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SUMMARY FOR POLICYMAKERS 

Introduction 

California has taken important first steps towards addressing the state’s greenhouse gas (GHG) emissions 
through a variety of important and innovative policies (including AB32, cap and trade, the low carbon 
fuel standard, GHG regulations for cars and trucks). These policies represent a framework through which 
further reductions past the 2020 timeframe will likely be implemented. However, understanding the long-
term transformation of future energy system and how policies need to be formulated to address them is a 
huge challenge given the uncertainty that exists about options, resources and technologies that will be 
available and adopted to meet the GHG emissions reduction targets by 2050 and beyond. 

Energy models such as CA-TIMES are useful to understand how the future energy system could evolve 
giving assumptions about demand growth, technology and technological change (e.g. availability, cost, 
and performance) and policies. Our purpose is to use models such as CA-TIMES to help us gain a better 
understanding of how resources and technologies can meet future demands; and how various policies can 
have impacts on the overall energy system. 

Project Goals and Modeling Approach 

The CA-TIMES model is a bottom-up, technology-rich energy system optimization model for California.  
CA-TIMES identifies the most cost-effective technology pathways and resources options that will enable 
the state to transition to deep reductions in GHG emissions. The key advantage of the CA-TIMES model 
is that it is a vertically integrated model of the entire extended energy system within California. Its key 
strength (as well as the weakness) is that the decisions are driven by economics, and assume 
decisonmakers make rational decisions based on economic tradeoffs; but it lacks consideration for non-
economic behaviors such as consumers’/producers’ attitudes toward technology risks, uncertainties of 
future costs (including technology costs and fuel costs) and policies, and social aspects of decision 
making (e.g. non-competitive markets) that cannot be captured based on costs alone. 

CA-TIMES is an optimization model that projects the future structure and operation of the California 
energy system from a set of available resources, and supply and demand technologies. The model 
determines the lowest-cost energy system that can meet the demand for energy and energy services and 
any policy constraints. Specifically, CA-TIMES was designed to investigate the question of how 
California could meet an 80% reduction target for GHG emissions by 2050. This report describes 
scenarios that have been developed to understand how the emissions could be reduced under different sets 
of policy and technology constraints. This scenario approach allows the reader to understand how internal 
and external factors can influence important developments such as energy resource mix, electricity and 
fuels supply mix, and end use technology choices (in transportation, commercial and residential sectors).  

Modeling Results for Primary GHG Reduction scenario 

GHG Emissions 

It is important to note that this version of CA-TIMES (v1.5) does not include offsets, and includes out-of-
state aviation and marine emissions (which add an additional 10%, or 51.4 MMT CO2e emissions in 2010 
inventory). Given this all-inclusive emission accounting, our primary GHG scenario (GHG-Step) and the 
majority of the scenarios in the sensitivity analysis suggest that California can achieve approximately 
62% reduction in GHG emissions from 1990 levels. Our main scenario is the “GHG-Step” which a cap is 
held at the 2020 target (1990 levels) between 2020 and 2050 but then dropped to 80% below 1990 
emissions in 2050. Optimized emission reductions are seen across all end-use sectors (transportation, 
industrial, commercial, residential and agriculture) (see Figure PS.1) and require a major transformation 
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of the energy system, from electricity and fuels supply to all of the appliances and vehicles in the end use 
sectors.   

  
Figure PS.1 Instate GHG emissions from 2010 to 2055 by sector for the Reference scenario (left) and the main 
scenario (right). Instate emissions include shipping and aviation emissions not included in the State’s GHG 
emission inventory. 

This report also details the modeling results for numerous scenario variations to understand how the 
evolution of the energy sector could change with respect to technology adoption, fuel and energy resource 
utilization and emissions under different sets of input assumptions. These variations are based primarily 
upon different assumptions about technology or resource cost and availability. Many scenario variations 
can reduce emission further than the primary GHG scenarios and have very different costs as well.   

Transportation Sector 

 
Figure PS.2 Transportation fuel consumption for the GHG-Step scenario from 2010 to 2050.   
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In the optimized energy system, the transportation sector (including all on-road and off-road, marine and 
aviation) relies increasingly on biofuels, electricity, hydrogen, and natural gas, and decreases reliance on 
petroleum (see Figure PS.2). Total fuel demand drops 26%: petroleum use drops from 95% to 40% of 
total fuel demand, while natural gas makes up 6%, biofuels 38%, hydrogen 7% and electricity 9% in 2050. 
This decline in fuels use requires major changes in fuel efficiency of transportation vehicles.  

In the light-duty sector, on-road fuel economy increases from approximately 27 mpgge in 2010 to over 
110 mpgge by 2050. This substantial increase in fuel economy is driven in part by shifts from combustion 
vehicles to electric-drive battery powered and fuel cell powered vehicles, which make up 50% and 38% 
of light duty vehicles in 2050.  

In our sensitivity analysis, most GHG scenarios are very similar to the GHG-Step scenario. The scenario 
with the greatest difference is GHG-S-CCS, where the use of negative emission biofuels allows the GHG 
target to be met with fewer electric vehicles.    

Electricity Supply 

 
Figure PS.3  Electricity generation mix in GHG-Step scenario from 2010 to 2050.   

The electricity mix in California requires substantial decarbonization in the carbon-constrained scenario 
(see Figure PS.3). Because nuclear power and carbon capture technologies are not available, the bulk of 
electricity generation is met by growing supplies of wind and solar power (in 2050, wind capacity is 74 
GW while solar capacity is 104 GW). Overall the carbon intensity of electricity declines from 360 g/kWh 
to 57 g/kWh. This decarbonization of the electric sector is even more remarkable given the major increase 
in demand. The 2050 electricity demand has a 55% increase in demand vs. the BAU scenario in 2050, due 
to the significant shift towards electricity usage and away from natural gas and other fuels in buildings 
and industry sectors.   

