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1 Appendix

1.1 Data

All dollar values reported below are in 2012 equivalent U.S. dollars, converted using the U.S.

Department of Labor Bureau of Labor Statistics consumer price index.

Hourly electricity production and emissions. Almost all combustion-based

electricity generating units in 22 states in the eastern United States are required to participate

in a regional Nitrogen Oxide emissions trading program. During “ozone season” (May-

September), these units must continuously monitor and report hourly CO2 mass emissions,

heat inputs, and steam and electricity outputs to the U.S. Environmental Protection Agency.1

We use plant latitude and longitude to locate the plants within ISOs using a spatial database

of the footprints of each ISO.2

We sum boiler-level data within regional markets in each hour of the analysis period

to estimate market-level production from thermal units and market-level CO2 emissions.

We exclude combined heat and power units and co-generation because their production

would presumably be unaffected by an increase in RE or EE capacity. Not all generators

in California, MISO, Texas, New York and New England are required to report emissions.

Specifically, small capacity plants and plants that are not covered by the NOX or SO2 trading

programs are exempt from reporting during this time period.

Marginal operating costs. We collected real-time locational marginal prices for each

region.3 In ISONE, we set λr equal to the Internal Hub real-time LMP in ISONE. For all

other regions, we set λr equal to the unweighted spatial average of each region’s hourly LMPs.

We do not quantity weight for two reasons. First, the most natural weighting quantities –

hourly nodal production or demand values – are not available in many regions. Second,

using a quantity weighted estimate assumes that the RE or EE resource is more likely to

appear at nodes with greater demand or production. Because we have no data to support

this assumption we found it preferable to have the transparency of an unweighted metric.

Note that ERCOT’s nodal market began on December 1, 2010; we drop all preceding dates

from our analysis of ERCOT.

Wind production data. We obtained simulated wind production data from the Na-

1Part 75, Volume 40 of the Code of Federal Regulations.
2www.ventyx.com/en/solutions/business-operations/business-products/velocity-suite, last

accessed December 28, 2014.
3http://www.gdfsuezenergyresources.com/index.php?id=712 and http://oasis.caiso.com/, both

last accessed December 28 2014.
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tional Renewable Energy Laboratory’s (NREL) Eastern Wind dataset4 and Western Wind

dataset.5 NREL and its partners produced these datasets with a combination of meso-scale

wind speed simulation models and the production characteristics of hypothetical wind farms.

These data span 3 years from 2004-2006 and represent more that 30,000 individual simu-

lated sites. Data of this extent are not available in the years that we collected combustion

generator data (2010-2012). Though correlation between wind speed and electricity load is

very weak, using wind data from different years than those used to construct MOERs could

introduce small errors in our analysis. We use the latitude and longitude of each simulated

wind site to locate the production within each ISO, and normalize these data to hourly en-

ergy production per megawatt of installed capacity for each site. As we explain later in the

Appendix, variation in emissions displacement across wind sites within a region is small and

therefore, to contain computing requirements, we restrict our results to 10 sites each from

the 2.5th and 97.5th percentiles of MEDRs for each region.

Solar production data come from NRELs PV WATTS simulation tool. 6 This software

applies PV performance modeling to typical meteorological year (TMY3) weather data to

estimate the hourly average production of a solar array installed at thousands of different

sites. We replicate this typical year for each year in our analysis. We used the default as-

sumptions: fixed open rack system facing south, tilt angle set equal to the sites latitude, total

system losses of 14%, ground coverage ratio of 0.3. As with the wind data, we normalized

the solar data to be energy production per megawatt of installed capacity. Because solar

production is highly spatially correlated on hourly time scales, we restricted our analysis to

only one location per ISO. We used NREL’s Solar Prospector to chose the TMY3 site with

the best solar resource within each region, as follows: China Lake, CA (California); Marfa,

TX (ERCOT); Boston, MA (ISONE), Rapid City, SD (MISO); New York, NY (NYISO);

Virginia Beach, VA (PJM).

Energy efficiency. We obtained a year of simulated hourly consumption data for typical

residential and commercial buildings in California (details on the data are can be found

in (?)). We focus on lighting efficiency as opposed to other forms of energy efficiency such as

heating and cooling loads in part because lighting is more consistent across different climate

regions. These consumption profiles vary by hour of day, weekdays/weekends and season.

