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There are impacts across all sectors individually
Interesting synergies when look across all sectors
Use energy water as illustration of these complexities



The Energy-Water Nexus 

US Electricity Sector:  
• 48% total water withdrawals 

• 161 millions gallons per day 
• 38% of total freshwater withdrawals 
• ~5% of total consumptive use 

Diehl & Harris, 2014; Maulpin, 2014; Kenny, 2009 



Data from Macknick et al., 2012; Meldrum et al. 2013 
Graphic from Averyt, 2016 
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Water used at all steps, most water used at power plant
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Presentation Notes
Explain how power plant works
Most of wtaer use in power plant is cooling water



Dry Cooling 

Hybrid Systems 

Presenter
Presentation Notes
Two major things determine water use at a power plant: 
First is cooling technology
2-30 times more water is consumed through evaporation
Withdraw up to 60 times more water
much warmer temperature; on average, that temp is about 17F (10oC) higher than the original water temp




Data from Macknick et al., 2012 
Graphic from Averyt, 2016 
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Presentation Notes
Second important thing is fuel
See how these map to one another here



Averyt, American Scientist, 2016 

Hydro Critical Level:  
1050 ft 

Today: 
1072 ft 

Max: 
1220 ft 

Presenter
Presentation Notes
Why we care about water for power


2,080-MW
80% of peak power in 5 Western States
Generation: 23 % of potential capacity for operation
5.7 megawatts/ft drop





2003: France 
50,000 heat-related deaths 

2006: Spain, Germany, France, UK 
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Public safety issues
Question grappling with is whether this kind of thing could happen here
And will climate change exacerbate those risks? 



 

 
 

Climate Change: General US Trends 

Drought 

 Intensity 
 Frequency 

Heat Waves 

 Duration 
 Frequency 

Air Conditioning 

 Demand 

How will climate, weather, and changing population shift the 
dynamics of the energy-water nexus?  

Water 

 Streamflow 
 Groundwater 

 Demand 
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Future with changing climate (These are GROSS oversimplifications!!!)
Question grappling with is .... 



Generation technologies 
 Coal (pulverized, IGCC, & IGCC-CCS) 
 Nuclear 
 Natural Gas (combustion turbine(NGCT), 

combined cycle(NGCC), & CC-CCS) 
 Biomass (dedicated, cofired with coal, 

landfill-gas/MSW) 
 Geothermal (hydrothermal & EGS) 
 Hydropower, Marine Hydrokinetic 
 Solar (concentrating solar power & PV) 
 Wind (onshore & offshore) 

Storage: pumped hydropower storage, CAES, 
batteries 

Demand-side technologies: plug-in 
hybrid/electric vehicles (PHEVs), thermal energy 
storage in buildings, interruptible load 

See also: Short, W.; Sullivan, P.; Mai, T.; Mowers, M.; Uriarte, C.; 
Blair, N.; Heimiller, D.; Martinez, A. (2011).  Regional Energy 
Deployment System (ReEDS).NREL Report No. TP-6A20-46534.  

• Spatially resolved into 356 wind/solar 
regions, 134 balancing areas (BAs) for 
demand and other renewables 

• Serves load, meets planning and 
operating reserves requirements, and 
obeys physical constraints 

• Policy & regulatory considerations 

• Water availability constraint 
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Presentation Notes
To explore this question, been working with a team from NREL to incorporate climate impacts into their ReEDS model. 
ReEDS info



Scenario Selection: CMIP5 
• Temperature (Reclamation, 2013) 
• Hydrology (Wood & Mizukami, 2014) 
• Colorado River Basin 
• Summer/Fall Months  

(June–September) 

Scenarios (2040–59) 
• Hot-Dry, Hot-Wet, Mod Hot 

Data Input 
• Humidity, CDD, HDD, Water 

Availability 
• Population: Ag, Municipal 

Water 

Model Name CMIP5 Scenario 
Hot/Dry Scenario 

ACCESS1.0 RCP 8.5 
CCSM4 RCP 6.0 
HadGEM2-AO RCP 8.5 
HadGEM2-ES RCP 8.5 
MIROC-ESM-
CHEM RCP 4.5 

Moderately Hot Scenario 
BCC_CSM1.1 RCP 8.5 
CESM1(CAM5) RCP 8.5 
FGOALS-G2 RCP 4.5 
INM-CM4 RCP 8.5 
MPI-ESM-LR RCP 4.5 

Cohen et al., Under Review 
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SUPER DETAILED HERE IF YOU NEED IT

Then we brought a series of climate scenarios into the model
Specifically, we used the CMIP5 climatology (temp, humidity) and the related downscaled hydrology to determine our water availability parameters
We did not select specific RCP scenarios– rather we wanted to investigate the tails of the distribution– where the risks were
So we looked at the 5 runs that were the most extreme during the months between June and September
Hot dry
Hot wet
Moderately warm