In our sensitivity analysis, most of the GHG scenarios look remarkably similar, with most electricity 
coming from wind and solar, with contributions from natural gas, hydropower, tidal, and geothermal. The 
scenarios that deviate from this pattern are if new electric generation resources are available, including 
nuclear power (GHG-S-Nuclear), CCS (GHG-S-CCS), higher deployment of wind and solar (GHG-S-
HiRenGrowth). 
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Fuels Supply 

 
Figure PS.4  Biofuels production mix in GHG-Step scenario from 2010 to 2050  

Interestingly, we found less biofuel use in GHG scenarios than in the BAU scenario. The rising price of 
oil (up to $180/bbl in 2050) in the BAU prompts a shift towards substitute liquid fuels, though not all of 
this fuel is low carbon. The BAU scenario has a significant amount of gasoline substitutes (ethanol and 
bio-gasoline), comprising 43% of all biofuels production in 2050. In the GHG scenarios, gasoline 
substitutes account for less than 30% of fuels production. Biomass is used almost exclusively for the 
production of biofuels and there is very little competition from the electric sector across all scenarios. In 
GHG-Step scenario (Figure PS4), biofuels grow significantly by a factor of 8 between 2010 and 2050) to 
1000 PJ (about 7.6 billion GGE), roughly 38% of transportation fuels demand across all modes. Other 
than gasoline substitutes, the remainder of biofuels production is used as diesel and jet fuel substitutes. 
This is due to the extent of electrification in the light-duty sector. The primary users of gasoline and 
ethanol are medium duty trucks, light duty cars and trucks, and marine personal boats.   

Hydrogen is made primarily from natural gas, with some contribution from grid electrolysis. Without 
CCS or excess biomass supplies, natural gas steam reforming is the least carbon intensive means of 
producing hydrogen (as marginal electricity for electrolysis comes from natural gas generation) 

Residential and Commercial Sectors 

The residential and commercial sectors show substantial efficiency improvements and reductions in final 
energy demand due to the adoption of more efficient technologies as well as technologies that rely on 
electricity more than natural gas. In 2010, electricity accounted for 58% of commercial energy use and 
40% of residential energy use. By 2050, electricity’s share of final energy is 69% in commercial and 75% 
in residential. Overall, energy weighted efficiency for the sectors are 2.6 and 2.4 times higher in the 
commercial and residential sectors. This electrification of buildings is interconnected with the increased 
demand for more low-carbon electricity generation.   
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Overall across all scenarios, the total emission reductions are 2,925 – 4,324 MMTCO2e compared with 
BAU or 1,969 – 3,367 MMTCO2e compared with BAU- LoVMT (attributing the benefits of VMT 
reductions in both the BAU as well as GHG scenarios as we are yet to estimate the costs of VMT 
reduction). The average mitigation costs are -$110 (plus welfare loss, to be further estimated) to 
$220/tonne CO2e (or -$51 (plus welfare loss) to $73/tonne CO2e with 4% discount rate) compared with 
BAU; and $102 (plus welfare loss) to $615/tonne CO2e (or $28 (plus welfare loss) to $207/tonne CO2e 
with 4% discount rate) compared with BAU-LoVMT. The results are summarized in Table 6.4 and Figure 
6.42.   

Mitigation cost curves, which are calculated as the mitigation costs divided by the level of GHG reduction, 
suggest that near-term costs (around 2020) can be very high (>$500/tonne CO2e) for the GHG-Line and 
GHG-S-HiOilGas scenarios. The high costs in the near-term reflect various constraints, such as policy, 
technology or growth constraints, which, when imposed on the system, lead to high short-term costs. 
More work is still needed to find out the factors/constraints contribute to the near-term high costs. Policy 
measures, such as allowing banking (and even possibly borrowing) of credits beyond 2020, or more 
flexible compliance across time periods can be adopted to smooth out the transition. This requires 
significant amounts of further research before we set the 2030 targets and corresponding policy measures 
to smooth out the transition. The results also suggest that certain technologies, such as CCS (GHG-S-
CCS), biofuels (GHG-S-HiBio), changes in behavior (LowVMT, GHG-S-Elastic), or changes in markets 
(GHG-S-LoOilGas, and GHG-S-HiOilGas if biofuels are successful) can lead to very low mitigation 
costs prior to 2020. These results are summarized in Figure 6.43.   

Key Conclusions 

The CA-TIMES model is a useful tool for analyzing the evolution of the California energy system under 
different assumptions about low-carbon technologies and resources, and to understand how policy can 
shape that evolution. Some of the robust results from the modeling: 

• We assume nuclear power and CCS are not available in the primary scenarios, and without these 
options, it is more difficult to meet the 80% GHG reduction target. 

• Among all GHG scenarios, emission in 2035 range from 270 to 340 MMTCO2e , including out-of-
state marine and aviation emissions. 

• Wind and solar produce 66% to 80% of generation in most GHG scenarios, which requires very large 
investments and a fast ramp up of capacity. 

• Electricity must be decarbonized if GHG goals are to be met (the carbon intensity in all GHG 
scenarios is between 3 and 57 g/kWh). 

• Battery and fuel cell powered vehicles are important and make up between 50% and 96% of light-
duty vehicles in 2050. 

• If CCS is available, biofuels production with CCS can provide significant negative emissions and 
offset petroleum usage. 

• The residential and commercial sectors will increasingly rely on low carbon electricity (making up 69 
to 75% of their final energy use) 

Important Caveats to these Modeling Results 

• The CA-TIMES model is a simplified representation of the California energy system.   
• These scenarios are not predictions of the future, but rather a tool to understand how policy can shape 

that evolution given our assumptions of resource and technology availability and costs, and 
technological change over time. 

