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• How can we assess the health, environmental and climate change 
benefits from different interventions in the U.S. energy system? 
 

• How can we display those results? 
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Outline 
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Are we helping the environment 
more by increasing solar in  

California or in Pennsylvania?  
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Are we helping the environment 
more if we choose a battery electric 

car or an hybrid? 
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In which states can we have the 
largest environmental and health 

benefits from more stringent 
building codes? 
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Where can we have the largest 
environmental and health benefits 

from increasing wind?  
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Are we helping the environment by 
increasing storage in our electricity 

grid?  



• When we pursue interventions in the grid what are 
the emissions that we are avoiding (or adding) to our 
energy system? 

 
 

 
 

• What are the monetized benefits or costs of those 
emissions changes?  

8 

All of these questions are related. 
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Energy services are responsible for the bulk of CO2 
emissions in the United States.  

, 2003 

Source: http://www.wri.org/chart/us-greenhouse-gas-emissions-flow-chart 

Electricity & 
Heat 
32% 

Energy  
87% 
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We have an aging and very carbon intensive electricity fleet 

Attribution: Created by Evan Sherwin using data from EIA form 860 for operable US power plants 
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The effects of these interventions will differ because the electric grid 
mix differs across regions .... and over time. 
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The effects of these interventions will differ because damages from 
criteria air pollutants vary tremendously across the country.    

Srouce: Based on APEEP.  

$1000/ton SO2 $15,000/ton SO2 
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The effects of these interventions will differ because  
the use and provision of energy services also varies regionally and 
across time.  



• When we pursue interventions in the grid, such as increasing 
renewables, storage, enhancing the adoption of electric vehicles, 
increasing the stringency of building codes, etc, what are the 
emissions (of greenhouse gases and of criteria air pollutants) that we 
are avoiding (or adding) to our energy system? 

 
• What are the monetized benefits or costs of those emissions changes?  

14 

Question: how to understand the effects of interventions 
during this transition period?  
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15 
Figures from Azevedo – this is a schematic only, it does not represent a real system 
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16 
Figures from Azevedo – this is a schematic only, it does not represent a real system 

Using average emissions factors is not the best approach because 
we are displacing the marginal generator/source of energy. 

 
The bias introduced by using average instead of marginal is hard to 
predict: both sign and magnitude vary with type of interventions, 

time of the day, region in the US, etc... 
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Wind 

Solar 

Interventions in the 
system 

Storage 

Electrified 
vehicles 
Building 
codes 

Efficient  
Lighting  
strategies 

Temporal 
profile 

Match with the generation that 
is displaced by interventions 

Monetized 
values 



• We do! 
– The Environmental Protection Agency (EPA) collects 

measured data for every single fossil fuel power plant 
(larger than 25 MW) generation and emissions of CO2, 
SO2 and NOx on an hourly basis. 

– We can find actual or simulated data for the hourly 
profiles of these interventions 

– And so we have a way to estimate the CO2 emissions 
savings, the “co-benefits” from criteria air pollutant 
savings and their monetized value.  
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Wouldn’t it be great if we had data to do this? 



How does the performance of wind and solar vary 
regionally? 

Three measures of 
performance: 

 

• Energy production 
 

• Climate benefits from 
displaced CO2 emissions 
 

• Health and environmental 
benefits from displaced criteria 
pollutants: SO2, NOx, PM2.5  

19 
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$1000/ton SO2 

$15,000/ton SO2 
 

For each county: damages ($/ton) 
by stack height for each pollutant 
(CO2, SO2, NOx, PM2.5) 
 
Data from: APEEP 

1 

Estimating environmental and health benefits 
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For each county: damages ($/ton) 
by stack height for each pollutant 
(SO2, NOx, PM2.5) 
 
Data from: APEEP 

1 Air Pollution Emissions Experiments and Policy 
analysis model (APEEP) 

 
• Estimate the dispersion of pollutants and the 

resulting concentrations in all US counties 
 

• Use dose-response function to estimate 
physical impacts: 

 - Health effects, reduced crop and timber    
   yield, degradation of materials, reduced  
   visibility, etc… 
 

• Monetize impacts: 
  - Value of a statistical life ($6M), market  
           value of lost commodities, etc…  

Similar framework to the 
NRC report on  

“Hidden Costs of Energy” 

Estimating environmental and health benefits 
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For each county: damages ($/ton) 
by stack height for each pollutant 
(SO2, NOx, PM2.5) 
 
Data from: APEEP 

1 

Results from the APEEP model provide average county 
dollar-per-ton damages for each pollutant (SO2, NOx, 
PM2.5) emitted by point sources 