4http://www.nrel.gov/electricity/transmission/eastern_wind_dataset.html, last accessed De-
cember 28, 2014.

5http://www.nrel.gov/electricity/transmission/western_wind.html, last accessed December 28,
2014.

6http://pvwatts.nrel.gov, last accessed December 28, 2014.
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Commercial lighting consumption is concentrated in business hours and residential lighting

energy is concentrated in evening hours.

We used these data to obtain a temporal profile for energy savings from increased lighting

efficiency. Specifically, we assumed that each MWh of energy saved from increased lighting

efficiency would be distributed in proportion to these hourly consumption data, and treat

those saved units of energy in a given hour as equivalent to energy produced from a wind

or solar generator. We assumed the hourly consumption profiles, conditioned on season and

weekend / weekday, would be the same in each year of our analysis.

Levelized cost of wind energy (LCOE) are constructed from data provided by

Lawrence Berkeley National Laboratory (LBNL) (?). This report analyzes power purchase

agreements (PPAs) from a large sample of wind installations to produce annual average lev-

elized prices per megawatt-hour of wind. According to ?, contract terms are from 5 to 34

years, with 20 years comprising 58% of the sample; nearly 90% of contracts range from 15

to 25 years. In our analysis we first use 2012 data from all regions (Great Lakes, Interior,

and West, and the Northeast) in order to be consistent with the other data sources. Because

prices have fallen since 2012, we also use the latest available (2015 for Great Lakes and

Interior, 2014 for the West, and 2013 for the Northeast). We mapped LBNL’s regions to

ISOs as follows. Great Lakes: MISO. Interior: ERCOT. Northeast: ISONE, NYISO, PJM.

West: California.

In the 2015 Wind Technology Market Report, LBNL reports on a data set of 387 power

purchase agreements (PPAs) totaling nearly 35 GW of installed wind capacity. Terms for

contracts in the data set range from 5 to 33 years, with 59% of the sample using a term of

20 years and 89% ranging from 15 to 25 years. LBNL collected these data from multiple

sources, including FERCs Electronic Quarterly Reports, FERC Form 1, avoided-cost data

filed by utilities, pre-offering research conducted by bond rating agencies, and a Berkeley

Lab collection of PPAs. Figure 1 shows a summary of the full data set.

These PPAs bundle together the sale of electricity, capacity and renewable energy cer-

tificates and reflect the prior receipt of federal incentives (e.g., the production tax credit,

investment tax credit or treasury grant). Because all projects should have received the fed-

eral production tax credit (PTC), we set the total LCOE equal to the sum of PPA prices and

the 2012 PTC ($22/MWh). Neglecting the details of how the tax benefits are absorbed ?,

the influence of policies at the state and local level as well as local market characteristics

on PPAs, and assuming a competitive wind market, the PPA plus federal incentives will be

representative of the levelized cost of wind power, and we treat them as such in this paper.
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Figure A1: Wind Power Purchase Prices: 1996-2016

Solar LCOE. We used the installed cost for fixed tilt utility scale systems reported in

? ($3.15 per watt in 2012 and $2.31 per watt in 2015, in 2012 U.S. dollars).7 The LBNL

data are reported prior to receipt of any direct financial incentives or tax credits, therefore

assuming the PV industry is competitive, these prices are representative of total social costs

per MWh. We use the basic LCOE same cost model as in (??), namely

LCOEsolar =

∑N
n=0

Cn(q1,··· ,qn)
(1+r)n∑N

n=0
qn

(1+r)n

(1)

where n indexes a total of N periods, qn is the quantity produced in each period, Cn is all

costs incurred in each period, and r is the discount rate. We assume that the inverter is

replaced every 10 years at a cost of $0.14/W but declining at 2% annually in real terms (?);

assume a project life of 30 years; assume a panel degradation rate of 0.5% per year; and

assume a real discount rate of 3%. We compute LCOE for each of the two sites per region

and average the result within each region; the resulting LCOE are in Table ??.

Energy efficiency LCOE data are from the US Department of Energy Appliance

and Equipment Standard Programs 2011 General Service Fluorescent Lamps rulemaking.

