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Abstract 

Spatially and Temporally Resolved Emissions Impacts of Renewable Energy Integration into the 

Electric Grid 

By: Alicia Tan 

Masters of Science in Mechanical and Aerospace Engineering 

University of California, Irvine, 2013 

Professor Jacob Brouwer, Chair 

In order to address air quality and greenhouse gas impacts of power generation, the state of California 

has implemented renewable portfolio standard (RPS) goals of integrating 20% renewable energy into 

the grid by 2010, 33% by 2020, and potentially 40% by 2030.  This research considers several renewable 

energy integration scenarios for the state of California including various mixtures of geothermal, biogas, 

wind, solar thermal, and photovoltaic energy.  Criteria pollutant emissions are spatially and temporally 

resolved in order to study the impacts of meeting the California’s Renewable Electricity Standard. 

One of the main challenges of increasing renewable penetration is the unpredictable and variable 

generation profile.  Production can be highly dependent on weather, as in the case of wind and solar 

generation.  Sudden changes in weather can cause spikes and dips in power production.  These 

intermittencies in renewable generation must be balanced in order to maintain grid reliability.    

The renewable energy implementation scenarios address grid reliability by considering various 

strategies including energy storage, distributed generation, plug-in hybrid electric vehicles (PHEV), and 

dispatchable peaking and/or load following gas power plants to complement the intermittent renewable 

energy.   
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Six 33% scenarios (CAISO/CPUC LTPP Trajectory Mix 1, Trajectory Mix 2, Trajectory Mix 3, 

Environmentally Constrained, Cost Constrained, Time Constrained) are evaluated.  Additionally, baseline 

scenarios are compared to the renewable scenarios.  

 

 

  



 

1 

1 Introduction 

The integration of renewable energy has become increasingly important for a variety of 

reasons.  Air quality, global warming, worker health, environmental preservation, and national 

security are a few of the many issues related to power generation.  Fossil fuel power plants 

produce pollutants and greenhouse gasses that negatively affect air quality and contribute to 

global warming.  Coal power is arguably the dirtiest form of electric power generation with high 

emissions of criteria pollutants and greenhouse gases (GHG).  New coal plants have post-

treatment which can reduce the emissions; however, replacing or modify plants is expensive, so 

many old, high-polluting plants continue to operate.  Additionally, coal mining puts workers’ 

health at risk and destroys large areas of land in the process of mining.   

Oil is not used much for electricity generation in the United States.  However, it is used 

extensively in transportation.  As alternative vehicles such as plug-in electric and fuel cell 

powered cars are adopted, the electricity and transportation energy will become highly 

intertwined.  It is in the best interest of the United States to minimize oil consumption because 

the country does not have large oil reserves.  Therefore, oil dependence has the potential to 

undermine national security because it makes the United States dependent upon supplies from 

foreign countries.  As oil sources in the U.S. become scarcer, drilling in deep water or pristine 

land will become more common leading to the devastating spills and destruction of ecological 

habitats, as in the case of the BP oil spill in the Gulf of Mexico.  Tar sands are another potential 
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source of oil; however this form of oil harvesting also has negative environmental impacts such 

as use of large amounts of water in the process. 

Although natural gas produces lower levels of criteria pollutants and GHG emissions than coal, 

there is a limited supply in the U.S.  A new strategy of fracking for natural gas has made more 

natural gas reserves available; however, this method of extracting natural gas is controversial 

because of its potential to contaminate drinking water.  Supplementing fossil fuel sources with 

renewable power can lessen the negative impacts of power generation. 

In order to address air quality and greenhouse gas impacts of power generation, the state of 

California has implemented renewable portfolio standard (RPS) goals of integrating 33% by 

2020.  This research considers several renewable energy integration scenarios for the state of 

California including various mixtures of geothermal, biogas, wind, solar thermal, and 

photovoltaic energy.  Additionally, the renewable energy implementation scenarios will address 

grid reliability by considering various strategies including energy storage, distributed 

generation, plug-in hybrid electric vehicles (PHEV), and dispatchable peaking and/or load 

following gas power plants to complement the intermittent renewable energy.  The goal is to 

establish spatially and temporally resolved criteria pollutant emissions impacts of meeting the 

California’s Renewable Electricity Standard. 

1.1 Goal 

To establish spatially and temporally resolved criteria pollutant emissions impacts of meeting 

the California Renewable Electricity Standard. 
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1.2 Objectives 

The following objectives are required to meet the goals: 

Objective 1: Develop renewable portfolio scenarios on the basis of previous work and with 

the support and collaboration of California state agencies.  

Objective 2: Determine complementary technology temporal dispatch requirements using 

PLEXOS Solutions software.  

Objective 3: Determine generator dispatch requirements using PLEXOS Solutions software.  

Objective 4: Establish the locations of air pollutant emitting sources. 

Objective 5: Analyze the criteria pollutant emissions of the baseline and renewable 

scenarios and prepare them for introduction to an atmospheric chemistry and transport model. 

2 Background 

In this section relevant topics are introduced and a review of current literature is discussed.  

Details about types of electricity generation and the California electric grid are introduced in 

Sections 2.1 and 2.2.  The various types of emissions from generators including criteria 

pollutant emissions and greenhouse gases are discussed in Section 2.3.  The renewable 

electricity standard legislation, research, and scenarios developed are presented in Section 2.4. 

Section 2.4.4.4 explores strategies and challenges of intermittent renewable integration.  

Examples of related studies that have developed spatially and temporally resolved emissions 
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for air quality analysis are listed in Section 2.6.  In Section 2.7 discusses the research gaps in the 

literature that are addressed in this study. 

2.1 Electricity Overview 

In the US, a large portion of the electricity is generated by coal because there is a large 

domestic supply of this fuel.  However, there is also a growing penetration of natural gas as 

fracking becomes more widely adopted.  In some states, for example, California, Florida, and 

Texas there is quite a large percentage of natural gas generation.  In the northwest, there is a 

high penetration of hydro generation, and there is even a high penetration of some renewable 

energy types such as geothermal in California, and wind in Texas.  The electricity generation for 

each state in the US is broken down into fuel types in Figure 1.   

 

Figure 1: eGRID Summary of fuel type used in each state of the U.S. for power generation in 2009  
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2.1.1 Types of Electricity Generation Units 

Electricity demand is met by baseload, load following, and peaking plants.  Intermittent 

renewable generation, such as wind and solar integration doesn’t fit into any of these 

generation types. The uncontrollable variations make integration challenging. 

2.1.1.1 Baseload Plants 

Baseload plants are run near full capacity year-round and have relatively high efficiencies.  

Examples of possible baseload plants are coal, natural gas combined cycle, hydro, geothermal, 

and biomas plants.   

2.1.1.2 Load Following Plants 

Load following plants follow the highs and lows of the day, generating more electricity during 

the day and less at night while people are sleeping; an example demand profile is shown in 

Figure 2.  Natural gas-fired generation such as combined-cycle and simple-cycle as well as 

hydroelectric power can be used as load following plants. 
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Figure 2: Example CAISO System Daily Demand Curve for July 14, 2009 (Chin et al., 2010) 

 

2.1.1.3 Peaking Plants 

Peaking plants are the least efficient plants, but can ramp up and down quickly.   They are used 

at times of unexpectedly high demand.  Peaking plants generally use simple-cycle natural gas 

generation. 

2.1.1.4 Intermittent Renewable Energy 

Unfortunately wind and solar energy cannot be used as baseload, load following, or peaking 

plants because of their intermittent nature. 
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2.1.2 Renewable Energy  

The renewable energy to meet the RES goals can be generated in the state of California or in 

the WECC transmission system.  Wind and solar are expected to account for the majority of 

additional renewable energy. 

2.1.2.1 Wind 

Wind is inherently intermittent and is stronger at night when electricity demand is low.  Wind 

energy is harnessed using lift on wind turbines blades to spin the turbine which is converted 

into electricity using a generator. 

2.1.2.2 Solar  

Solar power is also intermittent, however is stronger during the day which is favorable for 

balancing the electric load.  Solar power can be harnessed to produce electricity with 

photovoltaic cells (PV) or solar thermal generation.   

2.1.2.3 Geothermal 

Geothermal power uses temperature differential in the earth’s crust to generate electricity.  In 

general this differential or 30 °C/km; this is not large enough to make electricity generation 

feasible.  Areas near the fault lines of tectonic plates are the areas with the largest temperature 

differentials and therefore the most electricity-generating potential; these areas are called 

hyperthermal regions and have temperature gradients of over 80 °C/km.  Semithermal regions 

are areas with anomalies in the crust that result in temperature gradients higher than normal, 

but smaller than hyperthermal regions. 



8 
 

Today most electricity generating plants are located in hyperthermal regions and use 

hydrothermal extraction techniques where holes are drilled into natural water channels.  The 

water pressure is generally high enough that pumps are unnecessary to extract the hot water.  

This water is then either directly used in turbines to generate electricity or is passed through a 

heat exchanger to pass the heat to a working fluid (Twidel & Weir, 2006).    

2.1.2.4 Biomass and biogas 

Biomass combustion uses agricultural waste, forest waste, and construction waste in a boiler to 

generate steam for a steam turbine.  Two of the most common biomass combustion techniques 

are wood fired boiler where wood is burned on a grate and a fluidized bed combustor where 

solid fuels are suspended using air jets in order to achieve turbulent mixing of gas and solids 

and superior heat transfer. 

Biogas is made by anaerobically digesting gas from waste water plants, dairies, landfills, or 

municipal solid waste, and biogas injected into natural gas pipelines.  Biogas is comprised 

mostly of methane along with other trace hydrocarbons, and CO2.  This gas can be used to 

replace or supplement natural gas in power plants. 

2.1.2.5 Hydroelectric 

Small hydroelectric power (30 MW or less) and conduit hydroelectric can be counted towards 

the state’s RES goals.  Large hydroelectric (hydro) power is not considered renewable for the 

purpose of California’s RES goals.   
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2.1.2.6 Ocean wave, ocean thermal, and tidal current 

Although these technologies are less developed than the other technologies, they are eligible 

for the RPS goals. 

2.1.2.7 Renewable Energy Cost Comparison 

The levelized cost ranges for various renewable technologies are compared in Figure 3 as 

determined for the Renewable Energy Transmission Initiative project. 

 

Figure 3: Cost of Generation Ranges (Renewable Energy Transmission Initiative, 2010) 

 

2.1.3 Energy Storage Overview 

In order to be useful, electricity must be available when there is demand.  Therefore, ideally 

electricity that is produced should be used immediately or stored for future use.  Fossil fuels are 
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a form of energy storage; this allows them to be used to generate electricity when there is a 

demand for it.  Some forms of renewable energy are also forms of energy storage for example 

biomass and biogas.  However, other renewable resources, for example wind and solar, are 

only available at intermittent intervals.  It is desirable to use all of the renewable energy 

available because in most cases including wind, solar, geothermal, and hydroelectric, the costs 

are all associated with building the power plant.  Since it is not necessary to pay for fuels for 

these types of energy harvesting, it is undesirable to curtail renewable power. 

Options for dealing with the discrepancy between renewable electricity generation and 

demand without curtailment is to use fossil fuel generation to balance the load, use demand 

response, or store the excess energy.  Forms of storage include (Twidel & Weir, 2006):  

 biological storage - such as plants 

 chemical storage - such as hydrogen 

 thermal - such as hot water or molten salt 

 electrical - such as batteries or superconducting electromagnetic energy storage (SMES), 

and capacitors 

 mechanical - such as pumped hydro, flywheels, and compressed air  

Various technologies are better suited for meeting different goals.  For example, energy storage 

devices can have high power output, but low energy capacity making them well-suited for 

frequency control and power quality; these sources can only be used for short periods (e.g., 

seconds or minutes) at a time.  Technologies that have moderate energy capacities that can be 

discharged for minutes to hours can be used for load balancing.  Technologies that have high 
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energy capacities (long discharge times) can be used for hours or days and are useful for peak 

shifting; some technologies can even be used to store energy from one season to another.  A 

graph summarizing the relative power ratings and discharge times of various storage 

technologies are shown in Figure 4.  Value ranges from many literature sources are provided in 

Table 1. 

 

Figure 4: Power and Discharge Time of Storage Technologies as of November, 2008 (Electricity Storage 
Association, 2009) 

 

The maturity of the technology is also a consideration.  Many storage technologies are still in 

the process of being developed or commercialized.  The most mature technologies are pumped 

hydro and lead acid batteries as shown in Table 1.   
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Table 1: Electric Energy Storage System Characteristics (Beaudin, Zareipour, Schellenberglabe, & Rosehart, 2010) 

 

 

Other important considerations when considering storage technologies are the parasitic losses, 

life, round trip efficiencies and space requirements as shown in Table 1. 
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Table 2: Further Technology Characterization (Beaudin et al., 2010) 
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2.2 California Electricity 

In 2008, the electricity demand of the state was 286,000 GWh and was provided 70% by 

California-owned power plants (located inside and outside of the state) and 30% was imported 

(Chin et al., 2010).   

2.2.1 Electricity Grid 

It is important not only to have electricity available when there is demand, but also where there 

is demand.  Electricity grids were developed for this purpose.  In the US, the electricity grid is 

divided into control areas, reliability councils, and interconnections.  There are 150 control 

areas in US, some utilities run and some ISO run.  These control areas make up 10 reliability 

councils.  All of these areas are in one of three interconnections: Western Systems Coordinating 

Council, Electric Reliability Council of Texas, and Eastern Connection.  California is part of the 

Western Electricity Coordinating Council which allows for transmission of electricity among 14 

US states including California, the Canadian provinces of Alberta and British Columbia, and the 

northern part of Baja California, Mexico. 



15 
 

 

Figure 5: Western Interconnection (Chin et al., 2010) 

 

2.2.2 California’s Current Electricity Mix 

The California electric grid is fairly diverse in order to provide energy security and achieve a 

relatively clean (low pollutant and greenhouse gas emissions) mix.  This is an improvement 

from the electricity mix through the 1970s where over 50% of the electricity was generated 

from oil.  The California electricity generation resource mix is shown in Figure 6. 
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Figure 6: State of California Electricity Primary Energy Sources in 2008 (Chin et al., 2010) 

 

The locations and types of California’s power plants are shown in Figure 7. 
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Figure 7: State Power Plants (California Energy Commission, 2010) 

 

2.2.3 Electric Utilities 

The state of California has 65 load-serving entities (LSEs) that procure electricity and 

transmission services in order to provide electricity to consumers.  Investor Owned Utilities and 

Publically Owned Utilities make up the majority of the LSEs.  LSEs vary drastically in size with 

80% of the state’s electricity provided by the five largest LSEs (Chin et al., 2010). 
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2.2.3.1 Investor Owned Utilities (IOU) 

The Investor Owned Utilities provide almost 70% of the state’s electricity.  There are seven 

total; the largest are PG&E, SCE, and SDG&E providing approximately 30%, 31%, and 7% of 

California’s electricity generation respectively (Chin et al., 2010).  

2.2.3.2 Publicly Owned Utilities (POU) 

Publicly owned utilities account for around 24% of California’s electricity.  These utilities are 

owned by local customers.  The largest POUs are Los Angeles Department of Water and Power 

(LADWP) and Sacramento Municipal Utility District (SMUD).  There are 45 total POUs in 

California (Chin et al., 2010). 

2.2.3.3 Other Utilities 

Though less common, California also has electrical cooperatives, electric service providers (ESP), 

a community aggregator, a community choice aggregator, and other government agency power 

providers. 

2.2.4 California Renewable Electricity 

California’s current renewable generation is presented along with the state’s renewable energy 

potential. 

2.2.4.1 Current Renewable Electricity 

California has a high penetration of geothermal compared to other states due to the ideal 

location for geothermal.  The proximity to the fault lines produces areas where high 

temperatures are found close to the earth’s surface.  This energy from hot water close to the 
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surface can be harnessed in order to produce electricity.  California also has large amounts of 

biomass resources due to the agricultural production in the state, and biogas from landfills and 

wastewater treatment facilities.  There are also many areas with high wind speeds in the state.  

Many areas in California also have high solar irradiance, especially in the deserts.  Government 

loan and subsidy programs have helped stimulate wind turbine and solar installations.  The 

current (2009) breakdown of renewable electricity generation in California is presented in 

Figure 8 and is compared to other western states.   

 

 

Figure 8: Renewable Energy Breakdown (Department of Energy, 2010) 
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2.2.4.2 Potential Renewable Electricity Sites 

A plethora of wind, biomass, solar and geothermal power potential exists in California.  There is 

also potential to import renewable energy from nearby states, especially states in the Western 

Electricity Coordinating Council.  Figure 9 shows resource potentials for various states.  The 

northwest has wind, biomass, and geothermal potential.  The midwest has a high wind 

potential, and the southwest has solar, biomass, and wind resources.  California has all four 

potential resources including solar, wind, biomass, and geothermal potential. 

 

Figure 9: WECC Renewable Resources (Renewable Energy Transmission Initiative, 2010) 
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More detailed maps of California wind, solar, and geothermal resources are shown in Figure 10 

and Figure 11.  It is apparent that the highest wind, solar, and geothermal potential areas are 

far away from population centers.  Therefore additional transmission lines are required for 

most large-scale renewable installations. 

 

Figure 10: State Wind Resource Potential (left) and  Solar Power Prospects (right)  
 (California Energy Commission, 2008) 
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Figure 11: State Geothermal Resource Areas  
 (California Energy Commission, 2005)  

 

The estimated renewable capacity available at various locations in California and surrounding 

states was determined in the Phase 2B of the Renewable Energy Transmission Initiative and is 

shown in Table 3 and Table 4.   
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Table 3: Competitive Renewable Electricity Zone Capacities (Renewable Energy Transmission Initiative, 2010) 
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Table 4: Out-of-State Renewable Resource Capacity  
               (Renewable Energy Transmission Initiative, 2010) 
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2.3 Emissions 

There are many types of emissions that are associated with electricity generation.  The main types are criteria 
pollutant emissions, greenhouse gas emissions, and air toxics or hazardous air pollutant emissions.  Criteria 

pollutant emissions contribute to air quality issues and greenhouse gas emissions contribute to global warming.  
Descriptions of various types of pollutants and their impacts are described in Table 5.Table 5: Pollutant 

emissions sources and impacts (National Renewable Energy Laboratory, D.J. Consulting LLC, & Inc., 2008) 
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2.3.1 Criteria Pollutants 

Criteria pollutants generated by combustion include particulate matter (PM10, PM2.5), SO2, CO, 

and lead.  Secondary pollutants such as O3 and NO2 are also considered criteria pollutants.  

These affect regional air quality and are regulated by the National Ambient Air Quality 

Standards as well as local and statewide regulations in State Implementation Plans (SIPs).  

(Turns, 2000)  

The primary criteria pollutant emissions react in the atmosphere to create secondary pollutant 

emissions that cause air quality issues.  In California, a grayish haze of photochemical oxidant 

causes many health problems, especially in the South Coast Air Basin.  It is commonly called 

“smog” from a misnomer juxtaposition of smoke and fog.  The photochemical oxidant is made 

up a mixture of gasses including ozone, NOx, particulate matter, and peroxyacetyl nitrates 

(PAN).   

Ozone formation starts with the primary pollutant emission of NO.  This NO reacts with air to 

form NO2 (Eqn. 1).  The NO2 then breaks into NO and O when it is exposed to the sun (Eqn. 2).  

