
Future Work 
The variability introduced into the power system by high levels of wind 

can substantially affect emissions from fossil fueled units by causing them 
to perform emissions-intensive cycling (Katzenstein & Apt 2009). Future 
work will assess the implications of this affect at high wind penetrations. 
The unit shown in the figure below would produce much more NOX if it 
were required to startup and shut down frequently. 
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Introduction 
In 2009, approximately 38% of the 103 quadrillion BTUs of primary 

energy consumed in the U.S. was used to produce electricity (EIA 2011). 
The electric power sector produced more than 2.4 billion tons of CO2 

(40% of national total), 2.2 million tons of NOX (18%) and 6 million tons 
of SO2 (63%) (EPA 2012a; EPA 2012b). These large values make the 
electric power sector a focus of many Life Cycle Assessments (LCAs). 

A common approach taken in LCA is to use a fleet-wide average 
emissions factor, or a marginal emissions factor for a particular unit type, 
to calculate changes in emissions resulting from a process. In this work, 
we determine use-phase reductions in CO2, NOX, and SO2 emissions 
associated with the introduction of wind power into a model of the PJM 
Interconnection in 2006. The aim of the work is to compare an emissions 
factor approach to one that accounts for power system economics, unit 
and system operating constraints, and the variability of wind. We find 
that an emissions factor approach can lead to substantial (up to 40% in 
the case of SO2) error in emissions calculations. 

A) Hourly resource use at 0% wind.  B) Hourly resource use at 20% wind. Note 
wind curtailment during off-peak hours. C) Total resource use. Note wind is mostly 
displacing coal. D) Total resource use, flexible units only. Note the increased use of 
flexible units with wind penetration to satisfy reserve requirements. The type of 
offset unit has significant implications on emissions calculations. Note that the 
average price of natural gas delivered to U.S. utilities in 2006 was $7.11/tcf, 
compared to $4.87/tcf in 2011 (EIA 2012). 

CO2 NOX SO2 

Emissions reductions at 20% wind penetration. Use of natural gas combined-cycle 
and fleet-average emissions factors generate misleading results, while use of the 
coal emissions factor approaches the UCED result. Total weekly emissions at 0% 
wind were 8x106 ton CO2, 8x103 ton NOX, and 9x104 ton SO2.   

This project was conducted as part of the National Energy Technology 
Laboratory’s Regional University Alliance (NETL-RUA), a collaborative 
initiative of the NETL under the RES contract DE-FE0004000, and with the 
support of CMU’s RenewElec Project. 

Supply-Demand Balance: 

Spinning-Reserves: 

Results 
• Constant emissions factor calculations diverged substantially from UCED results 
• Most of the wind power generated during the study period displaced coal, due 

to high utilization of coal in the no-wind case, disproportionate wind generation 
at night, and security constraints requiring gas units to remain online 

• Output of gas turbine and combined cycle units increased 500% at 20% wind 
 

PJM Interconnection 
The PJM Interconnection is a Regional  Transmission Organization 

serving all or part of 14 states in the North East and Midwest U.S., 
including the District of Columbia. The system is one of the largest 
competitive wholesale markets in the world and in 2006 had the capacity 
breakdown and emissions factors shown below. 

Type Number of 
Units 

Net Winter 
Capacity [GW] 

Net Summer 
Capacity [GW] 

Nuclear 31 30.8 30.8 

Coal 208 64.7 65.0 

Hydro 87 2.6 2.6 

Gas Steam 9 1.3 1.3 

Oil Steam 22 7.6 7.6 

Gas Combined Cycle 111 22.4 21.4 

Gas Turbine 245 20.6 20.1 

Oil Turbine 183 6.3 5.6 

Other 91 1.2 1.2 

Total 987 157.5 155.6 

Emissions Factors CO2 [lb/MWh] NOX [lb/MWh] SO2 [lb/MWh] 

Observed Average 2006 1251.6 2.2 8.0 

Coal 2085.3 2.0 21.7 

Gas Combined Cycle 955.8 0.3 0.2 

Wind Input Data 
The location and timing of wind energy production has significant 
impact on the emissions reductions achieved (Katzenstein & Apt 2009). 
To account for these effects, the UCED uses simulated wind output from 
NREL’s Eastern Wind Interconnection and Transmission Study (EWITS). 
Wind sites were selected in order of decreasing capacity factor until the 
cumulative capacity reached the target level. The maps below show the 
PJM region and the EWITS sites used in the model. 

PJM Region EWITS Sites 

Unit Commitment and Economic Dispatch Model 
The unit commitment and economic dispatch (UCED) model 

constructed for this work is a unit-level representation of the PJM system. 
The model is structured as a mixed-integer optimization problem whose 
objective function is to minimize production costs subject to the supply-
demand balance, unit operating constraints, and system security 
constraints (such as the spinning-reserve requirement). Production costs 
include fuel, variable operations and maintenance, and unit startup. The 
result produced by the model is a schedule of the energy produced by 
each unit in each period, from which emissions can be calculated using 
unit-by-unit emissions factors.   

Conclusions 
LCA practitioners should consider the merits of using average emissions factors, 

marginal emissions factors, or a more sophisticated approach such as the one 
employed here depending on the physical parameters of the problem and level of 
accuracy required. 
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Hourly NOX emissions data 
from a PJM gas combined cycle 
unit (EPA 2006). Note the high 
emissions rates below the 
minimum generation level 
(mingen). Emissions from this 
unit can be modeled separately 
above and below mingen. 
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