7We note that residential scale solar installed prices vary systematically across the country, and large-scale
systems likely do as well, however the data available comprise only a single nation-wide number. However,
local resource potential drives levelized cost, and this was factored into our analysis.
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Table A1: Data used to calculate efficiency LCOE

Residential Commercial

Baseline technology 0.75 ballast factor, 32 watt 0.78 ballast factor, 32 watt
Efficiency option 0.75 ballast factor, 30 watt 0.75 ballast factor, 32 watt
Baseline cost $52.96 $62.87
Baseline energy 39.2 kWh 224.1 kWh
Efficiency cost $53.55 $63.31
Efficiency energy 37.3 kWh 215.4 kWh
LCOE $26.93 $4.39

Notes: (1) All lamps are electronic ballast. (2) We assume a lamp and ballast replacement (due to failure
of existing lamp and ballast) for both residential and commercial. (3) All lamps are T8. (4) Levelized cost
computed by dividing the cost difference between baseline and efficient option by the energy saved times an
annuity factor for 15 years at 3% discount rate (=12.3).

For each appliance efficiency rulemaking under consideration, the DOE releases a technical

support document including either a Life Cycle Cost Assessment or a National Impacts

Analysis which provide estimates of the energy savings and costs associated with different

efficiency levels (EL) under consideration. For both residential and commercial categories,

we focused on general service fluorescent lamps (GSFL). Most (92%) of the 2 billion of these

lamps in service are in the commercial sector.8 DOE documents GSFL lamp characteristics

extensively for rulemaking purposes. For each sector, we chose the baseline as the technology

with the lowest installed cost in that sector that also meets the standard. We defined the

efficiency option as the technology with the second lowest installed cost that also meets

the standard and is more efficient than the baseline. The resulting technology choices were

different for the residential and commercial sectors. We calculated a levelized cost of energy

saved by the efficiency option over a fifteen-year period (to reflect ballast lifetimes (?)) at a

3% discount rate.

We used DOE estimates of technology costs and energy consumption to compute effi-

ciency LCOEs using Eq. (1). The key assumptions are in Table A1, taken from the DOE’s

Technical Support Document for the General Service Fluorescent and Incandescent Reflector

Lamps Energy Conservation Standard.(?)

The current DOE standard for general service fluorescent lamps is 88 lumens per watt for

the lamp-ballast system (?). We gathered data on technology costs and energy consumption

from the National Impacts Analysis for the current standard 9. In addition to technical

8Though this suggests the number in the residential sector is relatively small, at roughly 35 W per lamp,
the residential sector alone has over 6.5 GW of lamps installed. DOE estimates these lamps are used 791
hours per year, suggesting roughly 5 TWh of end-use electricity consumption per year.

9Supporting documents for the GSFL rulemaking are within the EERE-2011-BT-STD-0006 docket,
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assessments of the lumens per watt and installed cost (including retail price to consumer,

taxes and installation labor) for each technology, DOE assumes residential lamps will be

operated 791 hours per year, and commercial lamps for 3,435 hours per year. For each

sector, we choose the baseline as the technology with the lowest installed cost in that sector

that also meets the current standard. We define the efficiency option as the technology with

the lowest installed cost from among technologies that are more efficient than the baseline.

We calculate a levelized cost of energy saved by the efficiency option over a fifteen-year

period (per DOE’s estimates that ballast lifetime is 15 years (?)), at a 3% discount rate.

Capacity value: We construct capacity value in units of $/MW as CAPrj = CC × Pc

where CC is a “capacity credit” (in MW per MW), and Pc is a payment for capacity ($/MW).

We compute capacity credit by averaging the hourly capacity factor for each resource in the

top 30 percent of demand hours for each region (?).

We obtained capacity payments Pc from a variety of sources. Where possible, we av-

eraged pricing data over 2010-2012, though circumstances did not permit this in all cases.

For California, we used the median price for resources delivering between 2010 and 2012,

as published in the California Public Utility Commission’s 2011 annual resource adequacy

report (?). ERCOT does not have a capacity market so we set the price to zero there. For

ISONE, we average the results of the 2010-2011 and 2011-2012 Forward Capacity Auctions.10

For MISO, we note that its state of the market report in 2012 argued that very low capacity

prices there are the result of market distortions that suppress prices (?). Rather than use

these prices we use the annualized cost of a new combustion turbine, based on $650/kW

installed cost (?), 3 percent real discount rate, 30 year project life (yielding an annualization

factor of 19.6 years) and 85 percent availability. For NYISO, we use the Unforced Capac-

ity spot auction prices averaged over all months in 2010-2012. For PJM we use the RTO

Base Residual Auction prices and average across results from 2010/2011, 2011/2012 and

2012/2013 auction years. The data are shown in Table ??.

