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Overview Rele porthwest
» Overview of the water system in GCAM
» Key developments

» Future directions



The GCAM Global Hydrologic Model
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GCAM also accounts for non-renewable water sources
such as fossil groundwater and desalinated water
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GCAM has a macroscale
global hydrologic model

Modified River Transport
Model scheme

Simulates runoff and
streamflow (1901-2100)

Requires climate
information from GCMs as
inputs

233 basins globally

18 basins in the US
consistent with the USGS
WRRs

Monthly temporal scale

0.5x0.5 degree spatial
resolution
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Projecting water supply under climate change PaeificNorthwest
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Hejazi et al. (2014). Hydrology and Earth System Sciences, 18, 2859-2883, doi:10.5194/hess-18-2859-2014



Global Water Demands

Total Water
Use
[ . 1
Non- (5) Agricultural
Agricultural Water Use
(1) (2’3) Watelr' Use (4) .
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Domestic géig;?gn Primary Energy| |Manufacturing ?E:;:‘Egrﬁ Livestock
| |
Hydro Coal Corn Buffaloes
Wind Natural gas Wheat Cattle
PV Conventional oil Rice Sheep
CsP Unconventional oil Oil crops Goats
Geothermal Uranium Sugar crops Pigs
Nuclear Fiber crops Poultry
Biomass CCS Misc. crops
Biomass Other grain
0il CCS Root Tuber
Qil Palm Fruits
Gas CCS Fodder Herb
Gas Fodder Grass
Coal IGCCCCS Biomass
Coal IGCC
Coal
— Rainfed
Once-through
Wet towers
Cooling ponds
Dry cooling —  Irrigated
(1) Hejazi et al. (2013). Hydrological Sciences Journal.
(2) Kyle et al. (2013). International Journal of Greenhouse Gas Control. 14 GCAM
(3) Davies et al. (2013). Advances in Water Resources. .
(4) Chaturvedi et al. (2013). Mitigation and Adaptation Strategies for Global Change. Reglons

(5) Hejazi et al. (2014). Technological Forecasting and Social Change
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Technologically detailed
representation of water
demand sectors

Tracks water demands
for several sectors,
subsectors, and
technologies

Tracks water demands
at various spatial scales
(regions, state, agro-
ecological zones)

Tracks both annual
withdrawal and
consumptive water use

Endogenously
incorporated in GCAM

151 AEZ usS
scale (50-state)



Water Demand Projections

GCAM tracks water demands for
several sectors, subsectors, and
technologies, and at various
spatial scales (regions, state,
agro-ecological zones)

Electricity water demand

Davies et al., 2013
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Domestic water demand

Municipal water withdrawal
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Agriculture water demand

Chaturvedi et
al. 2013
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- Closing the water system in GCAM

- Telescoping on regional issues

- Climate Change Impacts

- Providing gridded data products

- Improving the downscaling algorithms
- Uncertainty quantification

KEY DEVELOPMENTS



ENERGY SYSTEM CLIMATE SYSTEM
74

» Coal, Gas, Oil
Resource Bases : ;
» Renewables Energy Markets

: 5';‘,%':“‘ » Fossil fuel prices Fossil and
Energy Conversion » Electricity prices Industrial

Technologies Energy Demand » Hydrogen prices Emissions

» Transportation » Bioenergy prices

7 » Buildings
Energy Demand » Industry
Technologies

: ECONOMY
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Labor Force » Emissions Permits
Regional » Portfolio Standards

' GDP
= e Concentration,
Labor Productivity - forcing
Agricultural Demand TR calculations

» Crops
» Livestock Land Use Change

» Forest Products Agricultural Markets Emissions
» Crops prices

l7 » Livestock prices
Agricultural g”al Supply » Forest Product prices - ——
Jechiologies > Livestock Dioshery piices Land Use Other things:
» Forest Products . & Land Cover (aerosols,
Land » Bioenergy » sea level, ...)

Characteristics

AGRICULTURE AND LAND USE

Water Demand

¥ » Energy
» Agriculture
» Domestic

L~ Land

| » Water prices
Characteristics Water Supply

» Surface
» Ground
» Natural Lakes

CLOSURE OF THE WATER SYSTEM IN GCAM

Climate Inputs




Tracking what happens at the basin scale — L o
Water is a binding constraint in many basins .o seswss

Estimating water scarcity at the basin level
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Reconciling water demand and supply at

the basin level

Drop in global water withdrawal due to balancing

o000 - . . .
off water supplies and demands at the basin scale in
. each of the 235 basins that are tracked in GCAM.
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Mapping all the
water demands
from their native
spatial scale to the
basin scale

Constraining the
annual water
demands to
annual amounts of
available water
resources.

Allowing basins to
tap into non-
renewable (fossil)
groundwater and
desalinated water
as additional
sources

Kim et al. (In prep.). On the closure of the water system in integrated assessment modeling: A water market approach.
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TELESCOPING ON REGIONAL ISSUES



GCAM-USA: A regionalized version of 7

Pacific Northwest

GCAM for the U.S. with 50-state E—

Changes in water withdrawals for electricity generation
at the state level in the US

Percentage change

< -50%
E8-50% - -10%
3-10% - 10%
E10% - 50%
- >50%

Alaska

3
Hawaii d km /yr
/® = 2005
12050
= 2095

Liu et al. (conditionally accepted). An integrated assessment of energy-water nexus at the state level in the United States:
Projections and analyses under different scenarios through 2095. Technological Forecasting and Social Change.