For CO2, we use $20/tonCO2 
 

US Interagency Working Group on Social Cost of 
Carbon (2010): four values for SCC in 2010 ($2007): $5, 

$21, $35 and $65 per ton CO2 

Estimating environmental and health benefits 
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For each county: damages ($/ton) 
by stack height for each pollutant 
(SO2, NOx, PM2.5) 
 
Data from: APEEP 

For 1400 plants: location, fuel type, 
stack height and hourly emissions of 
CO2, SO2, NOx, PM2.5 

1 

2 

Data from: CEMS (2009-
2011), eGRID (2009), NEI 

(2005) 

Continuous Emissions Monitoring System 
(CEMS) (2009-2011) 

 
• Hourly SO2, NOx, CO2, and gross power 

output for 1400 fossil fuel power plants 
 

National Emissions Inventory (NEI) (2005) 
 

• Annual PM2.5 emissions, stack heights of 
generators 

 
Emissions & Generation Resource Integrated 

Database (eGRID) (2009) 
 

• Plant locations, fuel type 

Estimating environmental and health benefits 
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For each county: damages ($/ton) 
by stack height for each pollutant 
(SO2, NOx, PM2.5) 
 
Data from: APEEP 

For 1400 plants: location, fuel type, 
stack height and hourly emissions of 
CO2, SO2, NOx, PM2.5 

1 

2 

For each eGRID sub-region 
and each pollutant: 
  
hourly damages ($/h) = 
damages ($/ton) x hourly 
emissions (ton pollutant/h)   

3 

Data from: CEMS (2009-
2011), eGRID (2009), NEI 

(2005) 

Estimating environmental and health benefits 
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For each county: damages ($/ton) 
by stack height for each pollutant 
(SO2, NOx, PM2.5) 
 
Data from: APEEP 

For 1400 plants: location, fuel type, 
stack height and hourly emissions of 
CO2, SO2, NOx, PM2.5 

1 

2 

For each eGRID sub-region 
and each pollutant: 
  
hourly damages ($/h) = 
damages ($/ton) x hourly 
emissions (ton pollutant/h)     

3 

For each eGRID sub-region 
and pollutant, for 20 gross 
generation bins: 
 
Dh+1-Dh = β(Gh+1-Gt) + ε 
 

4 ERCOT, SO2 

Data from: CEMS (2009-
2011), eGRID (2009), NEI 

(2005) 

Estimating environmental and health benefits 
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For each county: damages ($/ton) 
by stack height for each pollutant 
(SO2, NOx, PM2.5) 
 
Data from: APEEP 

For 1400 plants: location, fuel type, 
stack height and hourly emissions of 
CO2, SO2, NOx, PM2.5 

1 

2 

For each eGRID sub-region 
and each pollutant: 
  
hourly damages ($/h) = 
damages ($/ton) x hourly 
emissions (ton pollutant/h)     

3 

For each eGRID sub-region 
and pollutant, for 20 gross 
generation bins: 
 
Dh+1-Dh = β(Gh+1-Gt) + ε 
 

4 ERCOT, SO2 

Data from: CEMS (2009-
2011), eGRID (2009), NEI 

(2005) 

ERCOT -  SO2 

Estimating environmental and health benefits 



Then we have estimates of marginal 
damages ($/MWh) for each demand bin 
as function of gross generation for each 
pollutant 5 
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For each county: damages ($/ton) 
by stack height for each pollutant 
(SO2, NOx, PM2.5) 
 
Data from: APEEP 

For 1400 plants: location, fuel type, 
stack height and hourly emissions of 
CO2, SO2, NOx, PM2.5 

1 

2 

For each eGRID sub-region 
and each pollutant: 
  
hourly damages ($/h) = 
damages ($/ton) x hourly 
emissions (ton pollutant/h)   

3 

For each eGRID sub-region 
and pollutant, for 20 gross 
generation bins: 
 
Dh+1-Dh = β(Gh+1-Gt) + ε 
 

4 SO2 
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Data from: CEMS (2009-
2011), eGRID (2009), NEI 

(2005) 

Estimating environmental and health benefits 
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6 

33,000 sites 
Eastern Wind Integration and 
Transmissions Study (EWITS)  

 
Western Wind and Solar 

Integration Study (WWSIS) 
 

Hourly wind power output 

WIND 

Estimating environmental and health benefits 
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6 

33,000 sites 

National Solar Radiation 
Database 

900 sites 
Eastern Wind Integration and 
Transmissions Study (EWITS)  

 
Western Wind and Solar 

Integration Study (WWSIS) 
 

Hourly wind power output 

WIND SOLAR 

Estimating environmental and health benefits 
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For each wind & solar site and for each hour 
of the year, we match wind/solar generation 
with the gross generation that it is displaced. 