Regional emissions intensities are computed as the ratio of regional CO2 emissions

to total regional generation. For all regions but California we used CEMS CO2 emissions;

California CO2 emissions are taken from EIA’s state electricity profiles (non-dispatchable

cogeneration plants comprise a substantial fraction of California emissions, but are not re-

ported in CEMS). Total regional generation for California is also taken from EIA. We assume

negligible imports in ERCOT and used historical load data, available from ERCOT’s web-

https://www.regulations.gov/docket?D=EERE-2011-BT-STD-0006.
10ISONE disaggregates its auctions into resources that deliver to Maine and those that deliver to the rest

of the pool; prices were identical for both.
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site, as a proxy for total generation. We calculate generation in ISONE, MISO and NYISO

as historical load minus net imports (all data from each ISO’s website). For PJM, we take

generation data directly from its state of the market reports.

Renewable energy certificate data are retrieved from the website of the US Depart-

ment of Energy’s Office of Energy Efficiency and Renewable Energy.11 Figure 2 shows REC

prices used for wind power (originally sourced from Spectron) and Figure 3 shows solar-

REC (SREC) prices (originally sourced from SECTrade). We digitized the datapoints from

2010-2012 and took a simple average of the data.

Figure A2: REC prices

Credit: US Department of Energy

Investment Tax Credit. Wind energy developers in the United States can claim either

the production tax credit ($22/MWh) or an investment tax credit (equal to 30 percent of

the installed cost of the system). Typical wind plant capacity factors favor the production

tax credit. However solar developers can only claim the investment tax credit. To levelize

this credit on a per-unit energy basis, we use the same parameters as those used for the

LCOE calculations described above (including the assumption that utility-scale solar PV

costs $2.97/W and selecting the best solar site from within each ISO) to levelize 30 percent

of the system cost over 30 years of energy production.

11http://apps3.eere.energy.gov/greenpower/markets/certificates.shtml?page=5
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Figure A3: SREC prices

Credit: US Department of Energy

1.2 k-means clustering

We cluster calendar days in our data using a k-means clustering algorithm. Within a given

region and season, every day of the period 2010-2012 is given a 24-dimensional value based

on the megawatt-hours per hour of fossil fuel generation in that hour. An additional value

is added for the megawatt-hours per hour at peak that day (which may occur at different

times). We then use a k-means clustering algorithm that matches days along these 25-

dimensions. Thus, we are matching days on both the shape of electricity demand and the

quantity in that day. We seed the clusters by initially matching entirely based on peak load

in that day.

We determine the number of clusters using the following algorithm. For each region

and season combination, we construct 12 clusters. We calculate the corresponding MOERs

and check for a significant difference (which we define as non-overlapping 95% confidence

intervals) between any of the MOERs that result. If there are no significant differences

between any of the clusters, we drop to the next lowest number of clusters. Thus, we use

the smallest number of clusters which provides more informational content than the next

smallest number of clusters.

Figure 4 and Figure 5 summarize the generation profiles that this exercise obtains. Each

figure plots the average generation profile for each season-region-cluster triad. Bars denote

95-percentile confidence intervals. These graphs illustrate significant variation in load profiles
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even within a region-season. The average number of clusters is 2.8.

A simpler approach to capturing this variation in load profiles would be to use the

calendar month to proxy for intra-seasonal variation in load profiles. Figure 6 illustrates

how our season-specific cluster composition varies in space and time over a single year,

2011. In each region and season, green denotes the first cluster associated with low load

levels. Higher numbered clusters correspond with higher average load profile days. The

figures show how our how, in several regions, there is within month variation in the types

of generation profiles that manifest day to day. This implies that our clustering approach

obtains different grouping of days as compared to an approach that pools observations within

a month or season.

An estimation approach that pools observations by month would capture not only the

effects of marginal changes in generation levels on emissions, but also the effects of large

inter-day differences in how the system is dispatched to meet different load profiles. This

can bias estimates of marginal operating emissions rates.

To isolate the implications of our approach, vis a vis the more standard approaches

implemented in the prior literature, we report on an analysis that is identical to what we

feature in the paper except that we drop the clustering and instead add month-specific fixed

effects. The purpose of reporting on these ancillary results is to assess whether our k-means

clustering approach generates meaningfully different estimation results.