• There is significant uncertainty in the technology and resource cost and availability.    
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4E: Energy, economy, environment, engineering 
AB32: Global Warming Solutions Act 
AC: Air conditioner 
AFA: Annual availability factor 
AFUE: Annual fuel utilization efficiency 
BAU: Business-as-usual 
BEV: Battery electric vehicles 
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IEA: International Energy Agency 
IGCC: Integrated gasification combine cycle 

kWh: kilo-water hours 
LCFS: Low Carbon Fuel Standard 
LDV: Light-duty vehicle 
LNG: Liquefied natural gas 
LPG: Liquefied petroleum gas 
LWR: Light water reactor 
MFH: Multi-family housing 
MMT: million metric tonnes 
MSW: Municipal solid waste 
MDV: medium-duty vehicle 
NGCC: Natural gas combine cycle 
NGGT: Natural gas combustion (gas) turbine 
NGST: Natural gas steam turbine 
O&M: Operation and maintenance 
OT: Once-through 
PBMR: Pebble bed modular reactor 
PHEV: Plug-in hybrid electric vehicle 
RC: Recycle 
RECS: Residential Energy Consumption Survey 
RES: Reference energy system 
RFO: Residual fuel oil 
RPS: Renewable Portfolio Standard 
RR: Rural region 
PJ: Peta joule 
SEER: Seasonal energy efficiency ratio  
SFH: Single-family housing 
SMR: Steam methane reforming 
t/d: Tonnes per day 
TOU: time-of-use 
UA: Urbanized area 
UC: Urban cluster 
VMT: vehicle miles traveled  
ZEV: Zero emission vehicles 
  
 
 
 
 
 

 
 



1. INTRODUCTION 

In 2005 and 2006, California took several initial steps to address the threat posed by climate change. First, 
Governor Schwarzenegger issued Executive Order S-3-05, which declared an aspirational goal for 
California to reduce its greenhouse gas (GHG) emissions to 80% below the 1990 level by 2050. Then, in 
2006 Assembly Bill 32 (AB32), the “Global Warming Solutions Act” became law, setting a binding 
target that GHG emissions be brought back down to the 1990 level by 2020. AB32 included a 
requirement that specific plans were to be developed as to how the state might achieve the 2020 goal. The 
AB32 scoping plan (CARB 2009) provides a number of recommended actions to reduce emissions from a 
wide variety of sources and sectors and provides an important roadmap for achieving the near-term target. 
These policy measures include market-based mechanisms including cap-and-trade and a low-carbon fuel 
standard, and technology-specific standards and regulations including vehicle efficiency standards 
(commonly known as the Pavley standards), energy efficiency measures, a renewable portfolio standard 
(33% renewable electricity by 2020), truck and tire standards, etc. In contrast, the long-term 80% goal 
was set based on the anthropogenic emission rates needed in all industrialized countries to help stabilize 
atmospheric GHG concentrations at levels that would avoid dangerous climate change (IPCC 2007). 
There exists significant uncertainty as to how these deep emission cuts would be achieved, what they 
would cost, and what policy measures would be needed. 

California’s population is projected to grow to 50 million by 2050 (California Department of Finance 
2013), a 34% gain from the 2010 level. This will be accompanied by continuous growth in demand for 
energy to provide services across all sectors of the economy, from transportation, heating, cooling, 
lighting, refrigeration, to industrial activities. Meeting these demands also presents tremendous challenges 
in managing consumers’ spending on energy costs and consumer technologies from vehicles to light 
bulbs; business investments on boilers, heat and power generation, infrastructure, etc. How we combine 
the objectives of reducing GHG emissions to mitigate the impacts of climate change, and meeting the 
growing demand for energy services at costs that are manageable and acceptable to the consumers and the 
industry is one of the biggest challenges that the state is facing today.  

This report describes the CA-TIMES, a 4E (Energy-Engineering-Environmental-Economic) model, that 
explores the potential of various technology and policy options for reducing GHG emissions while 
meeting the future energy demand in California by 2050. It is important to recognize that CA-TIMES is a 
cost-optimization or utility maximization (with elastic demand) model, which uses scenarios to describe 
views of the future and how to achieve policy objectives by either minimizing costs that are considered in 
the model (which typically include capital, fixed and variable O&M costs for energy supply, conversion, 
transport and end-use technologies) or utility maximization (which maximizes producer and consumer 
surplus) when solving with elastic demand. The model allows the consideration of consumer’s risk 
aversion toward uncertainties to new technologies, but does not take into account social or noneconomic 
factors (such as imperfect markets) that often create barriers for least-cost technology adoption. Therefore 
the outcomes of the model should not be considered as projections, but rather a roadmap to achieve policy 
objectives by minimizing the total system costs or total system utilities within a set of assumptions and 
constraints. Unlike a general equilibrium model, the model does not consider constraints on capital and 
labor, nor the feedback of GDP due to increased costs of mitigation (Loulou and Lavigne 1996).  

We describe the general literature of energy modeling for energy and climate policy analysis, and 
California’s energy systems and GHG emissions in Section 1. Section 2 describes the model structure and 
modeling equations for solving the model via optimization (minimizing cost) vs. partial equilibrium 
(maximizing welfare) and how the model incorporates policies and consumer behaviors. The supply 
sector which include resource extraction, supply, and fuel production is described in Section 3. Section 4 
describes the demand sectors including transportation, residential, commercial, and non-energy sectors. In 
Section 5, we present scenarios and results, and discuss the implications in Section 6. In Section 7, we 



California TIMES (CA-TIMES) Modeling of California Energy and Climate Policies (Draft Final Report for 
Review and Comments) 

 12 

present several innovative stand-alone models that use TIMES algorithm (cost-minimization) to explore 
more advanced and complex modeling approaches. These stand-alone models are cutting edge research 
that demonstrates potential techniques to improve existing models, but are currently too computationally 
burdensome to be included in the core CA-TIMES model. We conclude our key observations and future 
research directions in Section 8.  

1.1 Background and Motivation 
Over the past several years, a variety of scenario analyses and energy modeling tools have been used to 
envision how deep cuts in GHG emissions can be made in the long-term, using commercial or near-
commercial low-carbon and advanced technologies and fuels (IPCC 2007; GEA 2012; IEA 2012). These 
studies have shown protecting the global climate will necessitate dramatic changes in the way societies 
produce and consume energy. A robust finding of these studies is that the transport and electric sectors 
must be significantly decarbonized if deep economy-wide emissions reduction targets are to be achieved. 