The O then reacts with O2 to form O3, or ozone (Eqn. 3).  The complete reaction is shown in 

Eqn. 4.  (World Health Organization, 2000) 
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        Eqn. 1 

         Eqn. 2 

            Eqn. 3 

             Eqn. 4 

 

When there is no sun, the reaction can reverse, creating NO2 and O2 from NO and O3.  However, 

the presence of non-methane hydrocarbons suppresses the reverse reaction by reacting with 

NO to form peroxyacetyl nitrates.  Peroxyacetyl nitrates are formed by the reaction of non-

methane hydrocarbons with NO as shown in Equation 5. (World Health Organization, 2000) 

 

              Eqn. 5 

 

Another issue is that the photochemical oxidant can be trapped in an inversion layer which 

keeps all of the gasses within 500 to 100 feet from the ground.  This occurs when the 

temperature is cooler at lower elevations, which does not allow the air to rise. (World Health 

Organization, 2000) 

Criteria pollutant emissions have adverse effects on air quality and human health.  Particulate 

matter is an issue for the respiratory tract.  PM 2.5 is especially hazardous for health because it 

is too small to be caught in the upper respiratory tract and can easily make it all the way into 

one’s lungs.  CO is a product of incomplete combustion; it is toxic and can be lethal at high 
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concentrations.  NO can cause avioli constriction.  NO2 is brownish and smells like bleach.  

Hydrocarbons are carcinogenic.  Ozone is toxic to the lungs and can cause burning in the eyes.  

It has a “bleach-like” smell.  Peroxyacetyl nitrates are particularly damaging to plants.   

The average criteria pollutant emissions for electricity generation in California are shown in 

Table 6.  Increased renewable electricity production has the potential to reduce criteria 

pollutant emissions.   

 

Table 6: Emission Factors for Centralized Power Generation Used in California and Corresponding Damage Costs 
2008 IEPR CEC 100-2008-008 

 

 



29 
 

2.3.2 Greenhouse Gas Emissions 

Greenhouse gas concentrations in the atmosphere have increased significantly since the 

beginning of the industrial revolution.  A change in the global climate has resulted from the 

increase of greenhouse gasses, such as CO2, CH4, and N2O.  Examples of observed changes 

include global average surface temperature, global average sea level, and northern hemisphere 

snow cover, as shown in Figure 12.   

(a)  (b)  

Figure 12: (a) Observed global warming trends (b) CO and CH4 concentrations (Intergovernmental Panel on 
Climate Change, 2007) 

 

Projections from global climate models predict a continuation of the trends including significant 

increases in the average surface temperature. Global climate change may have devastating 
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impacts on humans and ecosystems in general.  Increases in droughts, heat waves, and flooding 

are expected along with a decrease in agricultural production as shown in Table 7. 

Table 7: Impacts of global average temperature change (Intergovernmental Panel on Climate Change, 2007) 

  

Greenhouse gas emissions are projected to increase dramatically in the future without 

significant modifications to the current energy practices as shown in Figure 13. 
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Figure 13: Global warming projections (Intergovernmental Panel on Climate Change, 2007) 

 

In California, electricity generation accounts for about 23% of the greenhouse gas emission 

produced in the state as shown in Figure 14. 
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Figure 14: CA GHG Emissions by Sector from 2002-2004 (Nichols & Goldstene, 2008) 

 

The main GHG emissions associated with stationary combustion are CO2, CH4, and N20 (Turns, 

2000).  The global warming potential (GWP) can be used in order to determine the GHG 

emissions in terms of CO2 equivalent (CO2e).  The Second Assessment Report (SAR), Third 

Assessment Report (TAR), and Fourth Assessment Report (AR4) GWP values are shown in Table 

8.  Greenhouse gasses contribute to global warming.  GHG emissions are regulated by the 1997 

Kyoto Protocol.  California also has adopted AB32 to regulate GHG emissions.  GHG emissions 

must be reduced to 1990 levels by 2050.   

Table 8: Global Warming Potentials (Environmental Protection Agency, 2008, 2011) 

 

Greenhouse gasses are not only released during the combustion process.  All electricity 

generation devices result in direct and indirect emissions during construction, maintenance, 
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and decommissioning.  Lifecycle assessments take into account these emissions on top of the 

emissions produced during operation.   

 

Figure 15: Lifecycle GHG Emissions Comparison (Edenhofer et al., 2011) 

 

Biopower has the potential to be considered carbon neutral because the CO2 emitted was 

absorbed while the plant grew.  Additionally, bio-waste decomposing releases CH4 which has a 

higher GWP than CO2, so combustion may have the potential to avoid emissions.  CO2e 

emissions from landfills, wastewater treatment, and composting are shown in Figure 16.   
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Figure 16: 2009 Greenhouse Gas from Waste Sources (Environmental Protection Agency, 2011) 

 

2.3.3 Air Toxics / Hazardous Air Pollutants 

Air toxics or hazardous air pollutants are also released as a result of electricity generation.  

There are 189 substances that are regulated by the 1990 Clean Air Act Amendments.  These 

include “selected aliphatic, aromatic, and polycyclic aromatic hydrocarbons, selected 

halogenated hydrocarbons; various oxygenated organics; metals; and other compounds” 

(Turns, 2000). 

2.3.4 Renewable Energy Emissions 

Many renewable energy sources do not emit GHG or criteria pollutant emissions during 

operation; therefore their lifecycle emissions are made up of the direct and indirect emissions 

required to build and transport the renewable energy devices or the renewable fuel.  Examples 

of renewable energy sources which do not directly emit GHGs or criteria pollutants are wind, 
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solar PV, and small hydro.  However, as described in the ARB report, “Proposed Regulation for a 

California Renewable Electricity Standard”, some renewable energy sources directly emit GHG 

and criteria pollutant emissions. 

Solar thermal plants emit GHG and criteria pollutant emissions from boilers used for warming 

up the working fluid or providing additional heat to the solar heat.  Additionally, if wet cooling 

towers are used, PM emissions can occur during evaporation. 

Geothermal plants emit CO2, nitrogen oxides (NOx), SOx, PM, hydrogen sulfide, ammonia, CH4, 

and radon gas.  Similarly to solar thermal plants, PM can be emitted if wet cooling towers are 

used (Chin et al., 2010).   

Biomass and biogas can be combusted similarly to fossil fuel sources.  The types of biomass and 

biogas are quite varied.  The emissions depend on the type of biofuel and the method of 

combustion.  These are examined in detail in the following section. 

2.3.5 Biomass & Biogas Emissions 

Biomass and biogas generators emit GHG and criteria pollutant emissions.  It can be argued that 

bioenergy is carbon neutral because it releases approximately the same amount of CO2 during 

combustion as it absorbs while growing (Demirbas, 2004).  However, this is only a valid 

argument if the rate of growth and use for combustion are at the same rate.  For example, 

cutting down an old growth forest for electricity would not be sustainable or carbon neutral 

because of the discrepancy in time scale.  Additionally, from a lifecycle perspective, emissions 

from transportation of the fuel can also be significant.   
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It is also important to understand the pollutant emissions to gain a better understanding of the 

effect of combusting biomass and biogas electricity production.  This section compares the 

emissions from fossil fuel to alterative biomass and biogas electricity production. 

Biomass is made up of any plant or animal matter.  As it is carbon-based, it can be oxidized to 

produce heat which can in turn be used for electricity generation.  Biomass has a lower heating 

value than coal which can be attributed to its high water and oxygen content (Demirbas, 2004).  

Biomass accounts for 14% of the world’s energy production, which is mainly (97%) direct 

combustion; biomass accounts for 35% of the energy in third world countries (Demirbas, 2004).  

In order for biomass to be adopted on a wide scale, it is important to study the effects of these 

fuels on the operation of conventional energy systems (Miller & Miller, 2007). 

Biogas is a gaseous biofuel derived from the anaerobic digestion of biomass.  Biogas has a lower 

heating value than natural gas because it contains a lower percentage of methane.  Biogas from 

sewage plants or waste disposal is an attractive fuel for electricity generation especially if the 

waste heat is used.  The CO2 balance can be considered as neutral.  However, it is difficult to 

remain under emissions limits (Roubaud & Fabarat, 2005).  

2.3.5.1 Sources of Biomass and Biogas 

There are many sources of biomass and biogas.  Some categories include woody residues, 

agricultural residues, municipal solid waste, municipal sewage sludge, and energy crops.   

Woody residues are one form of available biomass.  Forest-related activities include wood 

chips, sawdust and bark.  Excluding wood, forest-related activities make up 65% of the biomass 

energy potential  (Werther, Saenger, Hartge, Ogada, & Siagi, 2000).   
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Excluding wood, agricultural residues make up 33% of the biomass energy potential.  

Agricultural residues include straw, bagasse, coffee husks and rice husks.  Yearly world-wide 

generation of agricultural residues calculated with 1983 crop production data was 3 billion tons.  

Rice husks and straw accounted for 43%.  Straw production is spread fairly evenly across the 

globe, whereas 97% and 90% of rice husks and sugar cane respectively come from developing 

nations.   

Municipal waste is another source of bioenergy.  Municipal solid waste can be combusted 

directly or digested to create biogas.  Municipal sewage sludge can also be used for combustion 

or for biogas.  Incineration of municipal sewage sludge is becoming increasingly common.  Dry 

(>80 wt % d.m.) and wet (20-40 wt % d.m.) have been widely studied.  The emissions 

characteristics of semi-dry (30-55 wt% d.m.) sludge have received less attention.   
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Table 9: Municipal Solid Waste Analysis (Demirbas 2004) 

 

 

Energy crops, grown specifically for combustion, take up land that could be used for growing 

food.  Therefore, it is not considered in this review. 

2.3.5.2 Processing and Combustion Methods 

Biomass requires processing before being used for combustion; these can be categorized as 

mechanical processes (including pelletization), thermo-chemical processes (including direct 

combustion and pyrolysis, and gasification), and biochemical processes (including alcoholic 

fermentation and anaerobic digestion).  Biogas results from the anaerobic digestion of biomass. 

Biomass can either be combusted by itself, or it can be co-fired with other fuels such as coal.  

The main types of biomass combustion systems are grate-fired, fluidized bed combustors, and 

suspension burners. 
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Grate-fired systems can be fixed or moving and can be air-cooled, or water-cooled.  The 

advantages of these systems compared to fluidized bed combustors are that they can be used 

with heterogeneous fuels (including large particles and high moisture contents), are relatively 

cheap; work well at partial load, and are less sensitive to slagging than fluidized bed 

combustors.  Disadvantages include difficulties in implementing NOx reduction strategies, non-

homogeneous combustion, difficulties with mixing, low energy efficiencies due to higher excess 

air (Werther et al., 2000). 

There are two types of fluidized bed combustors: bubbling or circulating.  The advantages of 

fluidized bed combustors include the uniform temperature distribution, large solid-gas 

exchange area, high heat-transfer coefficients, the fuel flexibility (various possible sizes, 

moisture contents, etc), stable combustion at low temperatures, and no moving parts.  The 

disadvantages include additional required equipment for solid separation or gas purification, 

erosion of the inside of the combustor, agglomeration that can lead to defluidization, and 

difficulties operating at partial load (Werther et al., 2000). 

Suspension burners are not ideal for biomass combustion because they require extensive fuel 

preparation to ensure dry, finely divided particles.  There are also increased particulate and NOx 

emissions because it is not compatible with staging, all of the particulates end up in the fly ash, 

there is higher fuel nitrogen than grate firing (Werther et al., 2000). 

Biogas can be combusted in a gas turbine, boiler, or occasionally in a reciprocating engine. 
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2.3.5.3 Biomass Emissions 

There are two groups of pollutant emissions from biomass.  Group 1 emissions are formed from 

the combustion process.  Group 2 emissions are formed from inorganic species in biomass fuel.   

Group 1 pollutant emissions are produced either from incomplete combustion (CO, unburnt 

hydrocarbons (CxHy), PAH, tar, unburned char), or from oxidation (NOx, N2O).  NO2 and CO are 

considered criteria pollutants and are regulated by local and national Air Quality Standards.   

Group 2 pollutant emissions formed from ash (particulate matter), Chlorine (HCl, PCDD, PCFD), 

salts (KCl), Sulfur (SOx, salts), or heavy metals (Pb, Zn, Cd, Cu, Cr, Hg) (C. Yin, Rosendahl, & Kaer, 

2008).  HCl, PCDD, PCFD, and heavy metals are considered air toxics or hazardous air pollutants 

(HAPs) and are among the 189 substances regulated by the 1990 Clean Air Act Amendments.  

SO2, particulates (PM10, PM 2.5), and lead are also considered criteria pollutants. 
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Table 10: Sources of biomass emissions (Werther et al., 2000) 

 

 

Biomass compositions vary significantly.  The structural, proximate, and ultimate analysis 

results are quite varied (although the hydrogen content, sulfur content, and ignition 

temperatures were similar for the biomass and wastes) (Demirbas, 2004). 

2.3.5.3.1 Unburned Pollutant Emissions (Products of Incomplete Combustion) 

Products of incomplete combustion (PICs) including CO, HC (including VOC), tar, PAH, and 

unburned char particles are high for biomass boilers due to the lower combustion 

temperatures.  These can be minimized by increasing mixing, residence time, and temperatures 

while decreasing excess air and choosing an appropriate grate assembly (C. Yin et al., 2008).   

Woody fuels display various PIC emissions.  For pine sawdust, emission factors of all pollutants 

are lower than coal. For wood, VOC emissions are higher than coal, but all other emission 

factors were lower.  Several sawdust emission factors are lower than for wood lumps including 
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CO, aliphatic hydrocarbons, organic matter, VOC and PAH.  The sawdust combustion 

temperature is higher than that of wood.  Co-combustion emissions factors are lower than 

calculated additively (Ross et al., 2002). 

For agricultural residues, the low melting point of the ash requires low combustion 

temperatures which leads to high unburned pollutant emissions.  Insufficient mixing and short 

residence time also increase the PIC emissions (Werther et al., 2000).  The PIC emissions from 

stoker, grate or pulverized firing systems are 1000-5000 mg/m^3 for CO, 0.1-1mg/m^3 for PAH, 

and 150-500 mg/m^3 CxHy.  For bubbling fluidized bed (rice husks) the CO emissions are 250-

6250 mg/m^3, although it depends on combustion conditions.  The emissions can be reduced 

by employing staged combustion and by increasing mixing, temperatures, and residence time 

(Werther et al., 2000). 

For sewage sludge, high freeboard temperatures have been found to reduce CO.  Gas mixing in 

the freeboard using a furnace configuration allows for improved combustion efficiency and 

lower CO.  Only dry sludge has significant enough emissions to call for emission reduction 

techniques (Sanger, Werther, & Ogada, 2001). 

Co-firing coal with biomass reduces the greenhouse gas emissions (Demirbas, 2004).  Another 

benefit of co-firing is that air toxic emissions of biomass combustion are lowered due to the 

high furnace temperatures. 

2.3.5.3.2 NOx and N2O 

Three NO formation routes: thermal, prompt, and fuel NO (Lefebvre & Ballal, 2010; Turns, 

2000) .  Thermal NO (Zeldovich mechanism) is formed by the oxidation of molecular nitrogen 
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with oxygen.  Prompt NO (Fenimore-NO) is formed when CH reacts with N2 to form HCN, which 

forms NO.  Fuel NO is formed from the monatomic nitrogen contained in the fuel.  Thermal & 

prompt NO is more of an issue at higher temperatures.  For low temperatures common for 

biomass combustion (lower than 1000oC), fuel NO is the most significant source of NO (Werther 

et al., 2000). 

Thermal NOx is low for biomass combustion due to the low temperatures.  However, fuel NOx is 

prevalent.  NOx emissions can be reduced through combustion modifications including staged 

combustion.  Spraying an aqueous sulfate solution can also be used to reduce emissions.  Post-

combustion clean-up such as selective catalytic reduction does not work as well because 

potassium salts in the fuel poisons the catalyst.  Co-firing biomass with coal can be used to 

reduce NOx and SO2 emissions from coal plants (C. Yin et al., 2008). 

N2O is a greenhouse gas.  Measures to reduce NOx may increase N2O emissions. 

For pine sawdust, NOx factors of all pollutants are lower than coal.  For wood, NOx emissions 

are lower than coal.  The sawdust combustion temperature is higher than that of wood; higher 

temperatures increases NOx emissions.  Replacing coal by biomass will reduce NOx (Ross et al., 

2002). 

The N content of agricultural residues is low suggesting low NOx and N2O emissions, however 

the lower contents of NOx catalyzing char and CaO could result in high NOx emissions, in which 

case emission reduction techniques including staged combustion and SNCR (injection of NH3 or 

urea) can be applied (Werther et al., 2000).  Ash including CaO, MgO, and Fe2O3 can have a 

catalytic effect, reducing the formation of NOx and N2O.  Example NOx emissions values are 300-
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800 mg/m^3 for straw and grass, 173 mg/m^3 for pine wood, 231 mg/m^3 for beech wood, 

921 mg/m^3 for miscanthus, and 200-369 mg/m^3 for rice husks (using bubbling fluidized bed 

combustion), 400 mg/m^3 for straw pellets (using fluidized bed combustion),  and 400 mg/m^3 

for coffee husks (using bubbling fluidized bed, single-stage combustion). 

Dry sludge has similar NOx (800-1200 mg/m^3) and N2O (300-400 mg/m^3) emissions to coals.  

NOx and N2O increase with excess air ratio. Increasing combustion temperature increases NOx 

and decreases N2O.  Wet sludge has low NOx emissions (<200 mg/m^3).  The excess air ratio, 

combustion temperature, and emission reduction strategies have negligible effect on the NOx 

emissions.  This research examines the NOx and N2O emissions of semi-dried sludge to see if its 

emissions characteristics more strongly resemble those of dry or wet sludge.  The effects of 

various emission reduction techniques are also studies including staged combustion, freeboard 

temperature, furnace configuration, and flue gas recycling. 

Semi-dried sludge has similar emissions to wet sludge, but slightly higher.  NOx emissions 

decrease with an increase in O2.  N2O emissions does not show a dependence on O2.  Staged 

combustion proves ineffective in reducing NOx and N2O emissions.  Flue gas recycling reduces 

NOx emissions.  High freeboard temperatures reduce N2O.  Only dry sludge has significant 

enough emissions to call for emission reduction techniques (Sanger et al., 2001). 

Co-firing coal with biomass reduces NOx.  Co-combustion emissions factors are lower than 

calculated additively. (Ross et al., 2002) (Demirbas, 2004) 
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2.3.5.3.3 SOx 

SOx emissions are formed from inorganic elements of fuels that contain sulfur (S).  Post-

combustion cleaning systems are commonly used including limestone scrubbing or Ca(OH)2 dry-

sorption (C. Yin et al., 2008).  The sulfur content is similar for the biomass and waste fuels 

(Demirbas, 2004).   

For pine sawdust, emission factors of all pollutants are lower than coal.  For wood, emissions 

are lower than coal.  Replacing coal by biomass will reduce SOx (Ross et al., 2002). 

Biomass containing S (including urban waste woods, straw, grass, miscantus) will emit SO2 

(Werther et al., 2000).  

Co-firing coal with biomass reduces SOx levels (Demirbas, 2004). 

2.3.5.3.4 HCl  

HCl is formed from inorganic elements Cl.  Post-combustion cleaning systems are commonly 

used including limestone scrubbing or Ca(OH)2 dry-sorption.  Pre-treatment of the fuel using 

aqueous leaching process to remove the Cl is also possible, but costly (C. Yin et al., 2008).   

Biomass containing Cl and S (including urban waste woods, straw, grass, miscantus) will emit 

HCl, SO2, salts (KCl, K2SO4, NH4Cl) (Werther et al., 2000). The HCl content of agricultural residues 

ranges from 100-500 mg/m^3 for grate or pulverized firing systems. 
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2.3.5.3.5 Salts 

In addition to producing SOx and HCl, biomass containing Cl and S also emits salts (KCl, K2SO4, 

NH4Cl) which can contribute to deposition, corrosion and erosion problems (Werther et al., 

2000).     

2.3.5.3.6 Polychlorinated dibenzodioxins (PCDDs), and polychlorinated 

dibenzofurans (PCDFs) 

Polychlorinated dibenzodioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs) are formed 

in a narrow temperature range of 250-600oC.  Increasing the grate/lower furnace temperature 

can destroy PCDD/PCDF.  Post-combustion reduction strategies include dry sorption with 

activated char and catalytic converters.  Another strategy is to reduce the temperature entering 

the particulate control device to below the formation temperature range(C. Yin et al., 2008). 