6 

Estimating environmental and health benefits 
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Estimating environmental and health benefits 
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For each wind & solar site and for each hour 
of the year, we match wind/solar generation 
with the gross generation that it is displaced. 
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PM2.5 

SO2 

CO2 

$/MWh We finally add all damages 
avoided for each site for all 
hours of the year and  
divide by the total 
generation or capacity 
installed from wind/solar in 
each eGRID sub-region, 
finding the weighted 
marginal damages for each 
site 

8 
We then Identify the 
damages associated 
with gross generation. 
For each hour, we 
multiply the 
associated damages 
($/MWh) by the 
wind/solar output. 

7 

Estimating environmental and health benefits 
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Solar PV - The locations that provide the largest electricity output are not the 
ones that have the largest climate, health, and environmental benefits. 

XXXX 

This is exactly what we expect: solar 
performs best in places like Arizona, New 
Mexico and southern California.  

A solar panel in Arizona will produce about 
45% more energy than a panel in Maine.  

References: (1) Siler-Evans, K., Azevedo, I. L., Morgan, M.G, Apt, J. (2013). Regional variations in the health, environmental, and climate benefits from wind and solar 
generation, Proceedings of the National Academy of Sciences, 110 (29), 11768-11773; (2) Siler-Evans. K., Azevedo, I.L., Morgan, M.G., (2012). Marginal emissions 
factors for the US electricity system. Environmental Science & Technology, 46 (9): 4742–4748. 

Energy Performance 
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Avoided CO2 per kW (kg & $) 

XXXX 

…moderate solar resources, 
but you’re primarily displacing 
carbon-intensive coal plants.  

Best regions: Kansas, 
Nebraska, or the Dakotas 

References: (1) Siler-Evans, K., Azevedo, I. L., Morgan, M.G, Apt, J. (2013). Regional variations in the health, environmental, and climate benefits from wind and solar 
generation, Proceedings of the National Academy of Sciences, 110 (29), 11768-11773; (2) Siler-Evans. K., Azevedo, I.L., Morgan, M.G., (2012). Marginal emissions 
factors for the US electricity system. Environmental Science & Technology, 46 (9): 4742–4748. 

Solar PV - The locations that provide the largest electricity output are not the 
ones that have the largest climate, health, and environmental benefits. 

Energy Performance 
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Avoided CO2 per kW (kg & $) 

XXXX 

…moderate solar resources, 
but you’re primarily displacing 
carbon-intensive coal plants.  

Best regions: Kansas, 
Nebraska, or the Dakotas 

References: (1) Siler-Evans, K., Azevedo, I. L., Morgan, M.G, Apt, J. (2013). Regional variations in the health, environmental, and climate benefits from wind and solar 
generation, Proceedings of the National Academy of Sciences, 110 (29), 11768-11773; (2) Siler-Evans. K., Azevedo, I.L., Morgan, M.G., (2012). Marginal emissions 
factors for the US electricity system. Environmental Science & Technology, 46 (9): 4742–4748. 

Solar PV - The locations that provide the largest electricity output are not the 
ones that have the largest climate, health, and environmental benefits. 

Energy Performance 

In California or Arizona, gas-fired 
generators are predominantly on the 
margin and as a result, solar panels 

displace relatively little CO2 emissions.  
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Avoided CO2 per kW (kg & $) 

XXXX 

References: (1) Siler-Evans, K., Azevedo, I. L., Morgan, M.G, Apt, J. (2013). Regional variations in the health, environmental, and climate benefits from wind and solar 
generation, Proceedings of the National Academy of Sciences, 110 (29), 11768-11773; (2) Siler-Evans. K., Azevedo, I.L., Morgan, M.G., (2012). Marginal emissions 
factors for the US electricity system. Environmental Science & Technology, 46 (9): 4742–4748. 

Solar PV - The locations that provide the largest electricity output are not the 
ones that have the largest climate, health, and environmental benefits. 

Energy Performance 

Health and environmental benefits 

A PV in Ohio offers 17x more health and 
environmental benefits than a solar panel in 
Arizona… Even though a solar panel in Ohio 
produces 30% less energy. 

The reason for this is simple: coal is at the 
margin in these areas and they are upwind of 
major population centers. Anything you do to 
displace them — be it wind or solar — yields 
significant health benefits.  
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Wind - The locations that provide the largest electricity output align with the locations 
that provide the largest CO2 savings, but not criteria air pollutant savings.  