Across 1,000 bootstrap runs, we estimate both models and capture the difference in

MEDRs between the two. For 20 of the 24 location-technology pairs, the mean difference

is statistically significantly different from zero. This is presumably driven by the fact that,

while the FE model controls for systematic differences across months, it does not account

for the fact that intra-day variation patterns can be quite different within a month. In some

cases, differences in coefficient estimates are economically significant. For example, our

model consistently estimates that California MEDRs are lower than the fixed effect model

would imply, across all technologies.

1.3 Marginal Operating Emissions Rates

Detailed hourly MOER results are summarized by Fig. 8 and Tables A2 and A3. Fig. 8

presents the estimated MOER profiles separately by region. These figures illustrate signifi-

cant differences in profiles across regions, and relatively limited variation within region. We

see the most variation across hours and within a region in Texas and New York. The nu-

merical MOER estimates and associated confidence intervals are reported in Tables A2 and
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A3.

It is instructive to compare our MOER estimates with some of the estimates reported

elsewhere in the literature. Table A4 compares our average MOER estimates with those

obtained by ? and ? for two comparable regions (ERCOT and MISO). These two studies

are similar insofar as both estimate marginal operating emissions rates for different regions of

the country. But the studies differ in terms of the level of aggregation, time period covered,

empirical specifications estimated, etc. As noted above, ? regress emissions aggregated to

the NERC region level on sub-regional load. They use data from an earlier time period

(2007-2009) and report unweighted regional average MOERs. (?) use date aggregated by

NERC region over a longer time period, 2006-2011.

Our estimates are significantly larger than those obtained by ?. One possible reason is

that these authors estimate the effect of changes in load on emissions; variation in load cap-

tures changes in hydro generation that is correlated with load but not necessarily responsive

to marginal changes in net load. As noted above, this can bias estimates down. Another

contributing factor could be that these authors focus on an earlier time period. Prior to

the shale gas boom, coal generation was less likely to be on the margin in both regions.

It follows that MOER estimates have been increasing over time in regions with installed

coal-fired generation capacity (?). Our estimates are more similar to, although still larger

than, those obtained by ?. These authors use data that include periods of high natural gas

prices (2006-2009) which could partly explain the difference.

1.4 Marginal Emissions Displacement Rates

1.4.1 Intra-regional variation in emissions displacement across wind sites

We are interested in assessing the potential significance of variation in wind energy produc-

tion profiles within a region. We start by estimating marginal emissions displacement rates

for the over 30,000 wind sites in the data. Figure 9 arranges these sites in ascending order of

estimated MEDR values. The figure suggests minimal variation in emissions displacement

across sites within a given region. This is not altogether surprising given the limited variation

in MOERs within most regions.

To put the variation summarized in the figure above into context, we systematically

compare the MEDR estimates in either tail of these regional distributions. More precisely, in

each region we select the ten sites straddling the 2.5 percentile value and ten sites straddling

the 97.5th percentile value. We bootstrap within region differences in MEDR across all
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possible pairwise comparisons between low and high ranked sites.

Table A5 summarizes these differences. The average pairwise difference between sites

with high and low emissions displacement estimates, normalized by the average MEDR

across all sites in the region, varies from 1 to 4 percent. We also report a more extreme

difference. We take the two most different sites in each region, bootstrap the difference, and

report the 95th percentile difference in MEDRs. The table shows that even this extreme

measure of the difference in emissions displacement rates across sites within a region is small

relative to the average MEDR (averaged across all sites in the region).

Based on these results, we conclude that intra-regional variation in emissions displace-

ment rates across wind sites can be neglected for further analyses. We instead use only a

subset of the sites (twenty wind sites from each region, ten from the 2.5th and ten from the

97.5th percentile of MEDRs) to summarize the variation in emissions displacement values

across regions and technologies.

1.4.2 Variation in marginal emissions displacement rates

The paper reports the average deviation of simulated marginal emissions displacement rates

from regional and annual averages by technology. These interaction terms mask some re-

gional variation. The table below reports the coefficient estimates from a fully saturated

model (i.e. one including technology-region interactions).

1.5 Marginal Economic Value

The data used to generate Fig. ?? are in Table A6.