Combustion of biomass containing Cl, such as many agricultural residues, can lead to the 

emission of PCDD and PCDF (Werther et al., 2000). 

2.3.5.3.7 Particulate matter and heavy metals 

Particulate matter and heavy metals are emitted in the form of soot, fly ash particles, aerosols, 

and metal fumes (Turns, 2000).  Bottom ash is another form of ash produced during 

combustion, but is not a major contributor to air pollution.  Aerosols from biomass are of high 

concern because they since the higher zinc content of biomass aerosols can cause more lung 

damage than coal emissions.  Post-combustion measures are employed to reduce the emissions 

of aerosols.  Dust-precipitation technologies include (in order of descending efficiency and 
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effectiveness) bag house filters, electrostatic precipitators, flue gas condensation units, 

cyclones, and multi-cyclones.  Sorbents can also be used to reduce aerosols (C. Yin et al., 2008). 

For pine sawdust, emission factors of all pollutants are lower than coal.  For wood, VOC 

emissions are higher than coal, but all other emission factors are lower.  Several sawdust 

emission factors are lower than for wood lumps including dust (Ross et al., 2002).   

The ash of agricultural residues contains high levels of K2O are found in agricultural biomass 

due to the use of fertilizers, but low levels of Na2O compared to sewage sludge, wood, peat, 

and bituminous coal (Werther et al., 2000).  The ash from all biomass emits particles (Werther 

et al., 2000).  Biomass containing heavy metals (urban waste wood, sludge) may emit Pb, Zn, 

Cd, Cu, Cr, Hg, etc (Werther et al., 2000). 

Air toxic emissions of biomass combustion is low when co-fired with coal due to the high 

furnace temperatures (Demirbas, 2005).  Co-combustion emissions factors are lower than 

calculated additively (Ross et al., 2002).  Replacing coal by biomass will reduce toxic metal 

emissions (Ross et al., 2002).  Alkali metals and alkaline earth metals in the ash (Si, K, Na, S, Cl, 

P, Ca, Mg, and Fe) lead to toxic emissions, fouling, and slagging.  Ash deposits reduce the heat 

transfer and can cause corrosion.  Biofuels co-fired at less than 20% thermal input does not 

increase risk of ash deposition or slagging (Demirbas, 2005; Miller & Miller, 2007).  If the 

verbiage of ASTM C16 should be changed to allow use of co-fired ash, the ash from the co-firing 

could be used to make concrete.  Co-firing of coal/biofuel at an 80/20 ratio does not alter the 

ash chemistry in a way that would make it inappropriate for use in concrete.  The (Miller & 

Miller, 2007). 
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2.3.5.3.8 Carbon Dioxide 

Biomass is an attractive fuel because it has the potential to be CO2 neutral (Werther et al., 

2000).  CO2 production is generally lower for biomass than coal combustion (Demirbas, 2005). 

Biomass can reduce the greenhouse gas pollution by replacing fossil fuels since biomass can be 

considered carbon neutral (Demirbas, 2004, 2005).   

2.3.5.4 Biogas Emissions 

Similar to biomas, there are two types of emissions from biogas: unburned pollutants and 

pollutants influenced by the fuel properties (Werther et al., 2000). 

Biogas is formed mostly of methane.  The additional sulfur and heavy metals cause the 

emissions from biogas to be higher than for methane.  Due to the poisonous effect of sulfur and 

heavy metals on catalysts, it is not ideal to use catalytic post treatment to reduce NOx 

emissions.  Upstream purification using filters are expensive and not fully developed (Roubaud 

& Fabarat, 2005).  Therefore, most research into biogas emissions are focused on determining 

other methods for minimizing NOx and other emissions from biogas.   

2.3.5.4.1 Mild Combustion 

One NOx reduction strategy studied is mild combustion.  Mild combustion characterized by high 

recycle ratio and high temperatures has proved to reduce NOx and other emissions for methane 

combustion.  This paper examines the possibility of using this technique for methane mixtures, 

namely natural gas and biogas.  Biogas was approximated as a CH4/N2 equimolar mixture.   
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Mild combustion is also called diluted or flameless combustion.  This research studies the use of 

mild combustion with methane mixtures, natural gas and biogas.  Recirculation reduces the 

lower heating value (LHV) of the already diluted methane mixtures.  Mild combustion of the 

methane mixtures is studied in a small experimental testing combustor, but the results are 

applicable to larger, actual combustors. 

Mild combustion is demonstrated to be a viable emissions reduction technique for natural gas 

and biogas.  Operating parameter maps of average temperature versus recycle ratio are 

presented.  It was determined that the transition from flame to mild region occurs at a lower 

recycle ratio than pure methane.  However, the transition from mild to no-combustion region is 

not significantly different. 

Mild combustion is an effective emissions reduction strategy for methane mixtures including 

natural gas and biogas.  Mixtures with CH4 volume percentages down to 10-15% can be used 

without significantly reducing the thermal efficiency; this corresponds to a LHV of 5000 kJ/kg.  

Mild combustion significantly reduces NOx emissions for methane mixtures to 15ppm at 3% O2 

or lower.  Soot and PAH formation are also prevented by using mild combustion.  Mild 

combustion reduces the dependence of NOx, soot, and PAH emissions on fuel type, 

temperature, and equivalence ratio (Effuggi, Gelosa, Derudi, & Rota, 2008). 

2.3.5.4.2 Pre-chamber Ignition 

Although less common, reciprocating engines can be used to generate electricity using biogas.  

This paper explored meeting emissions limits such as Switzerland’s stringent 250 mg/Nm^3 
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(400 for biogas) of NOx and 650 mg/Nm^3 for CO using pre-chamber ignition while maintaining 

high efficiency (Roubaud & Fabarat, 2005).  The CO2 balance can be considered neutral.   

Lowering the compression ratio as a means of lowering NOx results in decreased efficiency.  The 

high CO2 content of biogas reduces the flame speed and thus the efficiency, so a fast burning 

engine design can increase the efficiency.  Pre-chamber ignition is a way of increasing the flame 

speed.  With natural gas, holding the compression ratio constant at 12, pre-chamber ignition 

reduces CO and hydrocarbon emissions by 40% and 55% respectively while achieving NOx 

emissions of less than 250 mg/Nm^3; the efficiency is only slightly reduced.  With simulated 

biogas, CO and HC were reduced by 15% and 8% respectively with the same NOx emissions; the 

efficiency varied between 0.36 and 0.37.  With a spark timing of 8 CABTDC (crank angle before 

top dead center), the emissions were well below Swiss emissions limits; however, simulated 

biogas has an efficiency of 1% less than natural gas.  In this paper, spark timing advance and the 

increase of compression ratio are used to attempt to increase the efficiency.  

Biogas is simulated using 40% CO2 and 60% natural gas.  The simulated biogas has lower 

emissions compared to natural gas, but a 1% decrease in efficiency.  With a higher compression 

ratio (increased to 13.3 from 12.0), the efficiency was increased to 37.7% while keeping 

emissions below Europe’s most stringent emissions standards (final results are NOx: 311 

mg/Nm^3, CO: 589 mg/Nm^3).  The conclusion of this research is that biogas is a viable and 

environmentally friendly fuel (Roubaud & Fabarat, 2005). 
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2.3.5.5 Summary of Biomass & Biogas emissions 

Biomass compositions vary significantly depending on type of fuel and combustion technology.  

In general:  

 PIC’s are higher for biomass compared to coal due to the lower temperature of 

combustion.   

 Thermal and prompt NOx are lower for biomass compared to coal also due to the lower 

temperature of combustion.  Therefore, fuel NOx is the most significant source of NOx 

emissions. 

 Post combustion clean-up is not possible due to catalyst poisoning.  Therefore staged 

combustion and selective non-catalytic reduction are used to reduce NOx. 

 NOx emissions control measures can have an inverse effect on N2O emissions.   

 Biomass high in Cl (particularly agricultural residues such as straw) will produce high 

amounts of HCl.   

 Biomass generally has lower SOx emissions than coal due to the lower sulfur contents of 

the fuel.   

 The levels of dioxin and furan (PCDD and PCDF) emissions are directly related to Cl 

levels.   

 The biomass emissions of PCDD and PCDF can be reduced with co-firing due to the 

higher combustion temperatures.   

 Particulate matter and heavy metals from ash vary significantly.  However, biomass 

generally has lower toxic metal emissions than coal.   
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Co-firing coal with biomass is beneficial because it: 

 Reduces GHG emissions due to the carbon-neutrality assumption for biomass 

 Reduces SOx emissions 

 Reduces NOx emissions  

 Reduces toxic emissions due to combustion at higher temperatures than biomass 

combustion 

 Reduces toxic metal emissions 

 

Additionally air toxic emissions including dioxins and furans from biomass are reduced when co-

fired with coal due to the higher temperatures.   

Biogas has high levels of sulfur and heavy metal pollutant emissions.  This also makes NOx 

emissions reduction difficult because catalysts cannot be used due to the poisonous effect of 

sulfur and heavy metals.  Two strategies shown to reduce biogas emissions are  

1) mild combustion for a continuous combustion system (reduces NOx, soot, and PAH 

emissions), and  

2) pre-chamber ignition for reciprocating engines (reduces NOx and CO emissions). 
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2.4 Renewable Electricity Standard (RES) Regulation 

California has adopted a Renewable Electricity Standard to increase the renewable electricity 

penetration to 20% by 2010 and 33% by 2020.  The California RES regulations are expected to 

reduce greenhouse gas (GHG) emissions by 12 MMTCO2e and reduce criteria and toxic air 

pollutants by hundreds of tons (Chin et al., 2010). 

2.4.1 Nationwide Renewable Electricity Goals 

Various states have adopted Renewable Portfolio Standards (RPS), but to date there are no 

federally mandated RPS goals.  A map summarizing state RPS goals in the United States is 

shown in Figure 17. 

 

Figure 17: Nation-wide State RPS Goals (Department of Energy, 2011) 
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2.4.2 California Renewable Electricity Standard Regulation 

The California Renewable Portfolio Standard was initiated in 2002 with Senate Bill 1078.  It 

initially set a goal of 20% renewable energy by 2017.  In 2006, Senate Bill 107 accelerated the 

20% deadline to 2010.  Executive Order S-14-08 and Executive Order S-21-09 added an 

additional goal of 33% renewable energy by 2020 in addition to the goal of 20% by 2010. 

Greenhouse gas emissions reduction goals have been progressing alongside RPS regulation.  

GHG regulation is closely tied to RPS regulation since increased renewable penetration is 

expected to be a significant contributor to GHG reduction in the state.  The goal to reach 1990 

levels by 2020 and to reach 80% below 1990 levels by 2050 were introduced in 2005 with 

Executive Order S-3-05 further legislated in 2006 with Assembly Bill 32 (AB32).  On April 12th, 

2011 SBX1-2 was signed by Governor Brown which states that by law 33% renewable energy 

must be reached by 2010. 

2.4.3 Required Renewable Energy Requirements 

Scenarios developed in previous studies have varying estimates of 2020 electricity loads and 

required renewable generation ranging from 45,000 GWh to 75,000 GWh according to the CEC 

“2009 Integrated Energy Policy Report”.  The estimates vary due to the predicted electricity 

demand, energy efficiency measures, combined heating and power implementation, and 

existing renewable estimates.  The amount of required renewable generation is directly related 

to the load because the RPS goal is a percentage rather than an amount of electricity. 

The estimated amount of existing renewable energy also varies depending on the study and 

ranges from 27,000 to 37,000 GWh (California Energy Commission, 2009).  It depends on the 
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year the estimate was made, whether out-of-state renewable generation was included, and the 

types of renewable energy claimed.  

Various forecasts of load and required renewable are compared in CEC’s “Proposed Method to 

Calculate the Amount of New Renewable Generation Required to Comply with Policy Goals” as 

shown in Table 10.  



 

1 

Table 11: Comparison of 33 Percent Renewable Net Short Calculations Used in Different Electricity Infrastructure Studies (California Energy Commission, 
2011) 
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To address these discrepancies, the CEC developed a “California Energy Demand 2010-2020 

Adopted Forecast” as shown in Figure 18.  

 

Figure 18: Statewide Electricity Consumption (Kavalec & Gorin, 2009) 

 

2.4.4  California Renewable Electricity Standard Scenarios 

Since the goals have been established many studies have been accomplished by various 

California Agencies for developing and analyzing various renewable implementation scenarios. 

There are several 20% Scenarios that have been developed including the ARB’s High and Low 

Load scenarios (ARB, 2010), CPUC’s 20% Reference Case (CPUC, 2009), CEC’s 2010T and 2010X 

scenarios (CEC, 2007), and the CAISO 20% Scenario.   
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There are also many other 33% Scenarios including the ARB High and Low Load scenario (ARB, 

2010), the CPUC Reference High Wind and High Out of State Delivered cases (CPUC, 2009), the 

CEC High Wind, High Solar, and High DG scenarios (CEC, 2009), and the ICF’s Reference, High 

Wind, and High Central Station Solar scenarios (ICF, 2009), and the CAISO/CPUC Long Term 

Procurement Plan (LTPP) Trajectory, Environmentally Constrained, Cost Constrained, and Time 

Constrained scenarios (CAISO, 2011).  These scenarios are presented below. 

Several scenarios have been developed by the CPUC and ARB using the E3 Calculator.  The 

original version for the CPUC was designed to analyze the 33% Renewables Portfolio Standard 

(Energy + Environmental Economics, 2009).  This excel file was modified for the ARB with 

updated data to take into account the differences between the Renewable Portfolio Standard 

and the Renewable Electricity Standard (Energy + Environmental Economics, 2010).  PLEXOS 

Solutions and Aspen Environmental Group were part of the consultant team along with E3 

(Energy Environmental Economics).  Black and Veatch, although not an official consultant, 

contributed by calculating the available PV space on roofs and in rural areas, along with other 

work it did for RETI.  (California Public Utilities Commission, Douglas, Stoltzfus, Gillette, & 

Marks, 2009) 

The E3 Calculator incorporates cost and location data from RETI, some of which can be found in 

the RETI “Renewable Energy Transmission Initiative Phase 1B” (Pletka et al., 2008).  The E3 

Calculator also uses results from the GHG Calculator developed with data from NREL and 

Energy Information Administration to supplement the RETI database.  Data from the CPUC 

Energy Division project database was used to determine short-listed projects (California Public 
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Utilities Commission, 2009).  Distributed energy potential was also calculated with Black and 

Veatch taking charge of the distributed PV calculations.  (California Public Utilities Commission 

et al., 2009) 

The resources are spatially resolved into renewable resource zones, which are groups of 

resources that are can be modeled similarly, or are close together geographically and therefore 

will share the same transmission “trunk line”.  Next renewable projects are given rankings 

based not only on cost, but also six factors including RETI environmental issues, its transmission 

footprint, pre-identified versus proxy projects, proximity to sensitive lands, and projects on 

federal land.  Finally, based on their ranking, renewable projects are chosen to meet the 

electricity demand.  (California Public Utilities Commission et al., 2009) 

Both the RPS and RES Calculators have Pre-Defined Scenarios as well as a Custom Scenario 

Selection Menu with which other scenarios can be developed.  The RPS Calculator scenarios 

include 20% reference, 33% reference, out-of-state, high DC, high wind, high solar, low gas/low 

CO2 33% RPS, high gas/high CO2 33% RPS, low load sensitivity 33%, low-cost (thin-film) solar 

case, all-cost (thin-film) solar case, and all-gas build out cases all with the mid-case load 

forecast.  In the RES Calculator the Pre-Defined  Scenarios include business as usual, proposed 

regulation, bundled RECs, and an in-state case, all of which can be analyzed at Low, Mid, or 

High Net Short.  High Net Short is the highest prediction of electricity demand whereas Low Net 

Short takes into account other RES measures that will significantly reduce electricity 

consumption.  (California Public Utilities Commission et al., 2009) 
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2.4.4.1  ARB Scenarios 

The following scenario that was presented in the ARB document “Proposed Regulation for a 

California Renewable Electricity Standard” (Chin et al., 2010).   

The high and low load scenarios for the 20% and 33% Scenarios are shown in Table 12 and 

Table 13. 
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Table 12: ARB High Load Scenario (Chin et al., 2010) 

 

 

Table 13: ARB Low Load Scenario (Chin et al., 2010) 

 

This study also includes an analysis of criteria pollutant emissions as shown in Table 14.  

However, the emissions are not spatially and temporally resolved; therefore the data does not 

provide sufficient information for an air quality analysis.   
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Table 14: Criteria Pollutant Emissions Reductions ARB High Load Forecast 

 

 

There were other scenarios presented in various ARB documents including the Status Report: 

“Evaluation of Environmental Impacts of the Renewable Electricity Standard” (California Air 

Resources Board, 2010a) and the “Plausible Compliance Scenarios for the 33% Renewable 

Electricity Standard” (California Air Resources Board, 2010b).  The high load scenarios at 33% 

integration from all three reports are compared in solar at 34%, geothermal at 22%, and small 

penetrations of biogas and hydro. 

Table 15.  The values for the various renewable types vary between scenarios, but on average, 

Wind is the highest percentage at 37%, followed by solar at 34%, geothermal at 22%, and small 

penetrations of biogas and hydro. 
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Table 15: New Renewable Energy for 33% High Load (GWh) 

 Resource 
Proposed 
Regulation 

Evaluation of  
Environmental 
Impacts 

Plausible 
Compliance 
Scenarios Average 

Standard 
Deviation 

Average 
Percentage 

Wind 24290 19790 24547 22876 2675 37% 

Solar 
thermal 16240 13700 16087 15342 1424 25% 

Solar PV 3352 6470 6764 5529 1891 9% 

Geothermal 18780 10125 11472 13459 4657 22% 

Solid fuel 
biomass 1386 2300 3003 2230 811 4% 

Landfill/ 
digester gas 1326 2080 2077 1828 434 3% 

Small hydro 757 177 177 370 335 1% 

Total 66131 54642 64127 61633 6137 100% 

 

2.4.4.2 CPUC Scenarios 

The early CPUC study is discussed in the report “33% Renewables Portfolio Standard 

Implementation Analysis Preliminary Results” (California Public Utilities Commission et al., 

2009).  The scenarios presented here include not only 20% and 33% renewable integration 

scenarios, but also a high wind case, a high out-of-state delivered case, and high distributed 

generation case, all analyzed at a mid-case load forecast.   
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Figure 19: CPUC Scenarios (California Public Utilities Commission et al., 2009) 

 

2.4.4.3 IFC International Scenarios 

Details from the initial findings of ICF International were presented at the June 29, 2009 Joint 

Integrated Energy Policy Report and Renewables Committee Workshop “Electricity System 

Implications of 33 Percent Renewables” in the presentation “Impact of Variations in Renewable 

Generation on California’s Natural Gas Infrastructure (Draft)” (Petak & Brock, 2009). 
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Table 16: ICF Expected Generation in 2020  (Petak & Brock, 2009) 

 

 

2.4.4.4 CEC Scenarios 

In the CEC report “2009 Integrated Energy Policy Report” compares Renewable Energy 

Scenarios from the CEC study, the ICF International study, and the CPUC study as shown in 

Figure 20.  The estimates of the electricity demand and therefore the renewable energy 

requirement vary between studies. 



 66  
 

 

Figure 20: Comparison of Renewable Energy Scenarios (California Energy Commission, 2009) 

 

2.5 Intermittent Renewable Energy Integration 

Wind power will become a large source of energy as it is technically and economically viable.  

Photovoltaic power is also a promising technology and has been growing by 20%-25% per year 

worldwide (Carrasco et al., 2006).  Wind and solar are two of the most developed renewable 

energy sources; unfortunately, they are also two of the most intermittent renewable energy 

sources.   