Several recent studies have looked at how California can achieve significant GHG emission reductions, 
on the order of 80 percent below 1990 level, as established in Executive Order S-3-05. For example, 
McCollum and Yang (2009) looked at snapshots of 2050 to see what combination of travel demand 
reductions, efficient vehicle technologies, and low-carbon alternative fuels could be used to meet an 80% 
reduction within the transportation sector. Similarly, the California Air Resources Board (CARB) 
examined how an 80% reduction could be achieved exclusively in the light-duty vehicle sector, primarily 
using zero-emission vehicles (ZEVs) to achieve the target (CARB 2009). Several recent studies look at 
multi-sectors in California, and how California might achieve deep GHG reduction between 2030-2050 
from a pure technology perspective (CCST 2011; Long, John et al. 2011; CCST 2012; McCollum, Yang 
et al. 2012; Nelson, Johnston et al. 2012; Williams, DeBenedictis et al. 2012; Greenblatt 2013; Wei, 
Nelson et al. 2013). However, all the above mentioned scenario studies have some important limitations: 
they either do not take costs into consideration or lack a systems modeling approach: meaning that they 
fail to explicitly assess costs, the interactive effects of policies or markets, or adequately address critical 
questions relating to the optimal allocation of resources: both physical and financial.  

While macroeconomic models such as E-DRAM1 or Berkeley Energy and Resources (BEAR) model2, 
two general equilibrium models of the California economy, can partially fill this void by capturing 
important system dynamics in the larger economy, these models lack the rich technological detail of 
bottom-up engineering economic approaches. Nevertheless, several macroeconomic models have been 
extensively used to assess the economic costs associated with meeting AB32 goals in 2020 as laid out by 
the Scoping Plan and to inform California’s near-term climate policy discussions. The Energy2020 model 
has subsequently been used to provide more detailed energy system representation; the model links to E-
DRAM and attempts to understand the energy supply and demand technologies that could be utilized to 
meet the AB32 goal in 2020 (ICF 2010). For longer-term analyses, as California continues to move 
forward with a broad spectrum of carbon emissions reduction policies, there is a strong need for new tools 
that are able to provide strategic guidance to decision makers and to help them envision the multiple paths 
to a low-carbon society. Table 1.1 provides a list of energy-economic-environment models calibrated for 
California, modeling types and the type of questions in can address based on the construction of these 
models.  The CA-TIMES model attempts to fill an important gap in the California energy policy space by 
offering a transparent and flexible analysis platform that can address the specific conditions that exist 
within the state. 

                                                        
 
1 http://www.arb.ca.gov/cc/scopingplan/document/economic_appendix2.pdf 
2 http://are.berkeley.edu/~dwrh/CERES_Web/Docs/BEAR_Tech_2.0.pdf 
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Table 1.1. California state-wide energy-economic-environment models that have been applied to analyze state 
energy and climate policies.  

Model 
Name 

Modeling 
Teams 

Modeling Type Type of Questions That It Can Address 

E-DRAM* UC 
Berkeley 

Computable general 
equilibrium (CGE) model 

Detailed emission and energy use patterns. Change 
in output, prices, employment, personal income and 
consumer spending 

Berkeley Energy 
and Resources  
(BEAR) model 

UC 
Berkeley 

Computable general 
equilibrium (CGE) model 

Detailed emission and energy use patterns. Change 
in output, prices, employment, personal income and 
consumer spending 

CA-TIMES UC Davis Economic optimization 
(cost minimization or 
utility maximization) 
model 

Energy use and technology adoption driven by 
economics of resources and technology costs for both 
supply and demand across all sectors) 

SWITCH  UC 
Berkeley 
and LBNL 

Detailed electric sector 
optimization (cost 
minimization) model soft 
linked with other energy 
models 

Electric sector capacity expansion, 
generation/reliability trade-offs, optimization of the 
generation and storage mix, electricity prices, 
demands. SWITCH models for the rest of the energy 
system including electrified transportation.  

Energy 2020* ICF Simulation model based 
on qualitative choice 
theory (maximize utility 
within constraints of 
imperfect market) 

Energy use and technology adoption. When linked to 
macro-economic model provides economic changes 
resulting from policies (GDP, employment, personal 
disposable income, etc.) 

The California 
Greenhouse Gas 
Inventory 
Spreadsheet 
(GHGIS) Model 

Lawrence 
Berkeley 
National 
Laboratory 

Scenario-based non-
economic models  

Explore the extend of individual policies and the 
impact of combinations of state policies on state 
greenhouse gas (GHG) and regional criteria pollutant 
emissions 

IEPR  CEC Scenario-based.  
Combination of models 
for the different parts of 
the energy system.  

Energy use, technology adoption. The CEC suite of 
models are being used only up to 2030 

AB32 Scoping 
Plan 

CARB Scenario-based non-
economic models 

Energy use, technology adoption, policy strategies 

Vision Project CARB Scenario-based non-
economic models 

Transportation energy use, technology adoption, 
policy strategies 

E3* E3 Scenario-based non-
economic models 

Electricity and natural gas utility sectors only.  
Analyze how climate policies affect utility costs and 
consumers’ electricity bills 

* Model that participated in the last Scoping Plan to 2020. 

1.2 Current Snapshot of California Energy Use and GHG Emissions 
California has the highest population among all states, and ranks 16th in personal income. Although 
California’s per capita energy use, energy intensity (thousand Btu per dollar of GDP) and per capita GHG 
emissions are among the lowest 10% among all US states, the total GHG emission rank is the second 
highest, about 50% of the highest emitting state Texas (EIA 2013). California’s petroleum and electricity 
prices are well above the U.S. average, and its electricity generation mix has a lower carbon intensity than 
the U.S. average. Historically, California has had some of the most aggressive energy and environmental 
policies in the country, including policies addressing GHG and air quality emissions, and vehicle and 
building energy efficiency standards.  

Figure 1.1 (left) shows energy consumption (including energy losses associated with electricity 
generation, transmission, and distribution) in the state, for a total of 7846 trillion Btu in 2010. 
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Transportation alone contributes to 46% of total primary energy consumption, while the demand for 
electricity and natural gas (which are consumed in end use sectors including industrial, residential, 
commercial and agricultural sectors) constitute the majority of the rest. Transportation petroleum fuel use 
constitutes about 60% of total fossil energy use (Figure 1.1, right).   