1.6 Marginal Abatement Cost

50% energy efficiency realization rate sensitivity analysis

We performed an additional sensitivity analysis to examine the possibility that energy

efficiency technologies do not achieve as great a level of energy savings in practice as their

engineering characteristics would suggest. To model this possible behavioral factor, we re-

run the marginal abatement cost analysis with a 50% realization rate for lighting efficiency.

The 50% rate is equally applied across all hours of the 2010-2012 period, i.e. the load shape

is unchanged. Figure 10 demonstrates how marginal abatement costs are different if lighting

efficiency technologies achieve 50% less energy savings.
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Figure A6: Cluster composition over the time period

Notes: This figure displays the occurrence of different clusters over time for a representative year
(2011). Each region and season is represented as a series of colored blocks depending on the cluster
that the algorithm assigned to that day. Higher number clusters represent higher levels of electricity
generation. Winter and summer are displayed separately to emphasize that the clusters are defined
separately by region and season, i.e., cluster 3 represents two different levels of electricity generation
in two different seasons.
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Figure A7: Cluster composition over the time period

Notes: This figure summarizes our 1000 bootstrapped estimates of region and technology-specific
marginal emissions displacement rates obtained using our preferred k-means clustering approach
and a more standard approach that groups observations by month.
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Figure A8: Marginal operating emissions rates

Notes: This figure displays the average marginal operating emissions rates, in pounds of carbon
dioxide per megawatt-hour, in each hour of the day for different regions. Summer and winter are
displayed separately. See Section ?? for a description of marginal operation emissions approach.
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Table A2: Summer MOERs and bootstrapped 95 percent confidence intervals

hour California ERCOT ISONE MISO NYISO PJM
1 878 1615 1204 2051 1371 1868

(858-899) (1528-1698) (1136-1276) (1978-2119) (1312-1432) (1786-1957)
2 880 1659 1210 2082 1432 1851

(860-900) (1566-1750) (1137-1288) (2008-2144) (1371-1499) (1769-1944)
3 883 1690 1226 2110 1455 1832

(863-904) (1594-1780) (1151-1305) (2037-2172) (1392-1525) (1736-1934)
4 881 1726 1249 2117 1469 1800

(859-903) (1628-1818) (1165-1330) (2047-2183) (1405-1537) (1706-1909)
5 868 1716 1241 2077 1468 1761

(849-888) (1621-1815) (1159-1321) (2016-2137) (1404-1537) (1671-1856)
6 856 1593 1250 2008 1402 1705

(838-877) (1500-1677) (1179-1321) (1952-2065) (1342-1464) (1632-1784)
7 851 1549 1280 1951 1353 1712

(831-872) (1467-1624) (1211-1354) (1890-2012) (1293-1413) (1647-1781)
8 847 1460 1294 1911 1300 1738

(823-870) (1359-1556) (1220-1372) (1840-1985) (1243-1354) (1671-1809)
9 855 1394 1317 1885 1277 1752

(829-880) (1296-1495) (1241-1398) (1796-1973) (1225-1329) (1681-1824)
10 878 1353 1337 1836 1263 1740

(851-903) (1263-1448) (1263-1413) (1739-1935) (1213-1315) (1672-1810)
11 908 1282 1347 1783 1264 1725

(878-935) (1208-1362) (1275-1423) (1685-1884) (1215-1316) (1661-1796)
12 944 1235 1355 1736 1265 1693

(916-972) (1171-1299) (1284-1427) (1640-1833) (1220-1315) (1632-1760)
13 962 1188 1352 1691 1279 1655

(934-990) (1127-1247) (1285-1419) (1601-1786) (1235-1324) (1594-1722)
14 971 1153 1346 1674 1281 1640

(944-999) (1095-1210) (1280-1414) (1587-1765) (1239-1323) (1583-1703)
15 980 1126 1342 1665 1280 1627

(952-1008) (1073-1178) (1275-1410) (1582-1754) (1240-1322) (1573-1686)
16 984 1122 1340 1663 1291 1622

(957-1011) (1072-1175) (1271-1405) (1581-1754) (1251-1331) (1570-1681)
17 982 1117 1340 1672 1288 1622

(956-1008) (1069-1168) (1272-1405) (1588-1763) (1245-1328) (1568-1679)
18 966 1123 1330 1699 1280 1643

(940-991) (1073-1172) (1258-1400) (1610-1792) (1235-1322) (1588-1703)
19 948 1146 1317 1744 1278 1673

(923-974) (1093-1202) (1243-1389) (1648-1839) (1230-1330) (1615-1737)
20 942 1185 1324 1783 1289 1699