 67  
 

As described in “Power-Electronic Systems for the Grid Integration of Renewable Energy 

Sources: A Survey”, as renewable sources of energy, such as wind and solar, become 

increasingly prevalent, the issue of intermittency becomes a greater concern. 

Energy storage technologies will decouple energy sources and demand.  (Carrasco et al., 2006).  

Flywheels are best used for short time scales.  The flywheel works by being driven by an electric 

motor during times of excess energy, and then drives the motor during times of high demand.  

Hydrogen can also be used to store energy.  It is particularly useful for balancing fast, dramatic 

power variations.  Another advantage is that it can be used for stationary or transportation 

purposes.  Compressed-Air Energy Storage can also be used for energy storage.  In these 

systems, energy is stored in an air reservoir or caverns.  Supercapacitors can be used for short 

timescales.  Battery storage including lead acid, lithium, and nickel can also be used to balance 

intermittent renewable sources.  Pumped-Hydroelectric Storage can be used for capacities up 

to 30 to 350 MW with a 75% efficiency, but is limited by available land area and topography.  

(Carrasco et al., 2006) 

There are many strategies in addition to energy storage for successful achieving a high 

penetration of renewable energy.  Modification of grid planning and operations strategies 

would support the introduction of additional renewable energy.  Increasing demand response 

capacity would increase grid flexibility.  Faster markets would address rapid fluctuations in 

generation.  Transmission additions and upgrades would allow for the transmission of the 

renewable energy.  Larger balancing areas can reduce the intermittencies by taking advantage 

of weather variances between regions.   
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Adoption of wind forecasting can also help by allowing grid operators to prepare necessary 

balancing power.  Market and policy initiatives can make renewable integration more 

economically viable.  Technical evolution will also be key; greater operational flexibility, new 

market features and products, grid-friendly wind plants, and storage will assist with the 

integration of renewable energy (DeCesaro, Porter, & Milligan, 2009).  In the event that these 

other strategies are not sufficient, curtailment of renewable resources may also be necessary 

during peaks in renewable generation. 

2.5.1 Intermittent Wind Integration 

The paper “Wind energy and power system operations: A review of wind integration studies to 

date” provides a summary of the results from studies by utilities between 2003 and 2008 

concerning the integration of wind power.  Over 12 studies are considered including the 

Department of Energy study which found that no changes would be necessary for wind 

penetration up to 20%, and the North American Electric Reliability Corporation study which 

demonstrates that changes in grid operation would be necessary for high integration renewable 

resources. 

Wind integration studies and common findings are presented in this paper.  Most of the studies 

have been prospective and study increasing wind penetration by various deadlines.  It is 

important for the load and wind generation to be from the same time period because weather 

directly affects both.  Therefore, since the studies look at future cases rather than past cases, 

wind generation is simulated using various methods.  Two approaches were used to examine 
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wind integration costs; the first calculates the cost of load balancing the wind generation; the 

second compares the wind power’s net value to fuel and other cost reductions. 

Many common findings are presented.  It is found that the cost of wind integration would not 

be high, 10 percent or less of the wind generation value.  Most studies show negligible effects 

on regulation time scales (less than 10 minutes).  Larger effects are found over load following 

time scales (10 minutes to a few hours).  The highest cost is found at unit commitment levels 

(several hours to several days) because uncertainty in the wind forecast can result in over 

generation or under generation by generating units which can result in using expensive quick-

start units or short-term purchases. 

Strategies for high wind penetration are discussed such as transmission additions and upgrades, 

deployment of grid-friendly wind plants, balancing areas, wind forecasting, new market 

features and products, increasing operational flexibility, faster markets, demand response, 

storage, and wind curtailment.   

The major findings of this review are that integration is possible and studies focus on 

integration strategies and cost; new studies including CAISO, NREL, and NERC are in the works; 

necessary changes include grid planning and operations, technical evolution, adoption of wind 

forecasting, and market and policy initiatives.  This paper provides a good overview of the wind 

integration studies.  (DeCesaro et al., 2009). 

2.5.1.1 Variable-Speed Wind Turbines 

Power-electronic technology will be important to the integration of renewable energy.  

Variable-speed wind turbines will be the next big improvement in wind power.  This technology 
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can deal with changes in wind speed.  The rotor also acts as a flywheel reducing the 

intermittency of wind power.  The annual energy production of a variable-speed wind turbine is 

5% greater than a fixed-speed turbine.  This type of wind turbine requires a more complex 

power electronic converter than a fixed-speed turbine.  (Carrasco et al., 2006) 

2.5.1.2 Storage and Wind 

There are many energy storage technologies available and emerging.  The paper “Energy 

Storage and Its Use with Intermittent Renewable Energy” provides an overview of the available 

technologies.  Not only can storage be useful for integrating intermittent renewable energy 

including wind, but it can also be economically beneficial if the appropriate technologies are 

used.  If electricity is stored when the cost of electricity is low (during times of overproduction), 

and is sold when the cost of electricity is high (during times of high usage), a profit can be 

made. 

This research method uses a spreadsheet calculation method to compare the power output and 

cost of various energy storage technologies.  Long term storage technologies including biomass, 

hydrogen electrolysis with fuel cell, and large hydro can store energy for up to 4 months.  

Compressed air energy storage, heat or cold store and heat pump, pumped hydro, and redox 

flow cells can be used to store energy for up to 3 days.  New and old battery technologies can 

be used for up to 8 hours, flywheels can be used for spinning reserves up to 20 minutes, and 

superconducting magnetic energy storage, supercapacitors, and conventional capacitors or 

inductors can be used for 20 second storage to help with voltage and frequency control. 
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Various storage methods are analyzed and compared including power curtailment, maximizing 

energy export, power leveling, and cost-benefit analysis.  Power curtailment means that any 

wind that cannot be absorbed by the grid is wasted.  It is determined that 261 kW can be 

absorbed easily, and wind energy leveled out at 500 kW.  This option is considered 

economically sound because the energy wasted is during low electricity cost periods. 

Maximizing the energy export shows that 10 minute to 1 hr storage results in 10% increase in 

energy and revenue, and daily storage results in 30% increase energy, and a 25% increase in 

revenue.  Power leveling results in 25% higher wind absorption, and a 30% increase in revenue.  

A cost-benefit analysis showed that 10-minute energy storage should be done with flywheels, 

and daily energy storage should use a Regenesys plant. 

It is concluded that flywheels are economically viable for storage periods of 10 minutes and 

would allow 10% increase in usable wind power.  Redox flow cells would be the most 

appropriate technology for storage over a day, but would not be economically justified 

although it would increase the useful wind energy by 25%.  Energy storage would not eliminate 

the need to curtail wind power.  Energy management could increase the wind absorption three 

fold.  (Barton & Infield, 2004) 

The study “Combining hydro and variable wind power generation by means of pumped-storage 

under economically viable terms” presents a case study of the Aegean Archipelago models the 

use of pumped hydro in order to integrate increased intermittent renewable energy.  This 

model is designed to optimize the economic benefits of the system.   
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The energy model consists of two parts, wind penetration ability, and the PHS (pumped hydro 

system) configurations: 

The wind penetration ability is found by a series of steps.  First the dispatch order of fossil-

fueled plants is determined based on cost minimization.  Second, the maximum and minimum 

power productions of the fossil-fueled plants are calculated.  Third, the minimum number of 

plants necessary to meet demand is determined.  Fourth, the maximum wind penetration is 

found.  Fifth, the maximum hourly wind absorptions for the current and potential wind 

scenarios are calculated. 

The PHS system configurations are found using Visual-Basic.  Constraints including reservoir 

capacity, a single piping system, and energy losses are used to calculate the turbine sixing, the 

reservoir volume, the water pump rated power, and the pipe dimensions. 

It is concluded that when optimized for economic benefits, renewable energy sources (RES) 

integration increased 9% resulting in 19% of the energy balance.  RES integration of over 9% is 

still economically viable, although it would not maximize profits.  Profits are achieved by storing 

energy during times of low demand, and dispatching it when demand is high.  Although not 

modeled, local economies would also improve with clean energy because of increases in 

available jobs. 

This paper is quite germane because pumped hydro power will be used as a complementary 

technology for renewable energy integration.  Their model is temporally resolved to an hour’s 

resolution.  It also modeled the dispatch of fossil fuel, which is not spatially resolved, but is 

nonetheless pertinent.  (Kapsali & Kaldellis, 2010) 
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In the paper “Wind-hydrogen energy stand-alone system with carbon storage: Modeling and 

simulation” the integration of intermittent wind is simulated to allow stand-alone operation.  

Hydrogen is used to store wind power at times of high production and is then used to fill the 

valleys in the power production. 

This paper models a system that links wind with a carbon physisorption hydrogen storage 

system.  Direct use of the electricity is combined with battery and hydrogen storage.  A six 

month model is presented in this study. 

The hydrogen is stored in nitrogen cooled tanks with activated carbons by physisorption.  The 

storage cycle includes an initial isobar pre-charging at 0.1 MPa, followed by an isothermal 

charging at 77K.  The discharging begins with an isobar pre-discharging at 6MPa and switches to 

an isothermal discharging at 153K.  The overall system efficiency is found to be 10%.  The 

capacity is good with a gravimetric and volumetric capacity of 10.8% and 32.5 g/l at 6MPa.  (Zini 

& Tartarini, 2010) 

A stand alone system is designed and simulated for wind energy.  Energy is either used directly, 

stored in a battery, or as hydrogen in a carbon physi-sorption storage system.  Hydrogen is used 

in a fuel cell.  The overall system efficiency is 10%. 

The information presented in this paper is on technology that is still in development and is not 

commercially available; however, the idea that hydrogen would be a good storage device to 

balance the load with the integration of intermittent wind generation is of interest. 
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2.5.2 Intermittent Solar Integration 

Increasing energy consumption is deteriorating air quality and using up the limited worldwide 

supply of fossil fuels.  This situation has led to increased in renewable energy.  In the paper 

“Modeling, control and simulation of a PV/FC/UC based hybrid power generation system for 

stand-alone applications”, photovoltaic energy production was modeled with fuel cell and ultra 

capacitor storage capabilities in order to address the discrepancies between user demand and 

solar power generation.   

Fuel cells (FC) and ultra capacitors (UC) are well suited for use with renewable sources due to 

their efficiency and quick load response.  Proton exchange membranes are excellent for use in 

distributed generation because of their flexibility; they are able to ramp up and down in power 

quickly.  Ultra capacitors are good for supplementing the FC at peak loads and times of high 

intermittency, allowing for smaller FC sizing.  Additionally UC banks have a high power density 

compared to batteries.  The model developed can be used to develop and size systems for any 

meteorological condition. 

The capacity of the fuel cell and PV panels is 5 kW, and 12 kW respectively.  The ultra capacitors 

can deliver 750A with a maximum voltage of 48.6 V.  The efficiencies of the FC, PV, and UC bank 

are 20-50%, 20-35%, and 99% respectively.  The efficiency of the fuel cell is dependent on the 

operating point while the efficiency of the solar panels is dependent on the solar radiation, IV 

curve, and temperature.  A controller was modeled to autonomously operate the components.  

The power generated by the PV is used directly towards the demand when possible.  Any over-
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generation is used to charge the UC and to make hydrogen.  At times where PV generation does 

not meet the demand, FC and UC are used to make up the difference.   

To summarize this paper, a PV/FC/UC system is modeled.  The system is a residential stand-

alone micro-grid system.  Appropriate power flow controllers are included in the model.  

Dynamic PV production and demand are tested using actual data.  The system and controls are 

simulated over a day and longer periods with favorable results. 

The model for hydrogen does not take into account energy used for the compression of 

hydrogen or the auxiliary equipment and the compression dynamics.  (Uzunoglu, Onar, & Alam, 

2009) 

2.5.3  Renewable Integration Studies 

There has been a significant amount of research on applicable topics.  Renewable Energy 

Transmission Initiative (RETI) has presented a methodology for determining optimal placement 

of renewable energy based on cost and environmental sensitivity (Renewable Energy 

Transmission Initiative, 2008).  The National Renewable Energy Laboratory’s (NREL) Western 

Wind and Solar Integration Study (WWSIS) is in the process of developing a wind database and 

integrating intermittent wind and solar into grid using large hydro, geographic spacing, and 

inter-state grid networks (National Renewable Energy Laboratory, 2010).  The California Energy 

Commission’s Intermittency Analysis Project recommended measures to effectively increase 

the grid’s renewable energy (Brower, 2007; Yen-Nakafuji, Porter, & Lead, 2007).  
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In the paper “Renewable Energy Futures: Targets, Scenarios, and Pathways” includes a review 

of renewable energy scenarios from various studies from around the world.  The results from 

the study are condensed and displayed below (Martinot, Dienst, Weiliang, & Qimin, 2007). 

Table 17: Summary of Renewable Energy Scenario Results  

Renewable 
Technology 

% Total 
Energy 

Amount Year Place Study 

Wind 29%  
34%  
23% 
8% 
10-26% 

5200TWh 
7900TWh 
7200TWh 
2400TWh 

2030 
2050 
2050 
2050 
2030 

World 
 
World 
World 
Eur. Countries 

GWEC&Greenpeace 
 
Greenpeace & EREC 
IEA’s ETP 
Eur. Comm., Matthes et al. 

Biomass  
 
 
70% 
3-27% 

100-400EJ 
375-450EJ 
100EJ 

2050 
2050 
2050 
2050 
2030 

World 
World 
World 
Netherlands 
Eur. Countries 

Berndes et al. 
Fischer & Schrattenholzer 
Greenpeace & EREC 
Treffers et al. 
Matthes et al. 

Solar thermal 10% 2900 TWh 2050 World Greenpeace & EREC 

Solar heating 
and cooling 

 50% of tot 
300e6 m2  

2030 
2020 

Europe 
China 

ESTTP 

Distributed 
PV 

 
 
35% 
 

250GW 
6900GW 
 
1000GW 

2020 
2040 
after 2040 
2030 

World 
 
 
World 

Bradford 
 
 
EC 

 

2.5.3.1 Denmark Case Study 

The paper “Renewable energy strategies for sustainable development” uses Denmark as a case 

study to determine if it would be possible to achieve a 100% renewable energy system.  In 

order to achieve this, three steps must be taken: energy conservation on the demand side, 

increased efficiency in energy production, and replacement of fossil fuels by renewable sources.  

It is found that it would be possible to achieve this by the 2030s assuming transportation could 

be run entirely on electricity and flexible energy technology systems are developed. 
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This study uses a computer model called EnergyPLAN to analyze the energy balance with a 

temporal resolution of an hour taking into account intermittency, flexible technology 

limitations, and ancillary services.  It uses data on potential energy sources from a study by the 

Danish Energy Agency in 1996.  Various scenarios are run including a reference, demand 

savings, production efficiency, RES, and combined scenario.   

Flexible energy technologies are determined to be important to decrease overproduction of 

energy; the three technologies included in this paper are: first using electricity for 

transportation, second using CHP and heat pumps to increase flexibility in the ratio between 

electricity and heat demand, and third adding electrolysis.  It is found that the energy system of 

Denmark can be converted to 100% RES with the use of 180 TJ/yr of biomass, 5000 MW of 

photovoltaics, and as low as 15 GW of wind power.  The desired wind power can be attained by 

adding 500 MW/year. 

In order in successfully convert Denmark’s energy system to renewable energy sources (RES) it 

is necessary to reduce demand, increase efficiency in energy production, and replace fossil fuels 

with RES.   

Changing completely to RES requires flexible energy technologies including switching from oil to 

electricity to fuel the transportation sector, using CHP plants and heat pumps for the ability to 

change the ratio between electricity and heat demand efficiently, and add electrolyzers to the 

system. 

This paper is quite applicable to the study of integration of renewable energy into the electric 

grid.  However, this research does not touch on the emissions impact of renewable energy 
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integration, nor was it spatially resolved.  The format of this paper is easy to follow and the 

pictures are very clear; however, it does not go into many details about the system flexibility 

improvement strategies or the computer program.  (Lund, 2007) 

 

2.5.3.2 Renewable Energy Transmission Initiative (RETI) 

The Renewable Energy Transmission Initiative works to determine transmission requirements 

to integrate the additional renewable energy to meet the state’s RPS goals.  The RETI Phase 2B 

report presented by Black and Veatch (Renewable Energy Transmission Initiative, 2010) 

presents the second iteration of the economic and environmental ranking of California’s 

Competitive Renewable Energy Zones (CREZ).  The CREZ zones, their power capacity and 

estimated annual energy production is shown in Table 18.  This table also includes the weighted 

average rank cost which includes the generation and transmission costs minus the capacity and 

energy value. 
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Table 18: Renewable Resource Cost Comparison (Renewable Energy Transmission Initiative, 2010) 
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The locations of the CREZs and their relative energy production potentials are shown in Figure 

21. 
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Figure 21: Western Interconnection Renewable Resource Potential; Canada (top); Western US (bottom)  
 (Renewable Energy Transmission Initiative, 2010) 

The environmental impacts are also ranked for the California CREZs.  The economic and 

environmental rankings are shown jointly in Figure 22.   
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Figure 22: CREZ Economic and Environmental Comparison (Renewable Energy Transmission Initiative, 2010) 

 

2.5.3.3 Western Wind and Solar Integration Study by NREL 

The Western Wind and Solar Integration Study (WWSIS) by NREL studies integrating up to 35% 

wind and solar into the WestConnect electric grid (National Renewable Energy Laboratory, 

2010).  This study includes Wyoming, Nevada, Western Colorado, Eastern Colorado, Arizona, 

and New Mexico. 

Wind and solar penetrations are studied up to 30% and 5% respectively as shown in Table 19.  

Three strategies are used: in area, local priority, and mega project.  In area assumes no 
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additional transmission between states, and hence smaller local installations were used.  Mega 

project assumes all the renewable energy projects are large installations that would contribute 

to the power needs of other states.  The local priority assumption falls between the in-area and 

mega project cases.  Four analytical methods are used: statistical, production simulation, 

minute-to-minute simulation, and resource adequacy. 
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Table 19: Scenarios considered in the WWSIS (National Renewable Energy Laboratory 2010) 

 

It is shown that for the 35% case, balancing the renewable electricity can be manageable on 

some days as shown in Figure 23, but can be highly challenging on days with large amounts of 

highly intermittent renewable energy as shown in Figure 24.  Coal plants are generally base load 

plants and are not suited for the load balancing shown in Figure 24. 

 

Figure 23: “35% renewables have a minor impact on other generators during an easy week in July, 2006.  
WestConnect dispatch - no renewables (left) and 30% case (right)” (National Renewable Energy Laboratory, 

2010) 
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Figure 24: “35% renewables have a significant impact on other generation during the hardest week of the three 
years (mid-April 2006).  WestConnect dispatch - no renewables (left) and 30% case (right)” (National Renewable 

Energy Laboratory, 2010) 

 

It is determined that 35% integration of renewable energy is possible if certain practices are 

adopted including balancing area cooperation and sub-hourly generation and interchange 

schedule.  At high levels of wind penetration, the accuracy of the forecasting can make a 

significant difference.  Perfect forecasts are not possible.  Imperfect forecasts can lead to 

reserve shortfalls or curtailment.  Including extra spinning reserves is expensive, so state-of-the-

art (SOA) forecasting should be used to maximize predictive capabilities. 
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Figure 25: "Contingency reserve shortfalls start to become an issue in the 30% case”  
 (National Renewable Energy Laboratory, 2010) 

This study assumed a cost of $9.50/MBTU for natural gas.  Due to this high cost assumption, 

natural gas power would be replaced by renewable energy.  However, if the cost of natural gas 

was lower, for example $3.50/MBTU, coal power would be replaced instead resulting in greater 

emission reductions as shown in Figure 26.   
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Figure 26: "Assuming $9.50/MBTU gas, renewable energy displaces gas (orange).  At lower gas prices 
($3.50/MBTU), coal is displaced instead, resulting in greater emissions reductions (blue).” (National Renewable 

Energy Laboratory, 2010) 

 

2.5.3.4 Modeling Tools 

The paper “A review of computer tools for analyzing the integration of renewable energy into 

various energy systems” provides a review of various computer tools that can be used for 

renewable energy integration analysis.  Although 68 such tools are determined, 37 are chosen 

for review in this paper.  These tools range from single-building systems to country-wide 

systems and consider various technologies and time intervals.  The tools considered for this 

paper are presented in Table 20.
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Table 20: Renewable Energy Integration Computer Tools (Connolly, Lund, Mathiesen, & Leahy, 2009) 

 

 



 

 
89 

A survey was sent to the various programmers of the computer tools asking them various questions about their software.  The 

results presented include the level of usage, availability, type of tool (optimization parameter etc), type of analysis (geographical are, 

timeframe, time-step), energy sectors (electricity, heat, transportation).   

