to new investments



Robust Decision Making (RDM) has proven to be useful in thes
® ! sort of infrastructure planning contexts
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)‘ Tecnologico de Monterrey, FAMM and RAND reshaping
% long-term water planning in Monterrey, Mexico

« Monterrey is Mexico’s 3rd
largest metropolitan area

« Rapidly expanding population
and economy

o Atits limit of developed
supplies

« Potentially sensitive to climate
change
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5 Region was on the cusp of implementing a costly mistake
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fjv‘ FAMM funded RAND and Tecnoldgico de Monterrey
to support Monterrey Water Plan
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(’j)‘ Met with stakeholders and worked with modelers to
develop tools to evaluate many plausible futures

Available Water
Econometric Management

autoregressive Options
distributed lag

(ARDL) water
demand model

Demand and Water
Markov Hydrology Management

autoregressive Projections Model :

(RiverWare) Optimal water

management
adaptation

strategy

hydrological
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(MARHM)
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|dentified future conditions in which current strategy
would not suffice
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)| Used optimization to determine which investments would
®! most cost effectively improve supply reliability

Future water demand —

Individual
water
management
options and
investments
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Develop an approach to define robust, adaptive strategies
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()| Analysis of optimal portfolios across scenarios reveal “low-
®! regret, near-term options”

Aggregation
70% Metric
M Vean
[ 75% Percentile
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60%
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~, Successive optimizations (4.9 million runs) used to define
ot

decision trees describing later contingent options

Percent of Futures No Action
Cost [million usd] = 0

oo [ I 5 oo

Demand [cms] <= 14.6

Cost [million usd] = 0
Reliability [percent] = 100

Demand [cms] <= 15.01

GW Availability [percent] > -60

Demand [cms] > 14.6 and Demand [cms] <= 15.76

GW Availability [percent] <=-60

Demand [cms] > 15.76 and Demand [cms] <= 18.61

No Action
Cost [million usd] = 0
Reliability [percent] = %

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Ballesteros-Buenos Aires GW
Well

Obispado GW Well

El Pajonal GW System
Shallow Wells: La Union
Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal
Tunel San Francisco Il
Monterrey Country GW Well
La Libertad Dam

Efficiency

Cost [million usd] = 439
Reliability [percent] = 91

2016-2026

GW Availability [percenf > 15

Demand [cms] > 18.61 and Demand [cms] <= 19.61

Demand [cms] > 19.61

GW Availability [percent] <= 15

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 99

Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = 100

027-203;

Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = 99

Demand [cms] > 15.01

Demand [cms] <= 21.04

Demand [cms] > 21.04

2039-2050-

Reliability [percent] = 99

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] = 100

WW Injection Well Project
Cost [million usd] = 148
Reliability [percent] = 100

Panuco Aqueduct
Vicente Guerrero Dam
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 2758
Reliability [percent] = 100

Cuchillo Il Dam
Cost [million usd] = 460
Reliability [percent] = 97

No Action
Cost million usd] = 0
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] = %9




controversial projects...

Percent of Futures
o DO 5

Demand [cms] <= 14.6

No Action
Cost [million usd] = 0

Demand [cms] <= 15.01

-y1 Robust, adaptive strategy defers decisions on large,

No Action
Cost [million usd] = 0
Reliability [percent] = 99

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 100

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] = 100

WW Injection Well Project
Cost [million usd] = 148
Reliability [percent] = 100

Panuco Aqueduct
Vicente Guerrero Dam
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 2758
Reliability [percent] = 100

Cuchillo Il Dam
Cost [million usd] = 460
Reliability [percent] = 97

No Action
Cost million usd] = 0
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] =99

Reliability [percent] = 100 P
d
Demand [cms] > 15.01
No Action
Cost [million usd] = 0
GW Availability [percent] > -60 Reliability [percent] = %
Demand [cms] > 14.6 and Demand [cms] <= 15.76
Desalination Plant
Cost [million usd] = 1406
D . f. d t Reliability [percent] = 100
proj ects GW Availability [percent] <=-6.0
Desalination Plant
Cost [million usd] = 1406 Demand [cms] <= 21.04
Demand [cms] > 15.76 and Demand [cms] <= 18.61 Reliability [percent] = 100
pe
Ballesteros-Buenos Aires GW Demand [cms] > 21.04
Well
Obispado GW Well Desalination Plant
El Pajonal GW System Cost [million usd] = 1406
Shallow Wells: La Union GW Availability [percent] > 15 Reliability [percent] = 99
Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal
Tunel San Francisco I and [cms] > 18.61 and Demand [cms] <= 19.61
Monterrey Country GW Wel
La Libertad Dam Panuco Aqueduct
Efficiency Vicente Guerrero Dam
Cost[million[lisd) 543 Desalination Plant
Reliability [percent] = 91 Cuchillo Il Dam
GW Availability [percent] <= 15 VWW Injection Well Project
Cost [million usd] = 4
Reliability [percent] = 100
Demand [cms] > 19.61
¢ Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam
WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = 9
027-203: 2039-2050

_ 2016-2026




7y Robust, adaptive strategy defers decisions on large,
controversia

Monitor
Demand

projects...