 
Figure 1.1. Total energy consumption (left) and fossil energy (right) (including energy losses associated with 
electric generation, transmission, and distribution) for California, 2010. Total energy consumption in 2010 is 
7846 Trillion Btu (left), of which 85% comes from fossil energy (right, 5854 trillion Btu). Source: (EIA 2013) 

The single largest contributor to emissions in California is the transportation sector, accounting for 45% 
of total emissions (CARB 2013)(Figure 1.2) (35% comes from in-state emissions, while the other 10% 
(51.4 million metric tonnes CO2 equivalent ) comes from domestic and international aviation and 
international marine bunker fuel use. These emissions are reported but not included in the state emission 
inventory). Electricity generation (in state and imports) accounts for only about 18% of total emissions, 
while industrial (20%), residential (6.4%) and commercial (4.3%) sectors make up the rest (CARB 2013).  

  
Figure 1.2. State-level GHG emissions in 2010. Source: (CARB 2013). Total emissions are 449.37 million metric 
tonnes CO2 equivalent and 500.74 million metric tonnes CO2 equivalent when domestic and international aviation 
and international marine bunker fuel use are included.  

The relatively small contribution to emissions from California’s electricity sector is important to 
recognize, as electric generation has been identified in a number of studies and contexts as one of the least 
costly sectors to decarbonize (Yeh, Farrell et al. 2008; IEA 2012; McCollum, Yang et al. 2012). The large 
proportion of emissions from the production and use of fuels (e.g., natural gas and liquid transportation 
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fuels) means that meeting an 80% reduction in emissions requires improving efficiency of fuel use and 
significantly shifting the final energy consumption to low-carbon fuels and electricity, both of which 
represent some potentially challenging propositions (CCST 2011).  

1.3 Drivers for Future Energy Demands and Emissions 
California’s population is projected to grow to 50.3 million by 2050 (California Department of Finance 
2013), a 34% gain from the 2010 level. This will be accompanied by continuous growth in demand for 
energy to provide services across all sectors of the economy, from transportation, heating, cooling, 
lighting, refrigeration, to industrial activities. This projection of population growth differs significantly 
from recent projections of 59.5 million (from 2007) and 54.8 million (from 2004) in 2050. Thus, 
projections of energy demand, service demands and emissions made in the last few years and policy 
analyses that relied on these projections may differ significantly in their results.  

In the past two decades, California primary energy use and GHG emissions have grown slower than 
population growth and GDP increase (Figure 1.3) due to policies such as energy efficiency measures for 
vehicles and for consumer appliances. Energy efficiency improvements reduce energy use while 
delivering the same energy service (e.g. heating, cooling, lighting, vehicle miles). Thus our model builds 
on a more robust estimate, i.e. energy service demand as opposed to primary or final energy demand, that 
allows for endogenous technological changes to take place in spite of demand growth. Changes in service 
demand via structural changes, such as denser cities that reduce demand for vehicle travels or shifting 
from heavy industry to service industry, can not be modeled endogenously in our model but can be 
modeled as separate scenarios. Making a clear distinction of drivers of changes, and how policy levers 
can affect these drivers, is essential for understanding our model results and analyses.         

 
Figure 1.3. Historical trend of California population, GDP (in constant dollar), primary energy use and GHG 

emissions (left) and energy use per capital and per GDP. Source: (CA DOF 2013; CARB 2013). 

1.4 Study Goals 
The purpose of this particular study – and the CA-TIMES model in general – is to provide strategic 
guidance to California decision makers. We aim to produce policy insights, for example, on how 
economic drivers (such as technology and resource cost considerations, and competition among 
technologies) and policies (such as an emissions trading scheme, renewable portfolio standard for 
electricity, biofuels mandates, and vehicle tailpipe emissions standards) might affect future decisions on 
the investment of future energy technologies and utilization of resources under various scenarios. Our 
overall intent is to develop an improved understanding of the structure, operation, and cost of the future 
California energy system under different sets of assumptions about future population, GDP, demand 
growth, technology availability, and energy and environmental policies. Specifically, we analyze the 
optimized  technology options and trajectories for meeting California’s 80% reduction goal for 2050. 

With an eye toward policy design and formulation, the insights from this modeling exercise are intended 
to provide useful information for California policymakers as they seek to understand which energy sectors 
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and technologies can (or should, under an optimization framework) play a role in both near- and long-
term reductions in GHG emissions, considering the state’s specific and unique context. At the same time, 
because of the CA-TIMES model’s rich characterization of the energy supply sectors of the economy 
(including fuel supplies (e.g. hydrogen, biofuels) and electric generation), and energy demand sectors 
(including transportation, residential, commercial, industrial and agriculture3 ), we can explore the 
interactions effects within and across the supply and demand sectors in response to policies.   For example, 
policies to encourage bio-based renewable electric generation (e.g. electricity generation from wood or 
biogas) and hydrogen production will reduce the availability of biomass for biofuels in the transportation 
sector.  

The results from the modeling exercise can be applicable to the much larger community of energy and 
environmental policy analysts and modelers outside of California, particularly those focusing on the 
challenges of – and solutions to – rapid growth in decarbonizing the economy.   

                                                        
 
3 The industrial and agricultural sectors are not modeled with the same level of technological detail as the other sectors listed, but 

are handled more simply with scenario-based energy demands. 



2. MODEL STRUCTURE AND MODELING APPROACHES 

The California TIMES (CA-TIMES) model is an integrated energy-engineering-environmental-economic 
(4E) systems model focusing on the California energy system. The model is both rich in technological 
detail and covers all sectors of the California energy economy, including energy supply (such as feedstock 
(including oil, gas, and biomass), fuel production/conversion, fuel imports/exports, electricity production, 
and fuel delivery), and demand (i.e. residential, commercial, industrial, transportation, and agricultural 
end-use sectors).  Figure 2.1 presents a highly simplified schematic of the reference energy system (RES) 
of the CA-TIMES model. Demands for energy services in transportation, residential and commercial 
sectors drive the demand for end-use technologies and energy carriers, the latter of which must be 
supplied by fuel and electric generation plants powered by a range of fossil and renewable energy 
resources. Demands for industrial and non-energy sectors are modeled simplistically at the fuels level; 
therefore no end-use technology details are represented in these two sectors.  

 
Figure 2.1. Schematic diagram of CA-TIMES model (version 1.5). 