This paper provides the reader with information to determine the best tool for their research based on the strengths of the various 

tools.  Some tools are developed for small-scale installations such as single-building or small community applications.  Other tools 

analyze the electricity sector.  Some tools account for heat and/or transportation technologies which allow more flexibility in the 

energy-system resulting in increased potential renewable energy integration levels.  Four tools (EnergyPLAN, Mesap PlaNet, 

INFORSE, and LEAP) have been used to analyze 100% integration of renewable energy.  Other tools are useful for time resolution of 

one hour or less (EnergyPLAN, Mesap PlaNet, H2RES, and SimRen). 

This paper provides a good overview of what tools have been developed, their scopes, and projects/research they have been applied 

to.  However, the E3 calculator is one of the tools the authors decided not to include in this paper.  It would have been interesting if 

they had because it has been used to determine many potential scenarios for California’s future renewable energy integration.  This 

paper is well laid out with many useful tables comparing various tools followed by descriptions of each tool (Connolly et al., 2009). 
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2.5.4 California Integration Studies 

Before the adoption of the RES goals, integration of renewable energy into the California Electric grid was analyzed in the paper 

“Using energy scenarios to explore alternative energy pathways in California”.  Three scenarios are considered: Split Public, Golden 

State, and Patriotic Energy.  The Split Public scenario assumes that renewable energy adoption would be in the hands of individuals.  

The Golden State is a scenario where the state places importance on renewable energy integration.  The Patriotic Energy scenario 

focuses on avoiding foreign energy dependence (Ghanadan & Koomey, 2005).  The percentages of electricity generated by 

renewable and the GHG emissions from each of the three scenarios are shown in Figure 27 and Figure 28. 
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Figure 27: Fraction of electric power generation for various scenarios (Ghanadan & Koomey, 2005)  
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Figure 28: Greenhouse gas emissions for various scenarios (Ghanadan & Koomey, 2005) 

 

2.5.4.1 Intermittency Analysis Project by CEC 

California’s Intermittency Analysis Project by the CEC studies the history of wind technologies in California and internationally in 

order to determine the impacts on the electricity grid from high renewable penetration (California Energy Commission, Public 

Interest Energy Research Program, & Intermittency Analysis Project Team, 2007).   
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Several reports are available in addition to the final report.  “Impact on Past, Present and Future Wind Turbine Technologies on 

California Grid” (California Energy Commission & BEW, 2006) discusses the history of wind generation in California.  The 

“Intermittency Analysis Project: Characterizing New Wind Resources in California” (California Energy Commission, Public Interest 

Energy Research Program, & AWS Truewind, 2007) outlines the method of choosing the wind sites and modeling the wind data.  

“Summary of Preliminary Results for the 2006 Base and 2010 Tehachapi Cases” is an interim report.  “Review of International 

Experiences Integrating Variable Renewable Energy Generation” explores integration in Denmark and Germany and strategies such 

as grid codes.  “Intermittency Impacts of Wind and Solar Resources on Transmission Reliability” and “Intermittency Analysis Project” 

are included as appendices to the final report.   

The wind areas of interest are shown in Figure 29.  The red circles and numbers represent potential areas for future installations.    
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Figure 29: “Eleven areas of interest for new wind generation capacity (pink ovals) and three existing resource areas (Altamont, Pacheco, and San Gorgonio 
Pass)” (California Energy Commission, Public Interest Energy Research Program, & AWS Truewind, 2007) 

 

Table 21 shows the scenario capacities by region for the existing, 2010, and 2020 wind installations. 
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Table 21: Scenario Capacities (California Energy Commission, Public Interest Energy Research Program, & AWS Truewind, 2007) 
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Many of the areas with the highest wind speeds are already being exploited or are projected for 2010.  By 2020, areas with lower 

wind speeds will have to be harnessed as well. 

 

Figure 30: Capacity and mean wind speeds of existing, 2010, and 2020 wind installations (California Energy Commission, Public Interest Energy Research 
Program, & AWS Truewind, 2007) 

 

Wind data is simulated for three years of hourly wind generation at 233 sites in 14 areas.  It is also forecasted next-day and four-

hour-ahead wind generation.   
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Figure 31: Simulated wind data (left); forecasted wind (right) (California Energy Commission, Public Interest Energy Research Program, & AWS Truewind, 
2007) 

 

2.5.4.2 ARB Climate Change Scoping Plan 

The ARB Climate Change Scoping Plan covers all aspects of meeting the California Global Warming Solutions Act of 2006.  This report 

includes the expected GHG mitigation effects of renewable energy integration (Nichols & Goldstene, 2008).                                               
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Table 22: 2002-2004 Average Emissions and 2020 Projected Emissions Business-as-Usual (MMTCO2E) (Nichols & Goldstene, 2008) 

 

Table 23: Renewables Portfolio Standard Recommendation (MMTCO2E in 2020) (Nichols & Goldstene, 2008) 

 

 

2.5.4.3 ARB Evaluation of Greenhouse Gas Benefits for Renewable Energy Technologies 

The California Environmental Protection Agency Air Resources Board conducted a study analyzing the emissions impact of 

integrating renewable electricity in California and presented results at the April 5, 2010 Workshop (California Air Resources Board, 

2010a).  This study found the greenhouse gas and criteria pollutant emissions associated with integrating 20% and 33% renewable 
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energy.  The RES Calculator developed by Energy and Environmental Economics, Inc. was used to rank renewable energy 

technologies and develop the renewable scenario.  Emissions factors calculated by the ARB were used in this analysis.  The GHG 

emission factors used were those presented in the “Evaluation of Greenhouse Gas Benefits for Renewable Energy Technologies,” at 

the ARB proposed RES rulemaking public workshop on March 18, 2010 (California Air Resources Board, 2010a).  Nuclear and hydro 

are predicted to remain constant and natural gas was assumed to decline with increasing renewable energy.  Wind is expected to 

make up the largest amount of new renewable energy.  Solid fuel biomass will be implemented for low amounts of required 

renewable energy as in the 20% cases.  At higher amounts of required renewable energy, solid fuel biomass will be significantly 

outweighed by solar thermal, geothermal, and solar PV.  Landfill/digester gas and small hydro are also considered in the scenarios. 

The results are found for high and low load forecasts where the high load forecast do not take into account the load reductions due 

to the AB 32 Scoping Plan.  The 2008 level of greenhouse gas emissions were at 103 MMTCO2e/yr.  The 2020 results show a similar 

level of greenhouse gasses for 20% renewable integration high load scenario at 104 MMTCO2e/yr.  The 33% high load scenario has 

lower GHG emissions at 85 MMTCO2e/yr.  The low load scenarios are 20 and 23 MMTCO2e/yr lower for the 20% and 33% renewable 

integration respectively.   

The criteria pollutants NOx, SOx, CO, and PM2.5 are also calculated.  The low load forecast results in reductions for all four criteria 

pollutants at both 20% and 30% renewable integration levels.  The 20% high load forecast also predicts slight decreases in all criteria 
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pollutants.  The 33% high load scenario on the other hand predicts higher levels of certain criteria pollutants.  The results from the 

ARB are not spatially and temporally resolved, but will still be a useful basis for comparison. 

2.5.4.4 CEC Emissions Reductions from Renewable Energy and Energy Efficiency Study 

Synapse Energy Economics, Inc. completed a research project for the CEC to quantify the Emissions Reduction potential from the 

State Implementation Plan (SIP) energy efficiency (EE) and renewable energy (RE) initiatives.  The Ventyx PROSYM Dispatch Model 

was used to model the California electric grid using economic dispatch.  The entire WECC was considered and the state was broken 

up into transmission zones.  A base case scenario, CEC’s High Wind, CEC’s High Solar, and a hybrid of the High Wind and High Solar 

scenarios were considered (Fisher et al., 2011). 

This work, detailed in “Emissions Reductions from Renewable Energy and Energy Efficiency in California Air Quality Management 

Districts” determines the feasibility of using energy efficiency and renewable energy (EE/RE) to meet California’s state 

implementation plan (SIP).  This report is quite well organized; assumptions and limitations of the project are also well documented.   

The solar and wind data shown do not appear to be as intermittent as one might expect.  If there are days of high intermittency, 

more peaking plants may be required to balance the load.  If the ramping and start-ups appear to increase significantly, the 

increased emissions during ramping and start-ups should be considered rather than using constant emissions factors. 
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Assuming that the simplification of constant emission factors is sufficiently accurate, the data used for the emissions factors appears 

sound.  It is erroneous emission factors used in previous studies were corrected.   

Ventyx software was used for this project.  It would be interesting to see a comparison of Ventyx compared to other available 

software used in other government studies such as PLEXOS and E3 (Energy and Environmental Economics).  More detail could also 

be given as far as the capabilities and use of Ventyx for this project.  

The base case used assumed half solar and half wind.  The EE/RE scenarios also only included wind and solar.  It seems simplistic to 

only consider wind and solar renewable energy.  Other sources such as geothermal, biomass, etc could be considered as well. 

It appears that using EE/RE to meet SIP for California air quality districts would not produce significant results.  Most of the 

emissions reductions would be out of state from coal power plants.  The paper seems to imply that CO2 emission reductions out of 

state could go towards meeting California’s SIP.  However, it seems likely that other states would attempt claim these reductions for 

their own state. 

It is unclear whether the CO2 emissions are CO2 equivalent (considering CH4, N20, etc), or if only CO2 emissions are considered.  

There are many emissions that could be considered in future work such as PM, CO, unburned HC, PAH, dioxins, furans, heavy metals, 

and secondary pollutants.   
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It is interesting that peak reduction increases emissions.  This is unfortunate because marginal peaker plant units have low 

efficiency, are often old, and have high start-up and ramping emissions.  It would be interesting to see if taking into account start-up 

and ramping emissions would affect the results.  In addition to EE/RE SIP strategies, a revised dispatch strategy could be 

implemented to favor lower emission power plants such as combined cycle natural gas rather than economic dispatch, which favors 

high emission base loading plants.  In this case, peak reductions would cause peaking units to be replaced by high efficiency, low 

emission base loading plants.  Storage could also be considered to increase peak shaving and to balance intermittent renewable 

energy. 

The displaced energy fraction, NOx, SOx, and CO2 for the Wind, Solar, EE Baseload, and EE Peak are shown in Table 32.  The energy 

efficiency measures have the highest impact on the energy fraction, NOx, and CO2.  However, for SOx, the wind integration has the 

greatest impacts. 
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Figure 32: Displaced emissions by air district (Fisher et al., 2011) 
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2.6 Spatially and Temporally Resolved Emissions 

Studies 

The APEP and the Computational Environmental Sciences Laboratory (CESL) have developed 

Spatially and Temporally Resolved Energy and Environment Tools (STREET) to analyze the 

spatially and temporally resolved emissions and air quality results of various future energy 

technology changes (Stephens-Romero, Carreras-Sospedra, Brouwer, Dabdub, & Samuelsen, 

2009; Stephens-Romero & Samuelsen, 2009).   

Karel Jansen researched the emissions impacts on California’s electric grid associated with the 

addition of plug-in hybrid electric vehicles (K. H. Jansen, Brown, & Samuelsen, 2010).   

Ghazal Razeghi has studied this topic in detail for the South Coast Air Basin.  Razeghi’s model 

also considered the impacts of integrating wind energy into the electric grid.  Her results are 

spatially and temporally resolved with sufficient detail to run an air quality analysis (Razeghi, 

Brown, & Samuelsen, 2011).   

 

2.7 Research Gaps 

As shown in the literature review, many studies have examined the integration of renewable 

energy into the California electric grid.  The E3 calculator has been used for economic dispatch 

of resources.  PLEXOS and Ventyx have been used to examine the transmission and ramping 
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constraints of the electric grid.  The greenhouse gas emissions have been evaluated in for many 

studies as well.  However, there are many gaps in the literature that this thesis addresses. 

One area where there has not been much focus is in complementary technologies.  

Complementary technologies can be used to balance the intermittent renewable energy.  

Energy storage devices, plug-in hybrid electric vehicles (PHEV), as well as distributed generation 

could be used for load balancing. 

Past research has not considered the emissions impact of increased ramping and start-ups of 

peaking and load following plants required to balance renewable energy.  The efficiency during 

partial loading and start-ups are low and could have a substantial effect on the emissions 

associated with renewable energy integration. 

Spatially and temporally resolved criteria pollutant emissions have not been considered in 

previous studies.  When spatially and temporally resolved, criteria pollutant emissions can be 

used in atmospheric chemistry models in order to determine the secondary pollutant emissions 

produced.  Air quality is important for human health and is of particular importance in 

California where there are several areas with reoccurring air quality episodes.   

Previous research can be further expanded by this project.  This thesis addresses the gaps in the 

literature including use of complementary technologies, dynamic emissions, and spatial and 

temporal resolution of emissions.  Pollutant emissions impacts of meeting California’s 33% 

renewable integration goals are determined for various scenarios.   The renewable scenarios 

include complementary technologies, such as storage and distributed generation, required to 

balance intermittent renewable energy.  Spatially and temporally resolved criteria pollutant 
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emissions are determined for each scenario in order to provide input for the air quality impacts.  

The air quality impacts will be determined using the Community Multiscale Air Quality (CMAQ) 

model.   

 

3 Approach 

This section details the tasks involved in achieving the proposed goals and objectives. 

3.1 Task 1: Develop renewable portfolio scenarios 

Implementation scenarios are developed for the 20%, 33%, and 40% renewable energy goals of 

2010, 2020, and 2030 respectively.  The first step is to determine specific combinations of 

renewable power generation and load balancing measures that will minimize emissions and 

cost.  Load balancing can be achieved despite the intermittency of certain renewable energies 

with the use of traditional gas power plants or with alternative complementary technologies 

such as energy storage, distributed generation, and plug-in hybrid electric vehicles (PHEV).  The 

CPUC Long Term Procurement Plan is used in the development of the renewable portfolio 

scenarios. 
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3.2  Task 2: Determine complementary technology 

dispatch 

Complementary technology dispatch is determined using HiGRID (Holistic Grid Resource 

Integration and Dispatch) Model. HiGRID is a model developed at UCI to simulate the electric 

grid.  The complementary technology modules is used to determine the power profiles of the 

demand response, plug in hybrid electric vehicles, storage, and distributed generation required 

to balance the intermittent renewable power profiles. 

3.3 Task 3: Determine generator dispatch 

Generator dispatch is determined using PLEXOS Solutions software.  PLEXOS Solutions is a tool 

that models the electric grid.  A main advantage of this tool is its advanced transmission 

analysis capabilities on top of its resource portfolio, wind integration, and greenhouse gas 

analysis features.  It provides a means for dispatching generators  

3.4 Task 4: Establish locations of emitting sources 

The locations of emitting generators and complementary technologies are important for 

determining the spatially resolved emissions.  Locations of many existing generators are 

available from eGRID, the Emissions & Generation Resource Integrated Database 

(Environmental Protection Agency, 2012).  The new generators and emitting complementary 

technologies in the renewable energy integration scenarios are developed using Geographic 

Information Systems (GIS) data, specifically ArcGIS.  It is important to consider distance, land 
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use, environmental sensitivity, current transmission line locations, and government regulations 

when determining the placement of the renewable energy and supporting infrastructure.   

3.5 Task 5: Analyze criteria pollutant emissions 

The spatially and temporally resolved criteria pollutant emissions of the baseline and each 

scenario will be characterized.  Baseline criteria pollutants such as sulfur oxides (SOx), nitrogen 

oxides (NOx), particulate matter (PM), carbon monoxide (CO), and total organic gases (TOG) 

should be calculated taking into account probable future electric grid changes such as load 

balancing, changes in technology efficiencies, smart grid features.  Once the renewable 

portfolio scenarios and infrastructure distribution are determined, criteria pollutant emissions 

can be calculated.  A MATLAB program will be created to make most of the calculations. 
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4 Methodology 

Various scenarios are developed to meet the renewable portfolio standard.  These include 

renewable technologies and the complementary technologies required to balance the 

intermittencies.  Once the scenarios are developed, the spatial and temporal emissions are 

determined for each scenario.   

4.1 Scenario Development 

The implementation scenarios considered in this study include 33% by 2020 and baseline 

scenarios.   

 

4.1.1 CAISO/CPUC LTTP Scenarios 

The renewable scenarios used in this study are based off the scenarios developed in previous 

studies on meeting the California Renewable Electricity Standard.  The CAISO/CPUC LTPP 

renewable scenarios have been chosen for study.  These are shown Figure 51.   

PLEXOS has been used by the ISO to study 20% renewable integration by 2010 in the report 

“20% Integration of Renewable Resources” (California Independent System Operator, 2010).  

CAISO has also studied the integration of 33% renewable integration as shown in Table 24.  

CPUC Long Term Procurement Plan renewable portfolio, load forecast, and planned 

retirement/addition assumptions are used in this work (California Public Utilities Commission, 

2010) 
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Table 24: CAISO 33% scenarios (California Independent System Operator, 2011b) 

 

The main reason for selecting the CAISO scenarios as primary reference is because it spans a 

spectrum of possibilities by considering varying renewable technology penetrations and varying 

driving forces.  Additionally, it has been developed using PLEXOS which considers grid 

constraints, ramping capabilities, and maintenance outages. 

 

4.1.2 Renewable Intermittency Challenges 

One of the main challenges of increasing renewable penetration is the unpredictable and 

variable generation profile.  Production can be highly dependent on weather, as in the case of 

wind and solar generation.  Sudden changes in weather can cause spikes and dips in power 

production.  These intermittencies in renewable generation must be balanced in order to 

maintain grid reliability.    
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Wind and solar are two of the most intermittent renewable sources, and also two of the most 

developed sources.  Intermittency studies focus more on wind for two reasons.  First, wind is 

more widely adopted since it is cheaper, more efficient, and well developed.  Second, wind 

poses additional technical difficulties since it is less coincident with demand curve.  Figure 33 

shows an example of wind intermittencies.  It demonstrates that in some circumstances, 

maximum load can occur at times of minimal wind generation.   

 

 

Figure 33: Example wind profile (California Independent System Operator, 2010) 

 

Solar will also make up a large percentage of renewable energy integrated in the future due to 

dropping prices and increasing efficiencies of solar technologies.  For this reason, solar 

intermittencies due to cloud cover and its diurnal profile must be considered.  Figure 34 shows 

an example of the effect of intermittent cloud cover on solar power generation. 
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Figure 34: Solar intermittencies (SunPower Inc., 2008) 

 

Balancing the renewable electricity can be manageable on some days, but can be highly 

challenging on days with large amounts of highly intermittent renewable energy.  The Western 

Wind and Solar Integration Study 35% case shows an example of the potential challenges of 

renewable integration (National Renewable Energy Laboratory, 2010).  Figure 35 illustrates the 

effects intermittent renewable energy can have on the electric grid.   

Output from Nevada 70 KW 
array



 113  
 

   

Figure 35: Effects of wind and solar intermittency (National Renewable Energy Laboratory, 2010) 

 

It has been found that there are negligible grid effects on regulation time scales (less than 10 

min) and larger effects on load following time scales (10 min to a few hours) (DeCesaro et al., 

2009).   