Demand [cms] <= 14.6

No Action
Cost [million usd] = 0
Reliability [percent] = 100

Demand [cms] <= 15.01

Demand [cms] > 14.6 and Demand [cms] <= 15.7

GW

Demand [cms] > 15.76 and Demand [cms] <= 18.61

GW Availability [percent] > -60

vailability [percent] <=-6.0

No Action
Cost [million usd] = 0
Reliability [percent] = %

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Ballesteros-Buenos Aires GW
Well

Obispado GW Well

El Pajonal GW System
Shallow Wells: La Union
Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal
Tunel San Francisco Il
Monterrey Country GW Well
La Libertad Dam

Efficiency

Cost [million usd] = 439
Reliability [percent] = 91

2016-2026

Demand [cms] > 18.61 and Demand [cms] <= 19.6

Availability [percent > 15

GW Availability [percent] <= 15

Demand [cms] > 19.61

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 99

Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 4
Reliability [percent] = 100

027-203;

Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = 99

Demand [cms] > 15.01

Demand [cms] <= 21.04

Demand [cms] > 21.04

2039-2050-

No Action
Cost [million usd] = 0
Reliability [percent] = 99

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] = 100

WW Injection Well Project
Cost [million usd] = 148
Reliability [percent] = 100

Panuco Aqueduct
Vicente Guerrero Dam
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 2758
Reliability [percent] = 100

Cuchillo Il Dam
Cost [million usd] = 460
Reliability [percent] = 97

No Action
Cost million usd] = 0
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] =99




Robust, adaptive strategy defers decisions on large,
controversial projects...

Percent of Futures AT gu A[c[tiq:l d= 0
ool IR : 15 iy e
b Cost [million usd] = 0 Demand [ems] <=15.01 Reliability [percent] = 99
Demand [cms] <= 14.6 Reliability [percent] = 100 i Py

Desalination Plart
Cost million usd] = 1406

Demand [cms] > 15.01 Reliability [percent] = 100
No Action
Cost[million usd] = 0
GW Availability [percent] > -60 Reliability [percent] = %

Desalination Plant
Cost [million usd] = 1406

Reliability [percent] = 100
Demand [cms] > 14.6 and Demand [cms] <= 15.76

New Desalination

Plant gz:f[‘:irlion usd]= 0

Reliability [percent] = 100

GW Availability [percent] <=-60

WW Injection Well Project
Demand [cms] <= 21.04 Cost [million usd] = 148
Reliability [percent] = 100

Desalination Plart
Cost [million usd] = 1406

Demand [cms] > 15.76 and Demand [cms] <= 18.61 Reliability [percent] = 100

1 Panuco Aqueduct
Vicente Guerrero Dam
Ballesteros-Buenos Aires GW. Demand [cms] > 21.04 Cuchillo Il Dam
Wel WW Injection Well Project
Obispado GW Well Desalination Plart Cost [million usd] = 2758
El Pajonal GW System Cost [million usd] = 1406 Reliability [percent] = 100
Shallow Wells: La Union GW Availability [percent] Reliability [percent] = %9

Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal

Tunel San Franciseo I Demand [cms] > 18.61 and Demand [cms] <= 19.61 g:z:‘i:?n::om = 460
Monterrey Country GW Wel Reliability [percent] = 97
\;'»leerlad Dam Panuco Aqueduct

iciency

Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = 100

Cost [million usd] = 439 No Acti
Reliability [percent] = 91 Cost [rlnTlion usd]= 0

Reliability [percent] = 100

GW Availability [percent] <= 15

Demand [cms] > 19.61

No Action
Panuco Aqueduct Cost[million usd] = 0

Vicente Guerrero Dam ‘ La rge , Costly Reliability [percent] = 99

Desalination Plant
Cuchillo Il Dam

WWInje‘cfion Well Project InveStmentS
iy parcon =5 if very high growth

_ 20162028 027203 2039:2050
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Percent of Futures

oo [ I 5

Monitor

Robust, adaptive strategy defers d
controversial projects...