Developing and running CA-TIMES requires a substantial quantity of data inputs, including cost, 
efficiency and other assumptions for individual technologies in all time periods up to 2055. CA-TIMES 
model development is an ongoing process that will span several years. The model description and analysis 
described in this report refers to the first public version of the model, CA-TIMES v1.5, as opposed to the 
first version of the model (CA-TIMES v1.0) of which results were published without the database 
(McCollum, Yang et al. 2012) due to the ongoing nature of research efforts. The CA-TIMES v1.5 is 
updated and re-calibrated to the year 2010 as the base year. All the costs represented in the model now are 
in 2010 dollar values. Below we briefly describe the model structure, with more detailed descriptions in 
the following sections and Chapters.  

Demand. Energy service demands (e.g. lighting, heating, cooling, and vehicle miles travelled) are 
estimated exogenously based on demand drivers such as population growth, GDP, # of housing units, and 
square footage of commercial space for the residential and commercial sectors. The industrial and 
agricultural demands are treated fairly simply by projecting the future fuels of these sectors use based on 
historical trends. We also run certain set of scenarios which demands are endogenous in responsive to 
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own price changes by specifying the price elasticities of service demands. This will be explained further 
in Section 2.2.   

Supply. The supplies for primary energy are represented as supply curves. In some cases (e.g. oil and gas 
from outside of California), the supply curves are exogenous projections from the Energy Information 
Administration based on the belief that demand level changes in California will not affect fuel prices in 
the US and rest of the world. Some are represented as step functions of annual potential (e.g. maximum 
available biomass at a given price, or available wind or hydro potentials). There are also trading 
possibilities where the amount and prices of the traded commodities are determined endogenously (within 
any imposed limits) or exogenously (for a pre-specified price and quantity).    

Policy. The all-encompassing nature of TIMES model allows a wide-range of policies to be represented 
in the model. This can range from explicit fuel taxes, technology subsidies, or carbon taxes that can be 
added directly to a technology, or products (e.g. finished fuels or emissions) to more elaborate policy 
measures such as renewable portfolio standards (RPS), energy efficiency standard for appliances and 
vehicles, or an emission cap that can be represented as constraints in the market share, technology 
penetration level, or total emission levels.   

Technology. In TIMES, the transformation of primary resources into energy services are represented by a 
series of technical and economic parameters for technologies (or processes) that transform energy 
resources into fuels, materials, energy services, and emissions. The quality of a TIMES model rests on a 
rich, well developed set of technologies and technology assumptions (in terms of costs, efficiency, 
availability, etc), both current and future, for the model to make decisions in respond to both exogenous 
and endogenous changes in drivers, scenarios, policies, etc. 

 

2.1 Primary Modeling Approach: Optimization  
CA-TIMES is built upon the MARKAL-TIMES optimization framework, which is used by dozens of 
research groups and energy agencies throughout the world (Loulou and Labriet 2008). The objective of 
the model is to meet future fixed energy service demands at minimum global cost (i.e., the minimum total 
discounted net present value (NPV) of all costs accounted for in the model) subject to a large set of 
technical, social and policy constraints. CA-TIMES identifies the most cost-effective technology 
pathways and resources options that will enable the state to transition to deep reductions in GHG 
emissions. Such an optimization approach can be described as representing a single decision maker with 
“perfect foresight”, as the model possesses full information about all future demands, technologies and 
resources and makes the least-cost investment and operating decisions throughout the modeling years in 
order to minimize the present value of all system costs. 

!"#
= 1 + !!

!"#$!!!(!""#$%& ! + !"#$%&' ! + !"#$%&' ! + !"#$%&$' ! +⋯ )
!∈!"#$%

 

 (Equation 2.1) 

where,  
 NPV   = net present value of the total system costs; 
 dy  = general discount rate; 
 REFYR  = reference year for discounting; 
 YEARS = set of years for which there are costs, including all years in the horizon;  

ANNCOST = annual costs of investment. Each yearly payment is equal to a fraction CRF of 
the investment cost, INVCOST (CRF = Capital Recovery Factor, see Section 2.3 
Hurdle Rate for mode discussion on CRF); 
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 FIXCOST = fixed annual costs; 
 VARCOST = variable annual costs 

ELASCOST = cost of demand reduction, the value is 0 when the model runs only with cost 
minimization (without elastic demand) 

Additional costs terms such as investment taxes and subsidies, decommission costs, taxes and subsidies 
attached to fixed annual costs, salvage values of investments, etc can also be added when appropriate.    

For most cases, the objective of the CA-TIMES model is simply the minimization of the total cost of 
meeting exogenously specified level of energy service, as illustrated in Figure 2.2. We also run scenarios 
of alternative demand scenarios given structural changes (e.g. reduced travel demands due to the success 
of land use policies or other demographic changes), but these changes are exogenous that do not respond 
to price changes.  

 
Figure 2.2. Equilibrium when an energy service demand (QE) is fixed. Source: (Loulou, Remne et al. 2005). 

The decision variables in the model are technology investment, retirement, operation (activity levels and 
storage), primary energy supply, and energy trade decisions (i.e. level of imports). The key advantage of 
the CA-TIMES model is that it is a vertically integrated model of the entire extended energy system 
within California. For example, if there is an increase in residential electricity demand relative to the 
reference scenario (perhaps due to a shift from natural gas furnaces to electric heat pumps), either existing 
electricity generation must be used more intensively or new generation must be installed. If the demand 
has a distinct time profile, then the increased generation must also match the time profile of the increased 
demand. The choice by the model of the electricity generation equipment (type and fuel) is based on the 
analysis of the characteristics of alternative generation technologies, on the economics of the energy 
supply, and on environmental criteria if there is a constraint on emissions (Loulou, Remne et al. 2005).  

In this respect, CA-TIMES (like all models) represents a simplification of reality. Also like all models, it 
has many caveats and the results of the model should be interpreted with great caution. For example, the 
optimization model makes all future technology investment decisions based on levelized costs captured in 
the model, and lacks consideration for non-economic behaviors such as consumers’/producers’ attitudes 
toward technology risks, uncertainties of future costs (including technology costs and fuel costs) and 
policies, and social aspects of decision making (e.g. non-competitive markets) that cannot be captured 
based on costs alone.  