 

4.1.3  Required Complementary Technology Capacity 

In order to address the intermittencies due to renewable energy, a set of complementary 

balancing technologies must be developed for each scenario.  Many complementary 

technologies are considered for this project including dispatchable load-following and peaking 

gas power plants, demand response, plug-in electric vehicles , energy storage, and distributed 

generation. 

The amount of complementary technology installed capacity required is determined using the 

analysis presented in the report, Integration of Renewable Resources: Operational 
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Requirements and Generation Fleet Capability at 20% RPS (California ISO, 2010).  The regulation 

and load following up and down requirements are determined.   

It is found that 6,843 MW are required to meet the 33% goal in 2020 as shown in Table 25.   

Table 25: Required Complementary Capacity 

 

It is concluded that, “most operational requirements can be satisfied with potential need for 

measures to address some over-generation conditions.”  However, balancing the renewable 

intermittencies with conventional natural gas plants, could result in high start-up, part-load, 

and ramping emissions.  Therefore, alternative complementary technologies are also 

considered. 

For this project it has been determined that a complementary technology capacity of 6900 MW 

for 33% renewable integration will be necessary as shown in Figure 36. 
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Figure 36: Required Complementary Capacity 

 

4.1.4  Study Parameters 

In this study the parameters that are considered are the renewable penetration (percentage of 

total purchased energy that is produced by renewable power systems), the renewable power 

mix, and the complementary mix as shown in Figure 37.  These are all varied and the output 

emissions will be computed, spatially and temporally allocated and used in an atmospheric 

chemistry and transport model to determine air quality impacts that will be compared. 
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Figure 37: Design of Experiments Approach 

 

Renewable penetrations considered include 33% in 2020 in addition to reference scenarios, 

which consider cases of no renewable penetration, and no additional penetration after 2006.  

The renewable mix includes wind, solar, geothermal, biomass, biogas, and small hydro sources.  

The complementary mix includes load following and peaking plants, demand response, 

distributed generation, storage, and plug-in electric vehicles. 

The potential scenarios that could be developed using these parameters are numerous.  

Therefore, the parameters are varied and plausible scenarios selected in order to explore the 

effects.   
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Figure 38: DOEx Parameters 

 

4.2 Temporal Dispatch 

PLEXOS is a power market modeling and simulation software which will be used to determine 

the dispatch of generators (Drayton, 2013).  It uses economic dispatch in order to determine 

the dispatch order.  The system is split into nodes and transmission lines.  Loads for each node 

are projected and generators are then dispatched.  Fixed dispatch includes solar, wind, 

geothermal, and hydro, since most renewable energy is a must-take.  The reason it is important 

to use renewable energy when it is available is there is no fuel cost for most renewable energy; 
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also, higher amounts of renewable are beneficial for meeting renewable energy requirements.  

After the fixed dispatch sources, other plants feed power into the nodes taking into account the 

transmission constraints throughout the WECC region.  These plants include nuclear, fossil, and 

biomass, steam, and gas turbines.  PLEXOS is also able to model pumped hydro storage. 

CAISO has modeled several scenarios using PLEXOS (California Independent System Operator, 

2013).  The 2020 33% Trajectory, Cost, Time, and Environmentally Constrained CPUC LTTP 

scenarios have all been modeled with 100% traditional complementary technologies.  An All 

Gas base-case has also been modeled for 2020.  The complementary technology profiles 

developed with eGRID are used to modify the input load profiles for each California utility.   

4.2.1 WECC Utilities, Balancing Authorities, and Transmission 

Network 

The CAISO model uses balancing authorities and utilities as nodes for the transmission.  All of 

the nodes are presented in Table 26, organized by state.  

Table 26: Balancing authorities and utilities used in the PLEXOS model 

Canada 

AESO – Alberta Electric System Operator 

BCTC – British Colombia Transmission Corp. 

Arizona 

APS (AZPS) – Arizona Public Service Co. 

SRP – Salt River Project 

TEP – Tucson Electric Power Co. 

WALC – Western Area Power Administration, Colorado 

California 

Humbult Bay 

IID – Imperial Irrigation District 

LDWP – Los Angeles Dept. of Water & Power 
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PG&E_BAY – Pacific Gas and Electric Bay 

PG&E_VLY – Pacific Gas and Electric Valley 

SCE – Southern California Edison 

SDGE – San Diego Gas & Electric 

SMUD – Sacramento Municipal Utility District 

TIDC – Turlock Irrigation District 

Comissión Federal de Electricidad 

CFE - Comissión Federal de Electricidad 

Colorado 

PSC – Public Service Co. of Colorado 

WACM – Western Area Power Administration, Colorado 

Montana 

NWMT – Northwestern Energy, Montana 

WAUW – Western Area Power Administration, Upper Great  Plains 
West 

New Mexico 

NEVP – Nevada Power Co. 

SPP – Sierra Pacific Power 

Utah 

FAR EAST  

MAGIC VLY  

PACE_ID – PacifiCorp East 

PACE_UT – PacifiCorp East Utah 

TREAS VLY  

UT N  

UT S  

Wyoming 

BIG HORN  

CENTL WYO  

PACE_WY – PacifiCorp Wyoming 

SW WYO  
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Northwest 

AVA – Avista Corp. 

BPA – Bonneville Power Administration 

CHPD - Chelan County Public Utility District  

DOPD – Douglas County Public Utility District 

GCPD – Grant County Public Utility District 

PACW – PacifiCorp Washington 

PGN – Portland General Electric 

PSE – Puget Sound Energy 

SCL – Seattle City Light 

TPWR – Tacoma Power 

LFD  

 

These balancing authorities and utility “nodes” can be better visualized through Figure 39 which 

shows the regions and balancing authorities in WECC.  Not all of the CAISO PLEXOS nodes are 

included in this map, as several nodes are electric utilities within a balancing authority region.   
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Figure 39: WECC Nodes and Transmission ((North American Electric Reliability Corporation, 2012) 
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4.2.2 Load Profiles 

Load profiles are generated by Nexant. The load profiles are adjusted to take into account 

energy efficiency, demand side CHP, behind-the-meter PV, and non-event based DR called for 

in the CPUC scoping memo: 

” Existing CHP and DR bundles in the 33% operational study PLEXOS database were 

scaled to match the incremental supply side CHP and DR goals in the CPUC scoping 

memo 

761 MW of incremental supply side CHP was assumed to be online in 2020 with a heat 

rate of 8,893 Btu/kWh per the CPUC scoping memo 

4,817 MW of incremental DR was modeled as supply in 2020 (including line losses).  

Non-event based DR was included in the load profiles and not in the Step 2 database as 

supply side resource” (California Independent System Operator, 2011a) 

 

The load profile is then adjusted to take into account the complementary technology profiles 

calculated with HiGRID.  The load profiles for 2020 are included in PLEXOS.   

4.2.3 Renewable Profiles 

Wind generation is based on ten minute resolved NREL wind speed data for 21 locations in 

California and one location outside of California.  Solar generation is modeled off of satellite 

irradiation data, replacing NREL ground-level data that has been used in the past. (California 

Independent System Operator, 2011a) 
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4.2.4 Complementary Technology Dispatch 

Conventionally, load-following and peaker plants have provided the energy to meet the natural 

variances in power demand as shown in Figure 40.  However, with increased intermittency 

introduced by high penetrations of renewable energy, ramping and start-up emissions can be a 

concern.  When generators are running at part-load, the efficiency is decreased and many 

emissions control strategies are unable to run.  This leads to significantly higher emissions rates.   

 

emissions control strategies are unable to run.  This leads to significantly higher emissions rates.   
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a)  

b)  

c)  

Figure 40: Load-following and peaker plant response to intermittency (Josh Eichman, 2012) 
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Therefore, alternative complementary technologies are considered in an attempt to reduce 

emissions.  The alternative complementary technology dispatch is determined by the HiGRID 

electric grid simulation tool developed at UCI (Joshua Eichman, Mueller, Tarroja, Schell, & 

Samuelsen, 2012).  Regional demand and regional renewable input files are available from the 

CAISO PLEXOS model (California Independent System Operator, 2013).  The regional renewable 

power profiles are subtracted from the regional demand profiles.  This modified demand is then 

used as an input profile for the HiGRID model in order to determine the complementary 

technology dispatch profiles of demand response (DR), plug in hybrid electric vehicles (PHEV), 

storage, and distributed generation (DG).  The original regional demand is then modified with 

the alternative complementary technology dispatch profiles to create adjusted regional 

demand input profiles for PLEXOS.  PLEXOS will then be used to determine the generator 

dispatch when alternative complementary technologies are used to balance renewable 

intermittencies (Drayton, 2013).   
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Figure 41: Method for Complementary Technology Dispatch 

 

HiGRID is used to dispatch alternative complementary technologies to help balance the load.  

These resources are integrated in order of flexibility.  Demand response is integrated first, 

followed by plug-in hybrid electric vehicles, storage, and distributed generation. 

Demand response can balance the utility grid network through energy shifting, peak shaving, 

and reserve margin.  It can be incentivized by electricity pricing structure.  There are also 

devices that can make demand response more viable.  Enabling technologies include smart 

meters and smart appliances.  Building pre-cooling is another demand response strategy is 

where air conditioning is turned on early in the day in order to ride out the peak period as 

shown in Figure 42. 
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Figure 42: Building demand response (R. Yin, Xu, Piette, & Kiliccote, 2010) 

 

Plug-in electric vehicles can affect the grid positively or adversely.  Plug-in hybrid electric 

vehicles can complement the grid by using excess electricity at times of low demand.  This can 

be particularly helpful during times of excess electricity generation.  For example, a case where 

large amount of wind energy is generated during the night when demand is low.   
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Figure 43: PHEV Charging (K. Jansen, 2009) 

 

Storage technologies provide another method for balancing renewable intermittencies.  It 

allows excess energy to be used at a later time, but with an energy loss.  Forms of storage 

include:  

• mechanical - such as pumped hydro, compressed air, and flywheels  

• chemical storage - such as batteries and hydrogen 

• thermal - such as hot water, cold water, or molten salt 

• electrical - such as supercapacitors and superconducting magnetic energy 

storage 



 129  
 

 

Figure 44: Storage (Josh Eichman, 2012) 

 

Various storage technologies are better suited for different goals.  For example, energy storage 

devices can have high power output, but low energy capacity making them well suited for 

frequency control and power quality; these sources can only be used for seconds or minutes at 

a time.  Examples include superconducting magnetic energy storage (SMES), super-capacitors, 

flywheels, and several types of batteries including lead-acid batteries and lithium-ion batteries. 

Technologies that have higher energy capacities and longer discharge times can be used for grid 

support including load balancing and peak shifting.  These technologies include compressed air 

energy storage (CAES), pumped hydro, hydrogen storage, sodium/sulfur batteries (Na/S), and 

flow batteries such as zinc/bromine batteries (Zn/Br), vanadium redox batteries (VRD) at the 

high end.  Flow batteries are able to store more energy than traditional batteries since the 

energy storage capabilities are independent of the power rating.  The electrolytes are stored 

externally and flow through the electrochemical cell.  Therefore the energy storage capacity can 



 130  
 

be increased by making the electrolyte storage containers larger.  These higher energy capacity 

technologies will be considered in these scenarios.   

A graph summarizing the relative power ratings and discharge times of various storage 

technologies are shown in Figure 45.   

 

Figure 45: Power and Discharge Time of Storage Technologies - same as Figure 4(Electricity Storage Association, 
2009) 

 

Distributed generation could also be used to balance the electric grid.  In distributed 

generation, electricity is generated on site using micro turbine generators or fuel cells.  A 

potential advantage of distributed generation is increased efficiency since there are no 

transmission losses, no distribution losses, and the waste heat can be utilized on site (combined 

heating and power).  Additionally, renewable fuels such as biogas or hydrogen derived from 
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renewably-powered electrolysis can be used at the location where it is produced to lower the 

CO2 emissions.  The use of fuel cells instead of micro turbines can also significantly decrease 

emissions.   

 

Figure 46: Distributed generation 
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4.2.5 Generator Dispatch 

PLEXOS is used to produce the power profiles for individual generators.  This data can then be 

post processed to determine the spatially and temporally resolved criteria pollutant emissions.   

Generators are modeled to take into account many technical constraints including rated 

capacity, minimum stable level, ramp rate, start cost and time, minimum up and down times.  

Dispatch resolution is hourly, however intra-hourly operational requirements determined by 

Nexant are used as input for regulation and load following capacity requirements for the CAISO 

PLEXOS model. 

The hourly in-state California generation for the Trajectory, Cost, Environmentally, and Time 

constrained scenarios for a week in the summer and a week in the winter are shown in Figure 

47 and Figure 48 respectively.   
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Figure 47: Hourly California Generation in Summer Week 

 

Figure 48: Hourly California Generation in Winter Week 

The hourly power production of conventional generators (not including renewable generation) 

for each of the utilities in California is shown for a summer week and a winter week in Figure 49 

and Figure 50. 
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Figure 49: Hourly Non-Renewable Generation in Summer Week 

 

Figure 50: Hourly Non-Renewable Generation in Winter Week 
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5 Results 

The scenarios developed, the temporal dispatch, the spatially and temporally resolved 

emissions, and air quality impacts are presented in this chapter. 

5.1 Final Scenarios 

The final scenarios developed for 2020 are presented below.  They include basecase scenarios, 

and renewable scenarios including balancing complementary technologies. 
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5.1.1  2020 Renewable Implementation by 2020 Scenarios 

The four CAISO/CPUC LTPP scenarios for 33% by 2020 cases are used.  These scenarios are 

shown in Figure 51. 

For the 2020 renewable scenarios, the several mixes of complementary technologies have been 

selected.  The scenarios chosen, including the complementary technologies used for balancing 

intermittencies, are shown in Figure 62.  Alternative complementary mixes are examined for 

the Trajectory case to determine the effects of this parameter.   

 

Figure 51: CAISO/CPUC LTTP 33% Scenarios. Adapted from (California Independent System Operator, 2011a) 
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5.1.1.1 Scenario 2020-1: Trajectory with Complementary Mix 1 

 

Figure 52: Schematic description of Scenario 2020-1: Trajectory with Complementary Mix1 

 

Scenario 2020-1 applies complementary technology Mix 1 to the CAISO/CPUC LTTP Trajectory 

Scenario as shown in Figure 52.  The Trajectory Scenario is developed considering market 

factors.  Implementation of 6900 MW of complementary technologies for 33% renewable 

integration is required to balance the intermittencies.  The load following and peaker plants 

account for 100% of the complementary technologies and alternative complementary 

technologies, such as demand response, distributed generation, energy storage, and plug-in 

electric vehicles, make up 0% of the complementary technologies.  These two technologies 

(natural gas load following and peaker plants (mostly gas turbines)) are the current technology 

used for balancing the utility grid network. 
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Mix 1 

 Load following and peaker plants: 100% 

 Alternative complementary: 0% 

 

5.1.1.2  Scenario 2020-2: Trajectory with Complementary Mix 2 

 

 

Figure 53: Schematic description of Scenario 2020-1: Trajectory with Complementary Mix 2 
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Figure 54: Complementary Technology Breakdown for Trajectory with Complementary Mix 2 

 

Scenario 2020-2 applies complementary technology Mix 2 to the CAISO/CPUC LTTP Trajectory 

Scenario as shown in Figure 54.  In Scenario 2020-2, Mix 2 is applied to Trajectory scenario.  

Implementing 6900 MW of complementary technologies for 33% renewable integration are 

necessary to maintain grid reliability.  The load following and peaker plants make up 80% (5520 

MW) of the complementary technologies and the alternative complementary technologies, 

demand response, distributed generation, energy storage, and plug-in electric vehicles,  

account for the remaining 20% (1380 MW).   

Mix 2 (applied to Trajectory scenario) 

 Load following and peaker plants: 80% 
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 Alternative complementary: 20% 

 Demand response: 10% 

o Distributed generation: 5% 

o Energy Storage: 5% 

o Plug-in electric vehicles: 0% 

5.1.1.3  Scenario 2020-3: Trajectory with Complementary Mix 3 

 

Figure 55: Schematic description of Scenario 2020-3: Trajectory with Complementary Mix3 
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Figure 56: Complementary Technology Breakdown for Trajectory with Complementary Mix 3 

 

Scenario 2020-3 applies complementary technology Mix 3 to the CAISO/CPUC LTTP Trajectory 

Scenario as shown in Figure 56.  For Scenario 2020-3, complementary technology Mix 3 are also 

applied to Trajectory scenario.  For 33% renewable integration, 6900 MW of complementary 

technologies are sufficient to balance the renewable energy.  The complementary technologies 

consist of 60% (4140 MW) load following and peaker plants and 40% (2760 MW) alternative 

complementary technologies.   

Mix 3 (applied to Trajectory scenario) 

 Load following and peaker plants: 60% 

 Alternative complementary: 40% 
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o Demand response: 15% 

o Distributed generation: 10% 

o Energy Storage: 10% 

o Plug-in electric vehicles: 5% 

5.1.1.4 Scenario 2020-4: Environmentally Constrained with 

Complementary Mix 1 

 

Figure 57: Schematic description of Scenario 2020-4: Environmentally constrained with Complementary Mix 1 

 

Scenario 2020-4 applies complementary technology Mix 1 to the CAISO/CPUC LTTP 

Environmentally Constrained Scenario as , shown in Figure 57.  Scenario 2020-4 the 

Environmentally Constrained scenario looks at the environmental impacts of the land use 

required for the various types of renewable energy.  Many renewable installations can 
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adversely affect endangered or protected species.  Therefore, in the Environmentally 

Constrained case, as shown in Figure 62, solar PV makes up the largest portion of the installed 

renewable energy due to the use of rooftops for solar installations.  A 6900 MW capacity of 

complementary technologies is required for 33% renewable integration.  The Environmentally 

Constrained renewable scenario is analyzed with load following and peaker plants as the 

complementary technologies. 

Mix 1 

 Load following and peaker plants: 100% 

 Alternative complementary: 0% 

5.1.1.5  Scenario 2020-5: Cost Constrained with Complementary Mix 1 

 

Figure 58: Schematic description of Scenario 2020-5: Cost constrained with Complementary Mix 1 
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Scenario 2020-5 applies complementary technology Mix 1 to the CAISO/CPUC LTTP Cost 

Constrained Scenario as , shown in Figure 62.  Scenario 2020-5 the cost constrained case, 

predicts a large amount of wind installation due to the low cost of wind generation as shown in.  

Implementing 6900 MW of complementary technologies for 33% renewable integration helps 

to keep the grid balanced.  This case is analyzed for the complementary technology Mix 1.  

Mix 1 

 Load following and peaker plants: 100% 

 Alternative complementary: 0% 

5.1.1.6  Scenario 2020-6: Time Constrained with Complementary Mix 1 

 

Figure 59: Schematic description of Scenario 2020-6: Time constrained with Complementary Mix 1 
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Scenario 2020-5 applies complementary technology Mix 1 to the CAISO/CPUC LTTP Time 

Constrained Scenario as , shown in Figure 59.  Scenario 2020-6, the Time Constrained case, has 

more wind, similar to the Cost Constrained case, due to the highly developed state of wind 

technology and the fast build times.  However, there is also more solar PV and less geothermal 

than the Cost Constrained case due to the fast build times for solar PV as shown in Figure 62.  

Implementing 6900 MW of complementary technologies for 33% renewable integration is 

necessary.  This case will also consider load following and peaker plants as the only 

complementary technologies, according to Mix 1.   