Then we used the average to look at the distributions

Downscaling: 
97 CMIP5 model runs passed through Bur Rec’s monthly bias-correction and spatial disaggregation (BCSD) onto 1/8 deg res  
Reclamation, 2013. Downscaled CMIP3 and CMIP5 Climate Projections: Release of Downscaled CMIP5 Climate Projections, Comparison with Preceding Information, and Summary of User Needs. U.S. Department of the Interior, Bureau of Reclamation, Technical Service Center, Denver, Colorado, 116 p., available at: http://gdodcp.ucllnl.org/downscaled_cmip_projections/techmemo/downscaled_c limate.pdf.
Temperature and precip projections then passed into Variable Infiltration Capacity (VIC) model and regridded onto HUC4 scale
Wood and Mizukami 2014: https://corpsclimate.us/docs/cmip5.hydrology.2014.final.report.pdf
Scenario selection
2 sets of 5 (out of 97 total) model runs were qualitatively selected for each scenario (by Imtiaz Rangwala, WWA/CIRES at CU-Boulder) 
Selection based on combined changes (versus 1950-1999 climate) for the seven Southwestern HUC2 basins in summer and fall (JJASO) for three model years
Model years: 2010 = 2000-2019;  2030 = 2020-2039;  2050 = 2040-2059
The 3 graphs show the associated projected temperature and runoff changes for all 97 model runs (JJASO only); selected runs highlighted
Data conversion
HDD and CDD estimated by average monthly temperature: HDD(month) = [65F-Tavg(month)]*(#daysInMonth) 
HDD, CDD, and Runoff reprojected onto PCA scale using area-weighted averages
Median of the 5 model runs calculated for each season, model year, and scenario
Unappropriated Freshwater estimated from climate and other data as follows:
Current annual water demand estimates projected at county-level by population growth estimates
SNL: Tidwell et al., 2014. Mapping water availability, projected use and cost in the western United States. Environmental Research Letters 9: 064009. 
Annual demand projections allocated across seasons based on monthly withdrawal estimates (as compiled from Kenny et al. 2009 in WaSSI model)
Kenny et al. 2009 Estimated Use of Water in the United States in 2005 (US Geological Survey Circular vol 1344) (Reston, VA: US Geological Survey)
WaSSI: Caldwell et al., l2012. Impacts of impervious cover, water withdrawals, and climate change on river flows in the conterminous US. Hydrol. Earth Syst. Sci. 16 2839–57.
These seasonal demand estimates linked to CMIP5 model’s runoffs estimates for each PCA, seasonal, and model year:
UnallocatedWater = 50%*(Runoff – Withdrawals)
Interpolated linear trend to fill in-between “model years” (i.e., 2010, 2030, 2050) for ReEDS to resolve every 2 years
All other water types (appropriated, fresh groundwater, wastewater, and brackish groundwater) taken from SNL and allocated by #days/season



Hot & Dry Climate 
Scenario 

 

Water supply 
Air temperature 

Water temperature 
Humidity 

 

Natural Gas CC Utility Scale PV 

Increased water 
demand;  

current water 
supply 

Cohen et al., Under Review 
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One finding…

If we look to the future, assuming current climatology and water supply, but account for an increasing population and changes in demand, we see build outs
BUT… when we consider the hot-dry scenarios, where water supply, air temp, water tempt and humidity change, the picture shifts dramatically
We see a LOT more buildout of PV in the SE and Nat gas in the entire US
These are significant differences with widespread ramifications… 



In some places, more water will be required for power generation in order to 
meet the electricity demands of a growing population in a hot climate. 

Cohen et al., Under Review 
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Look at the water picture… 
Map shows the changes in water demand for electricity relative to today’s usage under the hot dry scenario
What is concerning here is that we see increases in the water requirements for electricity in the southwest
The reason for this is driven primarily by increasing demand by a growing population during hot seasons for water

According to the assumptions in the ReEDS model, there will be water, but remembering that we are not optimizing outputs, but rather designing scenarios, there is a real risk in the Southwest that there will not be enough water
The reason: there might not be enough water to run our power plants



US Water Sector: 
• ~13% of the US electricity supply 

Southwest Water Sector: 
• >20% of the SW electricity supply 
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National use
SW use roughly… includes heating of water in the home



Averyt et al., ERL, 2013b; 
Hibbard et al., Natl. Climate Assessment, 2014 
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Presentation Notes
Not places running out of water, per se
Rather places heavily adapted that rely on conveyance, pumping GW, recycling water– all require energy



1.1 kWh/m3 

(0.4 kWh/100 gallons) 

3.4 kWh/m3 

(1.3 kWh/100 gallons) 

0.7 kWh/m3 

(0.3 kWh/100 gallons) 

Averyt et al., ERL, 2013b; 
Hibbard et al., Natl. Climate Assessment, 2014 
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So energy embedded in water supply (does NOT include heating of water in the home)

100 gallons is what person uses each day
30 kWh is what the average US household uses each day




Pipelines & Canals: 4900 km (3000 miles) 
Water Deliveries: 14.8 km3 (11.9 million acre-ft) 

Averyt, American Scientist, 2016 
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Presentation Notes
Look at SW in detail
Blue are operational
Attention to CAP…



Central Arizona Project 
US Bureau of Reclamation 

Navajo Generating Station 
• 17,000,000 T of Carbon each year 
• 24% of electricity generated is 

used by CAP 
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Integrate carbon into the mix, think about carbon embedded in water supplies




Future Water Deliveries: 5.4 km3 (4.5 million acre-ft) 
Water Deliveries: 14.8 km3 (11.9 million acre-ft) 

Averyt, American Scientist, 2016 
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Think about those being considered or under construction (NOTE THAT UNDER CONSTRUCTION LABEL IS WRONG)– 



Gwh per km3 

Averyt, American Scientist, 2016; Averyt & Meldrum, unpublished data 
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Gross power production of proposed projects
NET power production of CAP in red
Difference between gross and net is an opportunity to reduce the energy used by these projects
Also opportunities for generation for downhill, etc. 



 
 

• Hydropower decline from 20% 
to 12% of total generation 

 

• Solar and wind increase to 
30% of total generation 

 

• Nat gas increase by 16% &  
C emissions by 8% 

 
 

• Agriculture (est. 2015):  
$2.7B revenue loss 

$0.6B in pumping costs 

The California Example 
2011–15 

Gleick et al., 2015; Howitt et all., 2015 
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Seeing it all come together in California



Thank You!    
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