Modeling simplifications and caveats: 
• Single decision maker in CA-TIMES vs. millions of individual decision makers in reality (In 

Chapter 8.2, we introduce a technique that has generated broad interest by incorporating 
consumer heterogeneity into the model) 
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• Decision making with perfect foresight and no uncertainty 
• System cost (the sum of net present values of all technologies and resource costs) is the only 

criteria to be optimized to meet energy service demands subject to user constraints.  
• Exogenous assumptions on technology availability and costs changes over time. Though the 

model can simulate endogenous technological change (ETL) via the implementation of learning 
curves in which the costs of technologies decrease as a function of increased technology 
penetration, such model advancement is not implemented in this version of the model.  

• Representation of non-economic decision-making factors (such as risk and uncertainty) with the 
use of higher discount rates (i.e. “hurdle” rates), which serve to discourage investments. 

• No feedback between the energy sector and state GDP. Macroeconomic variables such as state 
production, consumption, and savings can be affect by policies such as energy and environmental 
policies. CA-TIMES relies on exogenous projections of state GDP. If other studies suggest that 
there is an observable linkage with state GDP, this can be handled as scenarios rather than 
simulated within the model.  
 

2.2 Alternative Modelling Approach: Partial Equilibrium with Elastic Demand (ED)  
In addition to exogenous assumptions of possible structural changes as described in the previous section, 
we also run scenarios when demand for energy services is responsive to price changes. When the demand 
is endogenous, CA-TIMES computes a partial equilibrium on energy markets. This means that prices of 
energy will match exactly the amounts that the consumers are willing to buy. This equilibrium feature is 
present at every stage of the energy system: primary energy forms, secondary energy forms, and energy 
services.  

When the demands respond to supply price changes, instead of minimizing total system costs, the supply-
demand equilibrium model maximizes the total surplus, defined as the sum of suppliers and consumers 
surpluses, as shown in Figure 2.3. Following the Equivalence Theorem, maximizing total surplus 
(consumer surplus + producer surplus) is also the same as minimizing the total discounted system cost 
and the cost of demand reduction (Loulou and Lavigne 1996), also shown in Figure 2.3. The demand 
curve shown in Figure 2.3 is represented by:  

D/D0 = (P/P0)Elastic         (Equation 2.2) 

Where (D0 ,P0) is a reference pair of demand and price values for that energy service for a given time 
period, and Elastic is the (negative) own price elasticity of that energy service demand.  

 
Figure 2.3. Illustration of supply-demand equilibrium with elastic demand. Source: (Kesicki and Anandarajah 
2011). 
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By definition, given the value of elasticity is always smaller than or equal to zero, the sum of total energy 
system costs with elastic demand (the area surrounded by DlCD) plus the cost of demand reduction (loss 
of consumer welfare, the area surrounded by D0ACDl in Figure 2.3 and ELASCOST in Equation 1) will 
always be smaller than the total energy system costs without elastic demand (the area surrounded by 
D0BD), i.e. 

Total energy system costs with elastic demand (the area surrounded by DlCD) + Cost of demand 
reduction (loss of consumer welfare, the area surrounded by D0ACDl) < Total energy system costs 
without elastic demand (the area surrounded by D0BD)  

This means that the compliance costs that we calculate for meeting GHG policy targets will always be 
smaller with elastic demand compared with the estimated compliance costs without ED. Instead of 
investing in more expensive technologies to meet a fixed demand (point B in Figure 2.3), consumers also 
have the options of reducing service demand (point C in Figure 2.3), resulting in lower energy costs (PlE 
as opposed to Pl) and lower investment costs (the area surrounded by DlCD as opposed to the area 
surrounded by D0BD).  

2.3 User Constraints and Other Techniques to Approximate Markets and Behaviours 
It is often the case that in order to approximate imperfect market or non-market behaviors, such as those 
caveats that we mentioned in the previous section, we use a number of “modeling tricks” to constrain the 
model. These modeling techniques, typically based on the intuition of modelers or historical observations, 
are briefly described below.  

Constraints on technology growth rate 

Due to the optimization nature of the model, new investments in least-cost technology tend to constitute 
100% market share of the new technology stock if there are no other user constraints. This is often 
referred to as the “all-or-nothing” behavior of optimization models. Therefore a typical practice is to 
apply growth rate constraints in controlling the penetration of technologies over time. A growth constraint 
may for example express that the capacity increase between two periods is limited by an annual growth 
rate. This is intended to approximate (in a simplistic and exogenous fashion) real world constraints such 
as the time it takes to expand plant capacity, build enough new production plants or infrastructure. Or it 
can be due to heterogeneity of consumers where it takes new technologies significant time to capture the 
entire market. These constraints can be binding or non-biding. When binding, these constraints play an 
important role in determining the outcomes of the scenarios. Therefore, the assumptions of growth rate 
constraints are documented in Appendixes B and C and alternative assumptions of growth rates 
constraints are explored in the scenario analysis.     

Hurdle Rate 

In CA-TIMES model, investments in technology are based on the levelized costs of technology: the 
technologies with the lowest levelized costs are selected to meet end-use demand. However, there is a 
wide-recognition that “efficiency gaps” exist and consumers behave as if they have high discount rates 
(Greene, German et al. 2009; Greene 2011; Gillingham and Palmer 2013). A variety of explanations, such 
as consumer preferences, consumer heterogeneity, hidden costs, risk aversion to uncertainty, and 
information gaps have all being offered as possible explanation. We approximate this behavior by 
assigning a higher technology-specific discount rate to each consumer technology based on literature, and 
they are documented in Appendixes B and C and we also explore alternative assumptions in the scenario 
analysis.     

In TIMES, investment in technology results in a stream of annual payments spread over the economic life 
of the technology (ELIFE), similar to financing the purchase with a loan. Each yearly payment is equal to 
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a fraction CRF of the investment cost (CRF = Capital Recovery Factor). Note that if the technology 
discount rate is equal to the general discount rate (which is set at 4% in the model), then the stream of 
ELIFE yearly payments is equivalent to a single payment of the whole investment cost, in as much as 
both have the same discounted present value (Loulou, Remne et al. 2005). If however the technology’s 
discount rate is chosen different from the general one (usually higher), then the stream of payments has a 
different present value than the lump sum. Note that: 

CRF = 
!! !