Mix 1 

 Load following and peaker plants: 100% 

 Alternative complementary: 0% 
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5.1.1.7  Scenario 2020-7: Reference All Gas 

 

Figure 60: Schematic description of Scenario 2020-7: All Gas Reference Scenario 

 

The renewable scenarios with complementary technologies will be compared to an all gas 

reference scenario.  This scenario removes all renewable generation in California including 

existing renewable energy. 
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5.1.1.8  Scenario 2020-8: Reference No Added Renewables 

 

Figure 61: Schematic description of Scenario 2020-8: No Added Renewables Reference Scenario 

 

A reference scenario that assumes no additional renewable energy is added after 2006 is also 

considered.   The reference case with no added renewables includes renewable sources from 

2009 and earlier, but assumes no additional renewable installations. 
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Figure 62: 2020 Scenarios



 

Advanced Power and Energy Program  149 UC Irvine 

5.1.2  Scenarios Summary 

In summary, six 33% scenarios (CAISO/CPUC LTPP Trajectory Mix 1, Trajectory Mix 2, Trajectory 

Mix 3, Environmentally Constrained, Cost Constrained, Time Constrained) are evaluated.  

Additionally, baseline scenarios are compared to the renewable scenarios.  

 

5.2 Temporal Dispatch 

The temporal dispatch of renewable resources, hydro, complementary technologies, and 

generators for each scenario is presented in this section.    

5.2.1 Renewable Profiles 

The renewable generation for existing renewables and Trajectory Scenario RPS renewables are 

shown for a week in the summer and a week in the winter in Figure 63.  The Existing Renewable 

generation and the Wind/Solar RPS can be seen to generate more electricity in the summer and 

less in the winter due to the increased solar energy.  However the Non-Wind/Solar RPS, 

including geothermal and biomass remains fairly constant due to its base load nature. 
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(a)

(b)  

Figure 63: Trajectory Scenario Renewable Generation in (a) Summer Week and (b) Winter Week 

 

Renewable profiles for the Cost, Environmentally, and Time Constrained scenarios for a week in 

the summer are shown in Figure 64, Figure 65, and Figure 66 respectively.  It can be seen that 

the profiles vary depending on the renewable technologies deployed in the various scenarios.  
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The Cost Constrained scenario has the least percentage of installed solar capacity due to the 

higher cost of solar generation compared to wind.   

 

Figure 64: Cost Scenario Renewable Generation in Summer Week 

 

The Environmentally Constrained scenario has a high distributed photovoltaic solar penetration 

due to the minimal area of disturbed natural habitat by rooftop installations compared to 

solar/wind farm and non-wind/solar power plant installations.  Therefore, there is a much 

higher solar power generation and a more drastic diurnal pattern.   
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Figure 65: Environmental Scenario Renewable Generation in Summer Week 

 

The Time Constrained scenario includes high amounts of wind due to its highly developed 

status and fast installation times.  There is also projected high solar PV penetration due to the 

ease of installation.  However, non-wind/solar power plant installations of geothermal and 

biofuel renewable power technology is minimal due to the longer construction times. 
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Figure 66: Time Scenario Renewable Generation in Summer Week 

 

5.2.2  Hydroelectric Power Profiles 

Hydroelectric (Hydro) power and pumped storage profiles for a week in the summer and a 

week in the winter are shown in Figure 67 and Figure 68.  The amount of available hydro power 

is highly dependent on the time of year.  It can be seen that in summer, water is supplied due 

to run-off of melting snow.  During the winter, snow is not melting into the rivers and streams; 

therefore, there is less hydro power available.   
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Figure 67: Hydro Power Generation in Summer Week 

 

 

Figure 68: Hydro Power Generation in Winter Week 
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5.2.3  Complementary Technology Dispatch 

The regional demand of Southern California Edison (SCE) is used as an example for showing the 

method of determining the complementary technology dispatch.  The orange area represents 

power that is generally delivered by load following and base load generators.  The yellow area 

represents power that must be met with peaker plants.  Peaker plants have particularly high 

emissions.  Therefore, it is beneficial to minimize peaker plant generation.  Generation in SCE 

for a summer week (July 12 – 18, 2020) is shown in Figure 69(a).   

The renewable profiles for SCE including wind, large PV, small PV, distributed PV, and solar 

thermal are subtracted from the demand.  The resulting profile is shown in Figure 69(b).   

(a)  
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(b)  

Figure 69: SCE demand (a) before, and (b) after renewable generation from Trajectory Scenario 

 

The intermittencies from the renewable energy are captured in the modified demand profile.   

Demand response is integrated first due to its limited flexibility and low cost.  The demand 

response is modeled for commercial building, and is therefore only available during work hours.  

Vent fan and interior lighting turn down are the two forms of demand response considered.  

These allow for energy reduction in the buildings.  Reductions in energy usage can be used to 

meet load following up requirements and can therefore displace conventional generation.   
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The power profile for the demand response is shown in Figure 70.   

(a)  

(b)  

Figure 70: Demand response profile in SCE Trajectory Mix 3 for (a) summer, and (b) winter 



 158  
 

In plug-in hybrid electric vehicle (PHEV) and battery electric vehicle (BEV) smart charge 

management, car owners are incentivized to charge their cars at times that would complement 

grid needs.  In the future it may even be possible for car owners to make their cars available as 

a grid storage device.  However, if there is no charging management, charging could be 

common during peak times, which could create potential challenges for the electric grid. 

The power consumption profile is shown in Figure 71.   
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(a)  

(b)  

Figure 71: PHEV and BEV Smart charging profile in SCE Trajectory Mix 3 for (a) summer, and (b) winter 

 

Energy storage is a highly flexible way to balance the grid.  Pumped hydro storage and 

compressed air energy storage are two high power and high energy storage devices.  However, 

pumped hydro depends on high volumes of water, and compressed air energy storage depends 

on underground caverns to store the air.  Flow batteries can be used anywhere and can have a 

high power and high energy storage capacities since, unlike conventional batteries, the 
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electrolyte is stored externally and flows through the battery.  The storage energy profile is 

shown in Figure 72.   

(a)  

(b)  

Figure 72: Power Profile of 1000MW Vanadium Flow Battery in SCE Trajectory Mix 3 for (a) summer, and (b) 
winter 

      

Generally distributed generation is run at maximum capacity.  However, in order to be used as a 

complementary technology, it is run like a load-follower rather than as a base load generator.  

The load point profile of the distributed generators is shown in Figure 73. 
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(a)  

(b)  

Figure 73: Distributed Generation Profile for SCE Trajectory Mix 3 in (a) summer, and (b) winter 
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Figure 74 shows the effects of integrating demand response, PHEV, and energy storage to help 

balance the grid.  Distributed generation could also be used to displace conventional 

generation.  The complementary technologies are able to reduce the difference between the 

peaks and the valleys in the generation profile and reduce the intermittencies.  This is achieved 

by generating when needed and storing excess energy when needed.  
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a)  

b)  

Figure 74: Comparison of a) SCE demand with use of complementary technologies to balance renewable 
intermittencies and b) original profile 
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Figure 75: LADWP Complementary Technology Dispatch 

 

Figure 76: PG&E Bay Complementary Technology Dispatch 
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Figure 77: PG&E Valley Complementary Technology Dispatch 

 

Figure 78: SDGE Complementary Technology Dispatch 
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Figure 79: SMUD Complementary Technology Dispatch 

 

All of the complementary technology emissions are used in order to modify the California load 

profile, however, the distributed generation results in direct emissions.  A comparison of the 

various utilities is shown for the Trajectory case using each of the Mix 2 and Mix 3 

complementary technology mixes.  The early afternoon peak is not as prevalent with the winter 

profile (Figure 80b) compared to the summer profile (Figure 80a). 
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(a)  

(b)  

Figure 80: Trajectory Mix 2 DG Power Profile in (a) Summer and (b) Winter 

The Trajectory Mix 3 distributed generation profiles are shown for the summer and winter in 

Figure 81.  The power capacity of Mix 3 is twice that of Mix 2. 
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(a)  

(b)  

Figure 81: Trajectory Mix 3 DG Power Profile in (a) Summer and (b) Winter 
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5.2.4  Generator Dispatch 

5.2.4.1  2020 Renewable Implementation Scenarios 

A California utility generation comparison of all of the 2020 scenarios is given below.  Figure 82 

shows that the varying types of renewable scenarios including the Cost Constrained, 

Environmentally Constrained, Time Constrained, and Trajectory scenarios can have significant 

variations in the generation profiles required to balance the utility grid network.  Note that the 

greatest amount of power is required for the 2020 No Existing Renewables case while the least 

is required for the Environmental Need Scenario.   

 

Figure 82: Summer Scenario Comparison 
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5.2.4.2 Impacts of Renewable Penetration 

In Figure 83, a comparison of the All Gas (shown as No Existing Renewables) and No Added 

Renewables (shown as Existing Renewables) base cases are shown in comparison to the 

Trajectory Need Mix 1 scenario (with conventional balancing complementary technologies), and 

the Trajectory Need Mix 3 Scenario (with alternative balancing complementary technologies).  

It can be seen that the integration of renewable generation significantly reduces the 

conventional generation.   

 

Figure 83: Trajectory Mix and Base Case Comparison Summer Week 

 

5.2.4.3 Impacts of Complementary Technology Integration 

It can be seen from in Figure 84 and Figure 85, that the addition of complementary 

technologies such as distributed generation, PHEV, storage, and demand response in Trajectory 
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Mix 2 and Mix 3 allows the generators to balance the generation.  Several spikes have been 

smoothed.   

 

Figure 84: Trajectory Mix 1&2 Comparison Summer Week 

With double the installed capacity of alternative complementary technologies, Mix 3 is able to 

further balance the generation profile.  Figure 85 shows decreases of the highest peaks and 

increases of the lowest dips.  This decreases the need for ramping, start-up, and part-load 

operation, decreasing the dynamic emissions. 
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Figure 85: Trajectory Mix 1 & 3 Comparison Summer 

 

The break-down of generation by utility is shown in Figure 86.  Note that there are added 

variations in generation in the Trajectory Scenario compared to the No Added Renewables 

Basecase due to the added renewable intermittencies.  The Trajectory Mix 3 soothes out the 

profile by adding alternative complementary technologies.  One example is a significant dip in 

the SCE generation profile on July 15th in the Trajectory scenario.  This dip is less significant in 

the Trajectory Mix 3 Scenario. 
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(a)  

(b)  
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(c)  

Figure 86: Generation Break-down by Utility (a) Base case No Added Renewables, (b) Trajectory Mix 1, and (c) 
Trajectory Mix 3 

 

5.3 Spatially and Temporally Resolved Criteria 

Pollutant Emissions 

5.3.1 Spatial Locations 

The locations of generators are important in order to determine the spatial resolution of the 

emissions.  Many existing generator coordinates are available through eGRID, the Emissions & 

Generation Resource Integrated Database (Environmental Protection Agency, 2012).  Other 

generator locations are determined through various online searches.   
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Figure 87: eGRID power plant locations (Environmental Protection Agency, 2012) 

The utilities were also added to ArcGIS.  A picture of the utilities and some county shapefiles 

were used to create shape files. The utility shapefiles are useful not only to visually understand 

the locations of generators, but also to determine the emissions locations of the 

complementary technology. 
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Figure 88: California power plants and utilities 

 

Appropriate locations for future power plants and distributed generation are determined 

through ArcGIS land use files (Medrano & Brouwer, 2008).  
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Figure 89: ArcGIS Land Use Data (Medrano & Brouwer, 2008) 

 

5.3.1.1 Distributed Generation Locations  

The emissions for the distributed generation are located based on land use data.  DG is 

assumed to be correlated most highly with industrial and commercial land use.  Land use, grid 

mesh, and utility shapefiles are combined in order to determine the fraction of DG in each 4 by 

4 grid for input into the air quality model.   
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The distributed generation profiles are generated for each utility.  Therefore, it is necessary to 

determine which in utility each of the 4 by 4 grid area fall.  GIS shape files of the California 

utilities are made using graphics interchange format (.gif) maps of the utility boundaries.   

 

Figure 90: Joining of utilities, four by four km mesh, and land use data 
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For each utility, the distributed generation is weighted by land-use.  An example of the 

residential land use data is shown in Figure 91. 

 

Figure 91: Land use and four by four km mesh  

 

The distributed generation is expected to be used for a variety of applications.  However, it is 

projected to be most correlated with Industrial zones.  The distributed generation is spatially 

resolved using weighted land-use data.  The weights of the various sectors are based of the 

percentages presented by Medrano et al in the paper “A methodology for developing 
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Distributed Generation scenarios in urban areas using geographical information systems” 

(Medrano & Brouwer, 2008).  The weights of each type of land-use are shown in Figure 92.   

 

Figure 92: DG Distribution by Weighted Land-Use Data 

 

5.3.2 Criteria Pollutant Emissions 

Once the locations are determined, the hourly criteria pollutant emissions are calculated in 

order to determine the air quality impacts of each scenario. 

5.3.2.1  Steady State Emissions 

The steady-state emissions factors of individual generators are available through eGRID, the 

Emissions & Generation Resource Integrated Database (Environmental Protection Agency, 

2012).  Emissions factors of generators that are not included in eGRID are determined using 

EPA generic emissions factors as shown in Table 27.  These emissions factors in pounds per 

MMBtu (lbs/MMBtu) are used along with the PLEXOS heat rates for each generator in order to 

determine the full-load emissions factors in pounds per MWh (lbs/MWh). 
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Table 27: EPA Generic Emissions Factors (lb/MMBtu) 

Fuel  NOx SO2 CO PM10 NMTOC 

NG GT  NG GT 0.0128 0.00338 0.0295 0.00663 0.00206 
 NG CC 0.0128 0.00338 0.0295 0.00663 0.00206 
NG ST NG ST 0.07451 0.000588 0.096078 0.007451 0.008529 
NG IC Low Load < 90  0.227 0.000588 0.351 0.0095 0.128 
NG IC High Load > 90 NG IC 0.221 0.000588 0.372 0.0095 0.128 
DGas  Biogas 0.007073 0.00653 0.017 0.012 0.00582 

WDS Bio 0.22 0.025 0.06 0.035 0.018 
ST DFO Oil 0.003571 0.020286 0.035714 0.000607 0.005429 
 PC 0.003571 0.020286 0.035714 0.000607 0.005429 
Coal Bit Coal 0.080769 0.021154 0.192308 0.004062 0.001923 

 

5.3.2.2  Dynamic Emissions 

Part load emissions factors will be calculated with the trends determined in the Western Wind 

and Solar Integration Study (National Renewable Energy Laboratory, 2012).  The values of NOx 

shown are national averages.  Therefore, rather than using the exact values of NOx shown in 

Figure 93,  the percentage increases of NOx at 50% capacities are used to determine a trend.  
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Figure 93: Part-load NOx Emissions (National Renewable Energy Laboratory 2012) 

The part-load SO2 emissions are shown in Figure 94.  These trends are used to determine part-

load emissions for specific generators. 
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Figure 94: Part-load SO2 Emissions (National Renewable Energy Laboratory 2012) 

During startup and ramping, there are increased emissions.  Emissions penalties are shown in 

Table 28.   

Table 28: Startup and Ramping Emissions (National Renewable Energy Laboratory, 2012) 
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Dynamic emissions are also determined from the EPA information.  A summary table of the 

various dynamic and part load emissions can be found in Table 29.   

Table 29: Dynamic Emissions 

Generator 
Type 

Nox Start-Up 
Penalty (times 
the full load 
emissions) 

NOx Ramping Penalty (for a 
30% change in load point, 
multiply by full load 
emissions) 

50% Part-Load 
Nox (percent 
increase in 
emissions) 

Full-Load NOx 
Emissions 
Factor 

NG GT 1.8 0.01 0.16 0.1344 

NG CC 6.1 0.08 0.29 0.4571 

NG ST 0.0 0.08 -0.19 0.0745 

NG IC 0.0 0.08 0.03 0.2210 

Coal 1.0 0.08 -0.03 0.0808 
 

Part-load emissions are applied to the distributed generation profiles by interpolating between 

the 50% part-load NOx and the full-load NOx emissions factor.  For any generation below the 

range, the 50% part-load emissions factor is used.  

Startup penalties are applied each time the DG profile changes from zero to generating.  

Ramping penalties are applied every time there is a 30% increase in generation within an hour. 

 

5.3.2.3 Distributed Generation Emissions 

The emissions for the distributed technologies is calculated based on the mix of developed by 

Medrano et al in the paper “A methodology for developing Distributed Generation scenarios in 

urban areas using geographical information systems” (Medrano & Brouwer, 2008).  The main 

difference is that the PV was omitted because it would not be able to act as a balancing 

technology.   
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Figure 95: Distributed Generation Technology Mix (Medrano & Brouwer, 2008) 

 

The criteria pollutant emissions of the DG take into account the emissions factors of all of the 

contributing technologies.  
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Table 30: Criteria Pollutant Emissions of Distributed Generation Technologies (Medrano & Brouwer, 2008) 

Distributed 
Generation 
Type 

Efficiency (Based 
on HHV) 

CO 
(lbs/MWh) 

VOC 
(lbs/MWh) 

NOx 
(lbs/MWh) 

SOx 
(lbs/MWh) 

PM 
(lbs/MWh) 

MTG 0.27 0.10 0.02 0.07 0.01 0.08 

GT(<3MW) 0.24 0.31 0.04 0.46 0.01 0.09 

GT (>3 MW)  0.36 0.21 0.02 0.13 0.01 0.06 

NG ICE  0.32 1.77 0.44 0.44 0.01 0.07 

LT FC  0.36 0.10 0.02 0.07 0.01 0.06 

HT FC  0.48 0.10 0.02 0.07 0.01 0.05 

Hybrid  0.70 0.10 0.02 0.07 0.00 0.03 

DR Average  0.33 0.43 0.09 0.24 0.01 0.07 

 

The average distributed generation emissions are shown in Table 31. 

Table 31: Average Full Load DG Emissions 

Full Load Emissions (lbs/MWh)  

NOx SOx CO PM10 NMTOC 

0.2373 0.0097 0.4295 0.0692 0.0878 

 

The average dynamic and part-load emissions factors in pounds per MWh (lbs/MWh) are 

shown in Table 32.   Part-load emissions are applied to the distributed generation profiles by 

interpolating between the 50% part-load NOx and the full-load NOx emissions factor.  For any 

generation below the range, the 50% part-load emissions factor is used.  

Startup penalties are applied each time the DG profile changes from zero to generating.  

Ramping penalties are applied every time there is a 30% increase in generation within an hour.   

Table 32: Average Dynamic DG Emissions 

Part-Load Emissions   

 50% Part-Load NOx Full-Load NOx 



 187  
 

Percentage Increase 16% 0% 

Part Load Emissions (lbs/MWh) 0.4982 0.2373 

Dynamic Emissions   

 Start-up Penalty 
NOx 

Ramping Penalty 
NOx 

Hours of Equivalent Full-Load 
Emissions 

1.8 0.01 

Emissions per MW of Full-Load 
Capacity (lbs/MWFullLoad) 
 

0.42714 0.00237 

 

The hourly NOx emissions of the distributed generation is shown for both Trajectory Mix 2 and Mix 3 in 

the summer and the winter in Figure 96.   

(a)  
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(b)  

(c)  
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(d)  

Figure 96: DG NOx Emissions for (a) Trajectory Mix 3 in Summer, (b) Trajectory Mix 3 in Winter, (c) Trajectory 
Mix 2 in Summer, and (d) Trajectory Mix 2 in Winter. 

 

5.3.3 Spatially and Temporally Resolved Criteria Pollutant 

Emissions  

All criteria pollutant emissions have been spatially and temporally resolved including NOx, SOx, 

CO, PM, and NMTOC.  Hourly emissions of criteria pollutant emissions are shown for Trajectory 

Mix 2 in Figure 97.  The SOx, CO, PM, and NMTOC emissions are correlated to the generation 

profiles.  However, NOx is highly dependent on the dynamic start-up, part-load, and ramping 

characteristics.  Therefore on a peak summer day such as July 18th, where there is a dramatic 

peak in generation, NOx generation is significant as generators are ramped up quickly and 

higher-emitting peaker plants are started up.   
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Figure 97: Trajectory Mix 2 Criteria Pollutant Emissions 

 

Hourly NOx emissions vary significantly during dynamic generation.  Therefore these emissions 

are emphasized below.   