Model Interoperability: Replacing GCAM'’s i

Pacific Northwest

Hydrologic Module with CLM-MOSART-WM oy e
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Voisin et al. (2013). Hydrol. Earth Syst. Sci., 17, 4555-4575. 0

Total Annual Runoff (Km3/yr)
I
8

w
o

1980 2000 2020 2040 2060 2080 2100



Extended the framework to the US

Humans have a pronounced foot print on water
resources especially in relatively dry regions

Legend
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Hejazi et al. (in review). Climate mitigation exacerbates water deficits in
the United States. Nature Climate Change.
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Climate change impact on hydropower 7

Pacific Northwest

generation — A comprehensive assessment s oo
Long term mean annual hydropower potential (1971-2000) at the country scale
| 1 Gross 2 Technical

50~

Latitude )

Hydropower
o (tWhlyr)
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(100,500]
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(10000,50000]

-100 0 100 -100 0 100
Longitude

Zhou et al. (In prep.). A Comprehensive View of Global Potential for Hydro-generated Electricity.



The effects of climate change and mitigations on

Pacific Northwest

water scarcity — Mitigation type & target matter!
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Climate mitigation reduces (increases) the number of people living under severe
water scarcity under the UCT (FFICT) tax regime

WSl (UCT7.7) - WSl (Baseline) WSL,os (FFICT7.7) - WSl o (Baseline)

WSI 5(UCT4 2) - WSl 5(Baseline)

Hejazi et al. (2014). Integrated assessment of global water scarcity over the 21st century under multiple climate change mitigation policies,
Hydrology and Earth System Sciences, 18, 2859-2883, doi:10.5194/hess-18-2859-2014
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A set of experiments on the relative effects of climate
change and human activities on water scarcity globally ..o e

Baseline: current demands and current climate _ Baseline

conditions in year 2005 Fixed Climate,ggs

Fixed Demand, s
The effect of climate change alone

' |B1(RF4.2)  |B2(RF5.5) | A2 (RF7.7) A1Fi (RF8.8)

Variable Climate,pgs gy Climateyygs g,  Climate,ggs o Climate,ogs g

Fixed Demand, s Demand, s Demand, s Demand, s

The effect of socioeconomic drivers alone

| |B1(RF42)  [B2(RF5.5) | A2(RF7.7) A1Fi (RF8.8)

Fixed Climatego: Climate, s Climate,qs Climate, s

Variable Demand,qgs 5. Demand,yg; ¢, Demand,ggs o, Demand,ggs 14

The effects of climate change and socioeconomic drivers together

| |B1(RF42)  [B2(RF5.5) | A2(RF7.7) A1Fi (RF8.8)

Variable Climate,pgs gy Climateyygs g,  Climate,ggs o Climate,ogs agpi

Variable Demand,qqs ¢ Demand,ggs g,  Demand,pgs o,  Demand,ges 14



Socioeconomics play a larger role ~7
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Humans play a larger role in water scarcity ~7

R ==

Pacific Northwest

In 93% of the basins(89% of total land) O

No policy (8.8 W/m? by year 2100)
Global Population 2005 Global land area (%) m Climate = Human RF,0q5 = 8.8W/m?
l H Climate
57.3% 47.4% "‘ = Human
40.3% 43.6%
t W Climate
t = Human
t M Climate
1.2% 0.7%
= Human
f:/::::::::::::::!f/:::::::::::::::: """""""""""" ———— .f-::i l'
1.2% 8.4%

= Cli
50% 100% -100% -50% 0% 50% 100% l Climate

50% 100% 0% b
_— l W Human

Alleviating water scarcity =~ Worsening water scarcity

Hejazi et al. (In prep.). On the relative impacts of climate change and socioeconomic drivers on global water scarcity in the 21st century.
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Providing gridded data products filletortieest |
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Downscaled water demands to finer scales are used by ESMs

Total Irrigation Water Demand in 2005 (mm/yr)

bk
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Hejazi et al. (2014). Integrated assessment of global water scarcity over the 21st century under multiple climate change
mitigation policies, Hydrology and Earth System Sciences, 18, 2859-2883, doi:10.5194/hess-18-2859-2014
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Providing gridded data products
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GCAM land cover decisions occur at 283 region resolution,

but results are available at 0.05° resolution

Seasonal Means: ET

DJF

mm/mon
"
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Change in ET due to
land use change
(RCP4.5, 2065-2094)

Tristram O. West et al. 2014. Downscaling Global
Land Cover Projections from an Integrated
Assessment Model for Use in Regional Analyses:
Results and Evaluation for the US from 2005 to 2095.
Environmental Research Letters.