(918-966) (1128-1249) (1251-1400) (1681-1879) (1234-1347) (1630-1769)
21 925 1241 1364 1823 1320 1766

(903-948) (1177-1307) (1289-1441) (1723-1919) (1264-1377) (1696-1839)
22 909 1351 1358 1887 1320 1852

(885-934) (1276-1427) (1280-1441) (1798-1975) (1263-1380) (1783-1927)
23 898 1398 1312 1962 1352 1906

(872-924) (1318-1476) (1232-1390) (1882-2040) (1294-1419) (1828-1992)
24 893 1506 1274 2026 1405 1924

(871-916) (1413-1596) (1200-1354) (1950-2099) (1344-1470) (1840-2013)

Notes: This table displays the average marginal operating emissions rates, in pounds of carbon
dioxide per megawatt-hour, in each hour of a summer day for different regions. Bootstrapped
95 percent confidence intervals are in parentheses. See Section ?? for a description of marginal
operation emissions approach.
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Table A3: Winter MOERs and bootstrapped 95 percent confidence intervals

hour California ERCOT ISONE MISO NYISO PJM
1 813 1565 1160 1984 1800 1824

(792-833) (1499-1633) (1058-1259) (1937-2032) (1682-1926) (1755-1897)
2 826 1597 1195 1981 1838 1820

(802-847) (1528-1668) (1090-1298) (1928-2029) (1723-1961) (1753-1893)
3 827 1595 1199 1994 1808 1817

(804-849) (1525-1665) (1101-1299) (1946-2040) (1694-1929) (1750-1891)
4 826 1591 1176 1991 1814 1820

(802-851) (1524-1661) (1075-1274) (1943-2036) (1703-1930) (1749-1893)
5 834 1565 1082 1960 1724 1842

(813-859) (1499-1635) (982-1178) (1904-2008) (1607-1838) (1767-1916)
6 838 1468 991 1868 1428 1818

(815-864) (1405-1537) (893-1087) (1810-1920) (1320-1540) (1751-1886)
7 864 1378 1057 1778 1212 1772

(841-889) (1320-1441) (968-1142) (1722-1833) (1106-1319) (1711-1836)
8 878 1335 1119 1736 1057 1757

(857-902) (1277-1400) (1029-1209) (1679-1793) (955-1167) (1694-1818)
9 871 1341 1206 1747 978 1787

(846-896) (1276-1411) (1115-1294) (1686-1812) (875-1088) (1716-1856)
10 883 1353 1268 1762 968 1802

(855-911) (1279-1430) (1183-1355) (1695-1832) (860-1071) (1726-1874)
11 907 1351 1273 1795 970 1818

(878-936) (1273-1432) (1186-1361) (1725-1867) (865-1076) (1743-1888)
12 907 1343 1293 1818 999 1826

(876-937) (1255-1429) (1201-1384) (1750-1895) (900-1097) (1752-1895)
13 925 1310 1277 1842 991 1838

(895-955) (1223-1395) (1178-1374) (1772-1915) (890-1089) (1766-1906)
14 924 1277 1244 1851 1001 1838

(891-955) (1193-1359) (1142-1346) (1781-1926) (906-1091) (1769-1903)
15 925 1255 1220 1873 1010 1834

(893-955) (1179-1332) (1117-1324) (1805-1944) (908-1108) (1768-1898)
16 924 1239 1243 1876 1009 1820

(890-955) (1170-1311) (1140-1350) (1809-1949) (904-1109) (1756-1883)
17 893 1237 1281 1836 1011 1801

(860-924) (1168-1313) (1193-1371) (1767-1913) (909-1116) (1730-1870)
18 947 1269 1283 1806 1078 1750

(918-977) (1198-1347) (1205-1366) (1739-1880) (985-1184) (1678-1818)
19 968 1277 1330 1785 1084 1760

(933-1005) (1213-1346) (1255-1411) (1715-1858) (987-1192) (1689-1831)
20 965 1242 1347 1809 1106 1791

(933-1001) (1171-1311) (1269-1432) (1736-1881) (989-1227) (1714-1867)
21 916 1274 1342 1867 1250 1818

(883-949) (1206-1342) (1258-1429) (1800-1934) (1126-1377) (1742-1892)
22 847 1357 1305 1932 1447 1831