No Action
Cost [million usd] = 0
Reliability [percent] = 100

Demand [cms] <= 15.01

Groundwater

GW Availability [percent] > -60

Demand [cms] > 14.6 and Demglid [cms] <= 15.76

GW Availability [percent] <=-60

Demand [cms] > 15.76 afid Demand [cms] <= 18.61

No Action
Cost [million usd] = 0
Reliability [percent] = %

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Deghilination Plart
Codl [million usd] = 1406
Relffbility [percent] = 100

Ballesteros-Buenos Aires GW
Well

Obispado GW Well

El Pajonal GW System
Shallow Wells: La Union
Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal
Tunel San Francisco Il
Monterrey Country GW Well
La Libertad Dam

Efficiency

Cost [million usd] = 439
Reliability [percent] = 91

2016-2026

GW Availability [percenf > 15

Demand [cms] > 18.61 and D&nand [cms] <= 19.61

GW Availability [percent] <= 15

Demand [cms] > 19.61

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 99

Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = 100

027-203;

Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = 99

Demand [cms] > 15.01

Demand [cms] <= 21.04

Demand [cms] > 21.04

2039-2050-

ecisions on large,

No Action
Cost [million usd] = 0
Reliability [percent] = 99

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100

Desalination Plant
Cost [million usd] = 1406
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] = 100

WW Injection Well Project
Cost [million usd] = 148
Reliability [percent] = 100

Panuco Aqueduct
Vicente Guerrero Dam
Cuchillo Il Dam

WW Injection Well Project
Cost [million usd] = 2758
Reliability [percent] = 100

Cuchillo Il Dam
Cost [million usd] = 460
Reliability [percent] = 97

No Action
Cost million usd] = 0
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] =99




| Robust, adaptive strategy defers decisions on large,
controversial projects...

Percent of Futures No Action g” Atc[ti?l‘l 4o G
0% 50% _ - ost [million usd] =
b Cost [million usd] = 0 CEmE En ST Reliability [percent] = 99
Demand [cms] <= 14.6 Reliability [percent] = 100
Desalination Plant iti
Cost million usd] = 1406 No additional
Reliability [percent] = 100 i H
Y [percent action required
No Action :
Costmilion usdl = 0 If demand is low
GW Availability [percent] > -60 Reliability [percent] = %
Desalination Plart
Cost million usd] = 1406
Reliability [percent] = 100
Demand [cms] > 14.6 and Demand [cms] <= 15.76
Desalination Plart
Cost [million usd] = 1406 No Action
Reliability [percent] = 100 Cost [million usd] = 0
Reliability [percent] = 100
GW Availability [percent] <=-6.0
Desalination Plant pWWiinjscticnWelljprolsct
Cost [million usd] = 1406 Demand [cms] <= 21.04 Cost [million usd] = 148
Demand [cms] > 15.76 and Demand [cms] <= 18.61 Reliability [percent] = 100 el billy[[ercontl i
1 Panuco Aqueduct
Vicente Guerrero Dam
Ballesteros-Buenos Aires GW Demand [cms] > 21.04 Cuchillo Il Dam
el WW Injection Well Project
Obispado GW Wel Desalination Plart Cost million usd] = 2758
El Pajonal GW System Cost [million usd] = 1406 Reliability [percent] = 100
Shallow Wells: La Union GW Availability [percen > 15 Reliability [percent] = 99
Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal ;
- Cuchillo Il Dam
Tunel San Francisco I Demand [cms] > 18.61 and Demand [cms] <= 19.61 e P
Monterrey Country GW Wl Reliability [percent] =97
La Libertad Dam -
gﬂ'c‘?mly‘ g-s Vicente Guerrero Dam
ost [million usd] = Desalination Plant f
No Action
Reliability [percent] = 91 ’ _
GW Availability [percent] <= 15 m'}"!(’ ".Ds'cv - Cost million usd] = 0
njection Well Project Reliability [percent] = 100
Cost [million usd] = 4163
Reliability [percent] = 100
Demand [cms] > 19.61
No Action
Panuco Aqueduct Cost [million usd] = 0
Vicente Guerrero Dam Reliability [percent] = 9
Desalination Plart
Cuchillo Il Dam
WW Injection Well Project
Cost [million usd] = 4163
Reliability [percent] = %




...and ensures water supply reliability over wide range of

plausible futures
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Comparison of all alternatives highlights long-term resilience
implications of short-term decisions

Efficiency
Cost [million usd] = 100
Reliability [percent] = 100

Percent of Futures Demand [cms] <= 11.65 No Action
0% [ [N 50% @ Cost[millionusd] = 0 o
Reliability [percent] = 99

Efficiency
Cost [million usd] = 100
Reliability [percent] = 100

Current Surface Sources Consecuive Demand [ems] <= 15.01

Months Below Mean [months] <= 6
No Action
Cost [million usd] = 0

Reliability [percent] = 93 Desalination Plart

Efficiency
Cost [million usd] = 1506
Reliability [percent] = 100

Demand [cms] > 11.65 and

emand [cms] <= 14.6 Demand [cms] > 15.01

Desalination Plart
Cost [million usd] = 1406
Reliability [percent] = 100 Efficiency
Cost [million usd] = 100
Reliability [percent] = 100