Energy Performance 

XXXX 

From an energy 
standpoint, wind turbines 
perform best in the Great 
Plains through West Texas, 
where capacity factors can 
reach 40%.  

References: (1) Siler-Evans, K., Azevedo, I. L., Morgan, M.G, Apt, J. (2013). Regional variations in the health, environmental, and climate benefits from wind and solar 
generation, Proceedings of the National Academy of Sciences, 110 (29), 11768-11773; (2) Siler-Evans. K., Azevedo, I.L., Morgan, M.G., (2012). Marginal emissions 
factors for the US electricity system. Environmental Science & Technology, 46 (9): 4742–4748. 
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Wind - The locations that provide the largest electricity output align with the locations 
that provide the largest CO2 savings, but not criteria air pollutant savings.  

XXXX 

Avoided CO2 per kW (kg & $) 

Wind turbines are most effective at 
displacing CO2 emissions when located in 
Midwest, where the wind resource is 
excellent and wind energy primarily 
displaces coal-fired generators. 

References: (1) Siler-Evans, K., Azevedo, I. L., Morgan, M.G, Apt, J. (2013). Regional variations in the health, environmental, and climate benefits from wind and solar 
generation, Proceedings of the National Academy of Sciences, 110 (29), 11768-11773; (2) Siler-Evans. K., Azevedo, I.L., Morgan, M.G., (2012). Marginal emissions 
factors for the US electricity system. Environmental Science & Technology, 46 (9): 4742–4748. 

Energy Performance 
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Wind - The locations that provide the largest electricity output align with the locations 
that provide the largest CO2 savings, but not criteria air pollutant savings.  

XXXX 

Avoided CO2 per kW (kg & $) 

References: (1) Siler-Evans, K., Azevedo, I. L., Morgan, M.G, Apt, J. (2013). Regional variations in the health, environmental, and climate benefits from wind and solar 
generation, Proceedings of the National Academy of Sciences, 110 (29), 11768-11773; (2) Siler-Evans. K., Azevedo, I.L., Morgan, M.G., (2012). Marginal emissions 
factors for the US electricity system. Environmental Science & Technology, 46 (9): 4742–4748. 

Energy Performance 

Health and environmental benefits 
7 Oklahoma 

West  
Virginia 

A wind turbine in West Virginia displaces 
7x more than a wind turbine in Oklahoma 
and 27x more than a wind turbine in 
California.  
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Are we helping the environment 
more if we choose a battery electric 

car or an hybrid? 
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Probability that CO2 emissions from Nissan Leaf < gasoline vehicle (Toyota Prius Hybrid or sales-weighted ICEV) 

43 

Electrified vehicles - There is no one size fits all: the Nissan Leaf has 
lower CO2 emissions than Toyota Prius (hybrid) in parts of the country 
(green) where in other parts, the Prius or ICEV have lower emissions 
(red). 

Reference: Tamayao, M., Michalek, J., Hendrickson, C., Azevedo I.L., (2015). Regional variability and uncertainty of electric 
vehicle life cycle CO2 emissions across the United States, accepted to ES&T in May 2015;  

But these results depend on when the car is charged 
and on the temporal emissions profile assumed.  
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Are we reducing emissions by increase storage 
around the country? 



Revenue 

 
 
 
 
 
 
 
 
 

51 

• Large large potential market, but very low revenue rates. 
• Only the most inexpensive storage technologies could 

produce a profit in this market.  
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Storage: for most locations across the country, using storage for 
energy arbitrage will increase emissions of CO2 and of criteria air 
pollutants.   

Net CO2 emissions per MWh 
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Storage: for most locations across the country, using storage for 
energy arbitrage will increase emissions of CO2 and of criteria air 
pollutants.   

Net NOx emissions per MWh 
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Storage: for most locations across the country, using storage for 
energy arbitrage will increase emissions of CO2 and of criteria air 
pollutants.   

Net SO2 emissions per MWh 



Sensitivity Analysis 

55 
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Building codes - Moving to ASHRAE 90.1−2010 relative to a baseline building code 
ASHRAE 90.1−2007 has very different implications in terms of benefits from 
climate, health and environmental damage reduction.  

Reference: Gilbraith, N., Azevedo, I.L., Jaramillo, P., (2014). Regional energy and GHG savings from building codes across the 
United States, Environmental Science & Technology;  



• A major transition in our energy system is needed. 
– We want to determine which strategies will provide the 

intended goals.  
• Focusing on greenhouse gases and criteria air 

pollutants together makes sense. 
• Location, temporal patterns, and behavior will 

determine the health, environmental and climate 
change effects of these interventions.  

Final notes 

57 
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