(820-874) (1294-1430) (1221-1392) (1874-1992) (1308-1593) (1756-1906)
23 807 1456 1242 1999 1623 1839

(783-833) (1389-1532) (1154-1332) (1948-2054) (1474-1769) (1764-1917)
24 805 1523 1131 2012 1781 1840

(779-832) (1450-1599) (1032-1230) (1967-2062) (1635-1928) (1763-1918)

Notes: This table displays the average marginal operating emissions rates, in pounds of carbon
dioxide per megawatt-hour, in each hour of a winter day for different regions. Bootstrapped 95
percent confidence intervals are in parentheses. See Section ?? for a description of marginal oper-
ation emissions approach.
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Table A4: Comparison of MOER Estimates

Authors Graff-Zivin et al. Siler-Evans et al. Callaway et al.

(2014) (2012) (2016)

Time Period 2007-2009 2006-2011 2010-2012

Level of NERC NERC ISO

Aggregation

Dependent Load Fossil Fossil

Variable generation generation

ERCOT 0.96 lbs/kWh 1.16 lbs/kWh 1.37 lbs/kWh

MOER

MISO/RFC 1.29 lbs/kWh 1.62 lbs/kWh 1.87 lbs/kWh

MOER

Notes: This table displays the average marginal operating emissions rates, in pounds of carbon
dioxide per kWh, across three studies.
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Figure A9: Site-specific marginal emissions displacement

Notes: This figure displays the average marginal emissions displacement rates of individual sites
over the entire study period within each region. Sites are arranged from lowest marginal emissions
displacement on the left rate to highest on the right. See Section ?? for a description of marginal
operation emissions approach.
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Table A5: Summary of pairwise MEDR differences between wind sites with high and low
emissions displacement estimates

Region
Mean

difference
(lbs/MWh)

Extreme difference
(lbs/MWh)

Mean difference as
share of

regional average

Extreme difference
as share of

regional average
ISONE 14 60 1% 5%
ERCOT 32 145 2% 10%
MISO 14 123 1% 7%
NYISO 26 91 2% 7%
PJM 12 95 1% 5%
California 34 153 4% 17%

Notes: This table displays differences between the mean MEDR of 20 representative high- and 20
representative low-MEDR sites. High sites are at the 97.5th percentiles distribution within each
region and low sites are at the 2.5th percentile. The mean difference represents the bootstrapped
mean of this difference. The extreme difference represents the 97.5th percentile difference between
the mean of these representative sites. Mean and extreme difference are also presented as a share
of the average regional average MEDRs. See Section ?? for a description of marginal operation
emissions approach.

A-21



Table A6: Marginal social values used in Fig. ??

Region Technology
Avoided

operating costs
per MWh

Avoided
emissions value

per MWh

Capacity value
per MWh

California

Com. Light $33.15 $18.23 $3.63
Solar $31.79 $17.20 $3.93
Res Light $33.61 $18.05 $4.02
Wind $31.14 $16.96 $3.13

ERCOT

Com Light $37.98 $26.64 -
Solar $42.36 $23.83 -
Res Light $32.89 $27.15 -
Wind $28.35 $26.60 -

ISONE

Com Light $49.95 $25.51 $6.93
Solar $49.87 $24.60 $8.04
Res Light $49.96 $25.74 $7.04
Wind $45.02 $23.72 $5.68

MISO

Com Light $36.55 $36.85 $5.29
Solar $37.40 $33.93 $6.04
Res Light $35.17 $37.66 $5.50
Wind $31.45 $35.67 $3.94

NYISO

Com Light $49.32 $24.47 $1.76
Solar $49.81 $21.46 $2.13
Res Light $49.08 $26.18 $1.79
Wind $44.75 $24.75 $1.40

PJM

Com Light $46.89 $35.60 $5.05
Solar $48.89 $33.18 $5.95
Res Light $45.69 $36.24 $5.28
Wind $41.39 $33.97 $4.17

Notes: Com Light and Res Light refer to Commercial Lighting and Residential Lighting efficiency,
respectively.
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Figure A10: Marginal abatement costs at 50% energy efficiency realization rate

Notes: This figure plots the total marginal abatement cost, in dollars per ton of carbon dioxide,
from different region-technology combinations under the assumption that only 50% of the estimated
energy savings from lighting efficiency measures actually take place. See Section ?? for a description
of marginal abatement cost calculations.
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