Current Surface Sources Consecutive
Months Below Mean [months] > 6

® Desalination Plart
@- Efiiciency °
Cuchillo Il Dam WW Injection Well Project

Cost [million usd] = 460
Reliability [percent] = 89

Demand [cms] > 14.6 and
Demand [cms] <= 18.61

Current Surface Sources Consecutive
Months Below Mean [months] <= 18

Cost [million usd] = 1654
Reliability [percent] = 99

Shallow Wells: La Union
Monterrey Country GW Well
Cost [million usd] = 54

Reliability [percent] = 100

Panuco Aqueduct
Vicerte Guerrero Dam
Desalination Plant
Ballesteros-Buencs Aires GW Well
Obispaco G Well No Action
€1 Pajonal GW System
Shallow Wells: La Union
Shallow Wells: Rio Conchos
Shallow Wells: Pion Chapolal
Tunel San Franciscoll
Monterrey Country GW Well
- LaLibertad Dam -
Efficiency
WW Injecton Well Praject
Cost[million s = 4142
Reliabiliy [percent = 100

Current Surface Sources Consecutive
onths Below Mean [months] > 18

Cost[million usd] = 0
Reliability [percent] = 100

No Action
Cost [million usd] = 0
Reliability [percent] = 99

Demand [cms] > 18.61 S,

Vicente Guerrero Dam
Desalination Plant
Ballesteros-Buenos Aires GW Well
Obispado GW Well

El Pajonal GW System

Shallow Wells: La Union

Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal
Tunel San Francisco Il

Monterrey Country GW Well

Full expansions triggered Momero Cou
at earlier thresholds Eficiorey

WW Injection Well Project
Cost [million usd] = 4142
Reliability [percent] = 99

2016-2026 2027-20: 2039-2050.
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Comparison of all alternatives highlights long-term resilience
implications of short-term decisions

Percent of Futures
0% [ I 50%

Efficiency
Cost [million usd] = 100
Reliability [percent] = 100

Demand [cms] <= 11.65 No Action
Cost [million usd] = 0 Py
Reliability [percent] = 99

Efficiency
Cost [million usd] = 100
Reliability [percent] = 100

Current Surface Sources Consecuive Demand [ems] <= 15.01

Months Below Mean [months] <= 6

llion usd] = besal o
- esalination Plant
Demand [cms] > 11.65 and [percent] = 93 e
emand [cms] <= 14.6 Demand [ems] > 15.01 Cost [million usd] = 1506
Plant Reliability [percent] = 100
Current Surface Sources Consecutive usd] = 1406
Months Below Mean [months] > 6 Reliability [kercent] = 100 Efficie
Cost [million usd] = 100
° Desalinatiolplant Reliability [percent] = 100
@ Efiiciency Py
Cuchillo Il Dam - WW Injectio§ Well Project N
Cost [million usd] = 460 Demand [cms] > 14.6 and Current Surface Sources Consecutive Cost milliorfksd] = 1654 Shallow Wells: La Union
Reliability [percent] = 89 Demand [cms] <= 18.61 Months Below Mean [months] <= 18 Reliability [dbrcent = 9 Monterrey Country GW Well
Cost [million usd] = 54

Reliability [percent] = 100

PanucoAqueduct
Vicerso Guerrero Dam
Desalinaion Plant
Ballosteros-Buenos Ares GW Wel '
Onispedo G Wl No Action
MC“’r"e"ésl“"a’fAe 5°“’°esf°25f§”’"e €1 Pajonel GW System Cost [million usd] = 0
onths Below Mean [morths] Shallow il Launin Reliability (percent] = 100
Shallow Walk: Rio Gonchos
Shallow Wels: Flon Chegera
Tunel San Franciscoll
Monterrey Country GW Well
- La Libertad Dam
Effciency )
WW Injection Well Project No Action
Cost [millionusd] = 0
Reliability [percent] = 99

Demand [cms] > 18.61

Panuco Aqueduct
Vicente Guerrero Dam
Desalination Plant

Ballesteros-Buenos Air
Obispado GW Well
El Pajonal GW.

Vulnerabilities to

different stressor

Shallow Wells: Rio Conchos
Shallow Wells: Pilon Chapotal
Tunel San Francisco Il
Monterrey Country GW Well
La Libertad Dam

Efficiency

WW Injection Well Project
Cost [million usd] = 4142
Reliability [percent] = 99

2016-2026 2027-203: 2039-2050.




- Monterrey Study Outcomes

« Monterrey Water Plan complete and moving towards
implementation (first Water Plan in Mexico) http://
planhidriconl.mx/

« Inclusion of innovative options such as network efficiency and ww
Injection

« New groundwater monitoring program established

« Elevated role of planning in state, supported by the Water Fund


http://planhidriconl.mx/
http://planhidriconl.mx/
http://planhidriconl.mx/
http://planhidriconl.mx/
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