¥ Huang et al. 2014. Response Of Terrestrial
ﬁ Hydrology Over The Conterminous US To High-
Resolution Scenarios Of Climate And Land
Cover/Land Use Changes From 2005 To 2095.
19th annual CESM workshop, Breckenridge, CO
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Hejazi et al. (in review). Climate mitigation exacerbates water deficits in the United States. Nature Climate Change.
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Uncertainty Quantification
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Average unmet annual water
demand, historical and projected

Investigating the effects of uncertain future
for 2040-2059 (m?3 per day)

climate and socioeconomic variables on
prospective water demand and supply in Georgia

Regional Earth
System Model

Detailed technology
characterization,
policy, GDP,
demography

Integrated
Assessment Model
(energy & ag economy;
state & national, annual)

Water
Withdrawal
s |
|

Dail‘ temps for HDD/CDD I

(1/8" deg, hourly, 12
metearological
variables)

Meteorological
forcing

Key: Spatial

B L
us

Land Surface

Hydrology Model
(1/8™ degres, hourly)

‘arefrom
1985-2100

Daily gridded
surface and
subsurface
runoff Spatial and temporal downscaling at 0.5 deg
using geospatial data such as seasonal
temperatures, gridded population, livestock

density, power plant locations, crop locations,
etc.

Routlng

(1/g" degme houﬂy) s $ s

: Etc.
Hourly sl"“’:" S : ——
natural Management oo High Flow, low Demand Low Flow, High Demand
streamflow
(18 dagrae. daily) Daily irrigation and = 0
Regulated non-irrigation s 1-10 1,001 - 2,500
streamflow and water demands 2,501 - 5,000
deficits = 11-50
5,001 - 10,000
= 51-250
> 10,000
251-1,000

Scott et al. (in review). Potential Water Shortages in the South Atlantic-Gulf Basin: A Multi-Model, Structured Sensitivity Analysis of the Effects of

Uncertain Future Climate and Socioeconomic Variables on Prospective Water Demand and Supply. Global Environmental Change.
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- Monthly reservoir representation

- Choosing among cooling technologies

- Shale gas and water for fracking

- Designing water technology assumptions following the SSPs
- Connecting to detailed sectoral (electricity) models

- Others

FUTURE DIRECTIONS



Monthly reservoir representation in GCAM Rietirthvest |
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A simple conceptual } D<S Min monthly
) ) Q deficit<0
reservoir model in GCAM
Inflow
ot
Demands
— Storage
S, <5,<C reservoir storage capacity
Return S, final storage
flow Si 1 initial storage
Release R total Inflow into the reservoir
D, total withdrawals
RL, total release to downstream users

St = Si; + It = Dy = RL + RF RF. 4 return flow (withdrawal — consumption)



Choosing among cooling technologies — ~7
Preliminary results

To enable GCAM-USA to dynamically
choose among the water cooling
technologies in the electric sector in
the U.S. based on economics instead

of being a model input

» Total coal power increases as

nuclear power is reduced

* Only recirculating cooling
options are utilized

El/yr

El/yr

Pacific Northwest
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Texas Base-Load Electricity Generation

Baseload Electricity Generation - Coal Power (No Water Price)
0.9

0.8 |
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Water for fracking (preliminary results) flierorthvest
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Year.water. TX Water consumption by sector comparison
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Challengesto Mitigation

Designing water technology assumptions

following the SSPs/RCPs

Results follow population and
food demands

Mitigation yields more
irrigation due to afforestation

A

>

Challenges to Adaptation

We still need to design

Pacific Northwest
NATIONAL LABORATORY
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Global irrigation water withdrawal

Irrigation water withdrawal billion m3/yr)
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Connecting to detailed electricity models Pacific Northwest

NATIONAL LABORATORY
Proudly Operated by Balfelle Since 1965

Obijective: To demonstrate the strong interdependence between energy
and water during extreme events over the Western Interconnect.

Climate Population
Energy demand

Infrastructure

Water demand

MOSART-WM

Hydropower
potential,
regulated flows,
reservoir storage

Energy load

Energy-water trade offs

GCAM: Global Change Assessment Model
RESM: Regional Earth System Model

CLM: Community Land Model
MOSART: Model for Scale Adaptive River Transport
WM: Water Management (Reservoir Operation Model)

BEND: Building Energy Model
PROMOD: Electricity Operation Model




Other Future Directions Pacific Northwest

Proudly Operated by Battelle Since 1965

» Improving fidelity of GCAM hydrologic modeling
Water temperature impacts on cooling requirements

» Pattern scaling to adjust GCMs results to match GCAM'’s emission
results

» Reconciling the downscaling algorithms for land, emissions, and
water demand sectors

» Climate change impacts on crop water use efficiency

» Representing climate variability (Inter-annual & Intra-annual) and
extreme events
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THANKS to our funders: Pacific Northwest

Proudly Operated by Battelle Since 1965

» U.S. Department of Energy, Office of Science, Biological and
Environmental Research, the Integrated Assessment Research
Program

» U.S. Department of Energy, Office of Science, Biological and
Environmental Research, the Earth System Modeling Program

» The U.S. Environmental Protection Agency (EPA)

» PRIMA
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