The hourly emissions have been determined for each utility and each generator.  An example of 

hourly emissions for Trajectory Mix 2 utilities is shown in Figure 98. 
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Figure 98: Trajectory Mix 2 Summer NOx 

 

The emissions break down for each generator has been determined.  An example of hourly NOx 

for each generator is shown for SMUD in Figure 99.  The effect of dynamic emissions is evident 

in the spikes of NOx for various peaking generators. 
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Figure 99: SMUD Individudal Generartor NOx Emissions 

 

A comparison of the dynamic NOx emissions for the 2020 scenarios are shown in Figure 100.   
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(a)  

 (b)  
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(c)  

Figure 100: Hourly NOx Comparison for (a) All 2020 Scenarios (b) CPUC LTTP Scenarios (c) Complementary 
Technology Scenarios Trajectory Mix 1, 2, and 3 

 

Figure 100 (a) compares the baseline Existing Renewables scenario with all of all of the 

renewable implementation scenarios.  It can be seen that the renewable scenarios have high 

emissions due to the intermittent generation.  The NOx emissions are high compared to the 

base-case even though their generation is lower due to dynamic emissions.  Figure 100 (b) 

shows that there is significant variation in NOx emissions.  These results can help direct the 

selection of future renewable technology amounts.  It is evident that the Trajectory scenario 

has the lowest NOx emissions.  Figure 100 (c) shows that alternative complementary 

technologies can help avoid peak emissions.  For example, at the peak on July 16th there is a 

peak in the Trajectory Mix 1 (conventional balancing technologies).  This is because high-

emitting peaking plants are forced to turn on.  This NOx peak is avoided with the use of 

alternative balancing complementary technologies in Trajectory Mix 2 and Mix 3.   
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Demand response reduces peaks. PHEV fills in the valleys.  Storage reduces peaks and fills in 

valleys (with an efficiency penalty).  Distributed generation is able to generate power at the 

source.  This can be a significantly cleaner form of power generation compared to conventional 

generation, especially if low-emitting sources such as fuel cells are utilized.   

5.4 Air Quality Model Results 

The Existing Renewables base case with no added renewables after 2009 is shown in Figure 

101.  It can be seen that in the South Coast Air Basin and the San Joaquin Valley there are 

significant levels of ozone and PM in a summer week.  The EPA National Ambient Air Quality 

Standards (NAAQS) eight hour ozone levels are at 75 ppb.  It can be seen that the 1-hour peak 

ozone concentrations exceed the eight hour averaged standards, which is expected, both 

because peak concentrations are higher than 8-hour averages and because this case comprises 

one that does not aggressively control emissions.  A summary of minimum and maximum 

values in each scenario with respect to ExistRen Case are shown.   
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Figure 101: Existing Renewables Base case July 2020 

 

However the 24-hour averaged ozone is closer to meeting the standards.  The PM emissions are 

also high, typically near the NAAQS 24 hour average of 35 micrograms/cubic meter (g/m3), 

and exceeding this standard in many locations for the current case.  The 24-hour averaged 

emissions are shown in Figure 102. 
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Figure 102: Existing Renewables Base case Scenario Peak Ozone 

 

Table 33 shows the input NOx emissions and the Air Quality output ozone and PM2.5 emissions 

compared to the baseline Existing Renewables emissions.   

Table 33: Max Ozone and PM Comparison 

 Conventional 
Generation 

Inputs NOx Air Quality Outputs 

 GWh for a Week 
of July 

Max Hourly 
NOx (lbs) 

Max ΔO3 at 
Peak (ppb) 

Max ΔPM2.5 24 Hour 
Avg (µg/m3) 

Basecase 
Existing Ren 

4268 7676 N/A N/A 

Cost 4102 8155 6.6 13.2 

Environmental 3992 8366 6.6 5.3 

Trajectory 4054 7851 4.9 13.2 

Trajectory  
Mix 3 

4010 7513 4.9 5.3 

All Gas Case 4383 5567 13.1 0.7 
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It can be seen that the Cost and Environmentally constrained cases have the highest NOx 

emissions and high peak ozone that results from the atmospheric chemistry and transport 

simulations for the case of these emissions profiles.  This relatively surprising result is due to 

the high renewable integration.  However, the increased emissions can be explained by the 

intermittency of the renewable generation in these cases.  The Environmentally constrained 

case has a large penetration of solar PV, and the Cost Constrained case has a high wind 

penetration.   

The Cost Constrained peak ozone is shown in Figure 103.  The ozone is shown in comparison to 

the baseline Existing Renewables case.  In most areas in the state, the change was less than plus 

or minus one ppb, however, there appears to be a couple of high ozone areas in the San 

Joaquin valley.  These high ozone areas are associated with particular power plants that must 

be operated differently than the base case to complement the intermittency of wind and solar 

power. 
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Figure 103: Cost Constrained Scenario Peak Ozone 

 

The ozone averaged over 24 hours is lower than peak ozone as shown in Figure 104.  This can 

be due to lower ozone at other times of the day.  However, in a case such as the Cost 

Constrained scenario where the emissions during the night are quite high compared to the base 

case, ozone can be reduced by NOx (by well-known ozone titration reactions).  With the 

inclusion of photons, NO2 breaks down into NO and O.  The O2 in the air can then react with O 

to form ozone.  However, at night, in the absence of sun, NO breaks down O3 to form NOx and 

O2 through these so-called the titration reactions.   



 200  
 

 

Figure 104: Cost Constrained Scenario Ozone and PM 24 Hour Average 

 

The Environmentally Constrained scenario has similar levels of ozone to the Cost Constrained 

case as shown in Figure 105.  This is due to the high intermittencies of solar generation, which 

produces relatively high NOx emissions from the more dynamically dispatched combustion 

power plants, which in turn, produces distinct locations of high ozone.   
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Figure 105: Environmentally Constrained Scenario July 2020 Peak Ozone 

 

The Environmentally Constrained combustion-based generation is low; therefore, the PM2.5 

emissions are lower as well.  Primary PM2.5 emissions are not as sensitive to dynamic operation 

as NOx emissions; they are therefore closely correlated to the amount of combustion-based 

generation rather than the dynamics of such generation.  The air quality outputs include 

primary and secondary PM2.5  emissions.  Therefore, compared to the ozone, which is formed as 

reactions occur only as a secondary pollutant, high PM2.5 concentrations appear closer to the 

point sources from which they originate.  The ozone forms as the primary pollutants are 

exposed to sunlight, and has often been carried a significant distance from where they 

originate.  For example, in the South Coast Air Basin, the on-shore breeze blows emissions 
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towards the mountains where they are trapped.  The ozone and PM 24-hour average results for 

the Environmentally Constrained case are shown in Figure 106.   

 

Figure 106: Environmentally Constrained Scenario July 2020 Ozone and PM 24 Hour Average 

 

The Trajectory Case has a more even penetration of various renewable energy types including 

less-dynamic biomass/biogas and geothermal technologies.  Therefore, the dynamic emissions 

from the complementarily dispatched combustion-based power plants are reduced, and the 

secondary ozone concentrations are lowered.  The peak ozone for the Trajectory case is shown 

in Figure 107.   
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Figure 107: Trajectory Scenario July 2020 Peak Ozone 

 

The PM concentrations from the Trajectory case are still fairly high, however, since is the 

combustion-based power plants in this case are less dependent upon the dynamics of 

operation, and more dependent upon the amount of power generation.  The Trajectory 

Scenario 24-hour averaged ozone and particulate matter air quality are shown in Figure 108 for 

the Trajectory case. 
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Figure 108: Trajectory Scenario July 2020 Ozone and PM 24 Hour Average 

 

The Trajectory Mix 3 case uses alternative complementary technologies to help balance the 

intermittencies of the renewable generation. In this way, lower emissions are achieved, as 

described previously. 
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Figure 109:Trajectory Mix 3 Scenario July 2020 Peak Ozone 

 

The 24-hour average ozone and PM are shown in Figure 110.  Both maps are almost all white, 

which signifies that the simulation of air quality for this Trajectory plus Mix 3 case did not result 

in many increased pollutant concentrations compared to the base case. 



 206  
 

 

Figure 110: Trajectory Mix 3 Scenario July 2020 Ozone and PM 24 Hour Average 

 

The All Gas case, which has no renewables, shows several large areas of air quality 

improvement although there are a few small points where the emissions increase.  The ozone 

one-hour peak is shown in Figure 111.   
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Figure 111: All Gas Case July 2020 Peak Ozone 

The peak 24-hour ozone and particulate matter are shown in Figure 112.  The areas where 

there are lower emissions are likely due to the decreased intermittencies of the All Gas case.  

However, there are several small areas near combustion-based power plants with higher 

emissions.  This makes sense since the energy generated by these power plants in the All Gas 

case is higher than the other cases. 
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Figure 112: All Gas Case July 2020 Ozone and PM 24 Hour Average 
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6 Summary and Conclusions 

6.1 Summary 

Conventional electricity generation produces criteria pollutant emissions.  Criteria pollutant 

emissions are the precursors to secondary pollutants such as ozone and particulate matter 

(PM), which can have significant effects on regional air quality.  The geography, weather, and 

population of several air quality districts in California including the South Coast Air Basin and 

San Joaquin Valley have air quality episodes that can have adverse effects on human health.  In 

order to address air quality and greenhouse gas impacts of power generation, the state of 

California has implemented renewable portfolio standard (RPS) goals of integrating 33% 

renewable energy into the grid by 2020.   

This research studies the criteria pollutant emissions associated with technologies required to 

integrate and balance intermittent renewable power to meet the California RPS goals.  The 

CPUC LTPP Environmentally Constrained, Cost Constrained, Time Constrained, and Trajectory 

renewable energy integration scenarios are considered for the state of California with various 

mixtures of geothermal, biogas, wind, solar thermal, and photovoltaic energy.  Additionally, the 

renewable energy implementation scenarios address renewable intermittencies by considering 

various complementary technologies.  Conventionally, peaking and/or load following natural 

gas power plants have been used to balance the intermittencies in the electric grid.  However, 

the dynamic operation of these conventional generators can result in significant increases in 
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start-up, part-load, and ramping emissions.  Therefore, penetrations of alternative 

complementary technologies including energy storage, distributed generation, and plug-in 

hybrid electric vehicles (PHEV) are studied in the Complementary Technology Mix 2 and Mix 3 

scenarios for the Trajectory renewables case.  Six 33% scenarios including an Environmentally 

Constrained, Cost Constrained, Time Constrained, and Trajectory with Complementary Mix 1, 

Mix 2, and Mix 3 are evaluated.  Additionally, two baseline scenarios, the All Gas and the No 

Added Renewables baseline scenarios, are developed for comparison with the renewable 

scenarios.  Spatially and temporally resolved criteria pollutant emissions impacts of meeting the 

California’s Renewable Electricity Standard are determined for each scenario.   

This thesis addresses gaps in the literature including the emissions impacts of the use of 

complementary technologies to balance renewable intermittencies, the inclusion of dynamic 

emissions due to start-up, ramping, and part-load operation, and spatial and temporal 

resolution of emissions for air quality analysis.   

All criteria pollutant emissions have been spatially and temporally resolved including NOx, 

SOx, CO, PM, and NMTOC.  The hourly emissions have been determined for each utility and 

each generator.  The emissions break down for each generator has been determined.  The SOx, 

CO, PM, and NMTOC emissions are correlated to the generation profiles.  However, NOx is 

highly dependent on the dynamic start-up, part-load, and ramping characteristics.  Therefore 

on a peak summer day, such as July 18th, 2020, where there is a dramatic peak in generation, 

NOx generation is significant as generators are ramped up quickly and higher-emitting peaker 

plants are started up.   
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6.2 Conclusions 

The integration of renewable power can have high emissions due to the intermittent nature 

of solar and wind generation and the dynamic dispatch of generators that are required to 

balance the utility grid network.  The NOx emissions of the renewable scenarios are high 

compared to the No-Added-Renewables base-case due to dynamic emissions associated with 

startup, part-load, and ramping emissions even though the conventional generation is lower 

with added renewables.  There is significant variation in NOx emissions amongst the renewable 

scenarios considered.   

The Trajectory scenarios investigated the lowest NOx emissions when all of the dispatchable 

power generation emissions were considered.   The Trajectory Scenario has a balanced 

penetration of the various renewable types.  Therefore, it is less sensitive to the dynamics of 

each renewable profile.  It also includes biomass and geothermal integration which has a 

steadier generation profile.  Due to the decreased intermittencies, the Trajectory scenario has 

less dynamic NOx emissions.  The Trajectory Mix 2 and Mix 3 add alternative complementary 

technologies which further reduce the NOx emissions. 

Alternative complementary technologies can help avoid high emissions from the dispatchable 

generation mix required to balance the grid when high amounts of renewable power are 

implemented.  For example, at the peak-generation period on July 16th, 2020 there is a spike in 

NOx for the Trajectory Mix 1 scenario with conventional complementary technologies when 

high-emitting peaking plants are forced to turn on to meet the demand.  With Trajectory Mix 2 

and Mix 3, this NOx spike is avoided with the use of alternative balancing complementary 
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technologies including demand response, plug-in hybrid electric vehicles (PHEV), and 

distributed generation.  Complementary technologies help balance the intermittencies of 

renewable generation thus reducing the dynamic emissions.  Demand response reduces peaks 

in the generation profile of the electric grid by minimizing the energy consumption of devices 

such as lights and fans during times of peak demand.  PHEV fills in the valleys in the generation 

profile by creating a demand during the night.  Storage both reduces peaks and fills in valleys in 

the generation profile with an efficiency penalty.  Distributed generation is able to generate 

power at the source which can be a significantly cleaner form of generation compared to 

conventional generation, especially if low-emitting sources such as fuel cells are utilized.   

Initial air quality impacts of renewable power integration in California have been determined 

using the Community Multiscale Air Quality (CMAQ) model.  The spatially and temporally 

resolved emissions provide the necessary information to run air quality simulations of the 

scenarios compared to the baseline cases.  The results showed that the integration of 

renewable energy increases the peak ozone.  It can be seen that the Cost and Environmentally 

constrained cases have the highest NOx emissions and high peak ozone that results from the 

atmospheric chemistry and transport simulations for the case of these emissions profiles.  This 

relatively surprising result is due to the high integration of renewable energy.  This result can be 

explained by the intermittency of the renewable generation causing increases in the emissions.  

The Environmentally constrained case has a large penetration of solar PV, and the Cost 

Constrained case has a high wind penetration.  The Trajectory Case has more even penetrations 

of various renewable energy types including less-dynamic biomass/biogas and geothermal 
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technologies.  Therefore, the dynamic emissions from the complementarily dispatched 

combustion-based power plants are reduced, and the secondary ozone concentrations are 

lowered.  The Trajectory Mix 3 case uses alternative complementary technologies to help 

balance the intermittencies of the renewable generation. In this way, lower emissions are 

achieved, as described previously.  The All Gas case, which has no renewables, shows several 

large areas of air quality improvement although there are a few small points where the 

emissions increase.  The areas where there are lower emissions are likely due to the decreased 

intermittencies of the All Gas case.  However, there are several small areas near combustion-

based power plants with higher emissions.  This makes sense since the energy generated by the 

conventional power plants in the All Gas case is higher than the other cases. 
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Appendix A : Additional California RPS Study 
Details 

 

A.1 CPUC Study  
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The strengths and weaknesses of the various scenarios are compared in Table 34. 



 223  
 

Table 34: CPUC scenario performance comparison  

 

A cost comparison of the scenarios is shown in Figure 113. 

 

Figure 113: CPUC scenario cost comparison 
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A.2 ARB High and Low Load 
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The criteria pollutant emissions are analyzed for both the high and the low load forecasts. 

 

Table 35: Criteria Pollutant Emissions ARB High Load Forecast (Chin et al., 2010) 
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Table 36: Criteria Pollutant Emissions Reductions ARB High Load Forecast 

 

 

Table 37: Criteria Pollutant Emissions ARB Low Load Forecast (Chin, Collord et al. 2010) 
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Table 38: Criteria Pollutant Emissions Reductions ARB Low Load Forecast (Chin et al., 2010) 

 

 



 229  
 

Appendix B : Additional Complementary 
Technology Dispatch Results 

 

B.1 Scenario 2020-2: Trajectory with Complementary 
Mix 2 

 

 

B.1.1 LADWP 
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B.1.2 PG&E Bay 



 231  
 

 

B.1.3 PG&E Valley 

 

 

B.1.4 SCE 



 232  
 

  

B.1.5 SDGE 

 

B.1.6 SMUD 
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B.2 Scenario 2020-3: Trajectory with Complementary 
Mix 3 

2020 Trajectory 40% Alternate Complementary Technologies 

B.2.1 LADWP 
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B.2.2 PG&E Bay 
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B.2.3 PG&E Valley 
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B.2.4 SCE 

 

 

 

 



 254  
 

 



 255  
 

 



 256  
 

 

 



 257  
 

 

 

 



 258  
 

 



 259  
 

 

B.2.5 SDGE 
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B.2.6 SMUD 
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Appendix C : Additional Generator Dispatch 
Results 

 

C.1 2020 Scenarios  
 

C.1.1 Scenario 2020-1: Trajectory with Complementary Mix 1 

 

 

C.1.2  Scenario 2020-2: Trajectory with Complementary Mix 2 

2020 Trajectory 20% Alternative Complementary Technologies 
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C.1.3  Scenario 2020-3: Trajectory with Complementary Mix 3 

2020 Trajectory 40% Alternate Complementary Technologies 
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C.1.4 Scenario 2020-4: Environmentally Constrained with 
Complementary Mix 1 
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C.1.5  Scenario 2020-5: Cost Constrained with Complementary 
Mix 1 

 

C.1.6  Scenario 2020-6: Time Constrained with Complementary 
Mix 1 
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C.1.7  Scenario 2020-7: Reference All Gas 

 

C.1.8  Scenario 2020-8: Reference No Added Renewables 
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Appendix D : Impacts on In-State Generation and 
Imports 

The renewable scenarios all result in higher in-state generation due to the increased renewable 

generation.  Imports are still required in all cases, as imports meet a large percentage of the 

California electricity requirements.   

7.1.1.1 Impacts on In-State Generation 

 

Figure 114: Total In-State Generation 

 

Conventional generation in the state decreases with increased renewable energy.  This is good 

for California air quality.   
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Figure 115: Conventional In-State Generation 

 

7.1.1.2 Impacts on Imports 

The net imports decrease as a result of increased renewable penetration.  Added 

complementary technologies have an added benefit of decreasing the yearly imports by 6.5% 

per year. 
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Figure 116: California Net Imports 

 

The imports into California from other states may decrease due to renewable energy 

integration, however, the renewable intermittencies result in increased variations in imports 

from other states.  These may have impacts on the air quality of other WECC states due to the 

increased ramping, start-ups, and part-load emissions.  However, this is outside the scope of 

this project. 
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There is also an effect of complementary technologies on hourly import requirements.  The 

goal of the added complementary technologies was to balance the load and in turn reduce 

dynamic operation of in-state generators.  However, this has an unexpected co-benefit of 

reducing the variations in the required import profile. 
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The following example of SCE Imports compared between Trajectory Mix 1 and Mix 3 includes 

Out-of-State Imports and Dedicated Imports, but not imports from other California utilities. 
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Figure 117: SCE Import Comparison Trajectory Mix 1 and Mix 3 

 

The following example of SCE Imports compared between Trajectory Mix 1 and Mix 3 includes 

Out-of-State Imports and Dedicated Imports, and imports from other California utilities. 
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Figure 118: SCE Import Including Imports from other CA Utilities Comparison Trajectory Mix 1 and Mix 3 

 