!!!
!!( !

!!!)
!"#$!         (Equation 2.3) 

Where r = technology specific discount rate (often referred to as the hurdle rate), and ELIFE is 
the economic lifetime of technology.  

Table 2.1 illustrates the relation between hurdle rate, CRF, annual payment, and net present value of the 
technology. Using an example of a technology with an investment cost of $1 million and an economic life 
of 15 years, based on different technology hurdle rates and a general discount rate of 4%, the annual 
payment and net present value of investment is calculated using the following formulas: 

!""#$%  !"#$%&' = !"#×!"#$%&'$"&  !"#$    (Equation 2.4) 

!"#$"%&"'  !"#  !"#$#%&  !"#$%  !"  !"#$%&'( = !""#$%  !"#$%&'
(!!!")!

!"#$!
!!!  (Equation 2.5) 

Where g = general discount rate  

Table 2.1. An example of technology-specific discount rate, CRF, the annual payment and perceived net 
present value by consumers (assuming ELIFE = 15, investment cost = 1 M$).  
Technology specific discount rate (hurdle rate), r 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 
Capital recovery factor, CRF  0.09   0.11   0.13   0.15   0.18   0.20   0.22   0.25  
Annual payment (M$)  0.09   0.11   0.13   0.15   0.18   0.20   0.22   0.25  
Perceived net present value (M$) by consumers  1.00   1.22   1.45  1.67  2   2.22  2.45   2.78  
 
It can be seen in Table 2.1 that if the technology hurdle is equal to the general discount rate, the net 
present value perceived by consumers is equal to the actual investment cost (1 million dollars). With the 
increase of technology hurdle rate, the perceived upfront cost by consumers goes up to around 2.78 
million dollar (with a hurdle rate of 32%). Since fixed and operating costs (which include fuel costs) are 
discounted based on the general discount rate (4%), the higher values of r, the more expensive the upfront 
investment costs compared with fuel savings, and the greater the efficiency gap. 

While such a modeling technique is a good approximation of consumer behaviors resulting in simulated 
purchase decisions of technology adoption by consumers, these costs (through CRF multiplier) are not the 
actual costs that consumers pay nor real costs to the economy. Therefore, when calculating the abatement 
costs of policies, we use the real discount rate instead of hurdle rate. In other words, technology hurdle 
rates are only used to simulate the penetration of consumer technologies but not the actual costs of 
abatement.   
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3.  ENERGY SUPPLY  

The energy and fuel supply sector in CA-TIMES covers the extraction of all primary energy resources as 
well as the conversion and transport of processed fuels (i.e., secondary and final energy carriers). It is the 
largest, most complex sector represented within CA-TIMES, encompassing everything within the three 
rightmost columns of Figure 2.1 except for electric power plants. 

The model represents the production of primary energy resources with supply curves of varying 
complexity. These fuel supplies are discussed in greater detail in the sections below. In CA-TIMES, most 
primary energy resources are imported into the state and delivered to fuel conversion facilities, such as oil 
refineries, bio-refineries, and synfuel and hydrogen production plants. Most of these plants are assumed to 
have fixed investment costs and efficiencies that exogenously change over time throughout the modeling 
period. Often the cost assumptions used in this model do not capture the very high costs of the first few 
plants, but represent mature technologies that are commercially available. In Chapter 8.1, we explore the 
spatially optimized hydrogen infrastructure built out over time; but that level of modeling details is not 
typically represented in CA-TIMES. CA-TIMES also allows for finished fuels (e.g., biofuels, refined 
petroleum products) to be imported into the state as well. Supply curves are specified for each of these 
imported commodities. Dozens of fuel transport and delivery technologies are used in CA-TIMES to 
distribute the various primary and final energy commodities to the fuel conversion and end-use sectors. 
Along the way, production, transport, and delivery costs are assigned, and upstream emissions are 
allocated. Figure 3.1 shows the schematic representation of the CA-TIMES model with the sectoral 
details. 

 

Figure 3.1. Schematic Representation of CA-TIMES Model 
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3.1  Oil and Natural Gas 

3.1.1 Supply curves 
Crude oil and natural gas are treated very simply (exogenous price projections), as California is assumed 
to be a price-taker for both resources. Figure 3.2 shows price projections of crude oil and fossil natural 
gas in the reference scenario and high-low price scenarios. The model also allows for imports of finished 
fuels from outside the state, such as natural gas (via pipeline or LNG), refined petroleum products (e.g., 
gasoline diesel, jet fuel, kerosene, residual fuel oil, etc.). Natural gas can also be produced from bio-based 
resources such as bio-methane. 

    
Figure 3.2. Crude oil (left) and natural gas (right) price projections assumed in CA-TIMES v1.5. Source: (EIA 
2013). Dashlines represent our own extrapolation from 2040 to 2055.  

3.1.2 Oil refineries 
The refinery technology in CA-TIMES is able to flexibly produce a range of different petroleum products, 
taking crude oil, natural gas liquids, natural gas, and electricity as inputs (Figure 3.3). Crude oil and 
natural gas liquids are feedstock inputs (i.e., their carbon and energy content is converted into the fuel 
products), while the remaining energy carriers are combusted at the refinery in order to generate 
energy/heat for the various refining operations. In addition, a small fraction of the input crude oil is also 
combusted. Hydrogen is produced as an intermediary product/input at the refinery using natural gas steam 
methane reformation, though this process is not explicitly modeled. The outputs produced at the refinery 
include distillate heating oil #2, low-sulfur highway diesel (<500 ppm S), ultralow-sulfur highway diesel 
(<15 ppm S), conventional gasoline, reformulated gasoline, jet fuel, kerosene, high-sulfur residual fuel oil, 
low-sulfur residual fuel oil, liquefied petroleum gases (LPG), methanol, petrochemical feedstocks, asphalt, 
and petroleum coke (Figure 3.3).  
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Figure 3.3. Simplified schematic of flexible refinery technology in CA-TIMES. 

Reflective of a real-world refinery, the flexible technology in CA-TIMES is constrained from over-
producing each fuel product by setting an upper limit on the share of total refinery output that can come 
from a particular fuel. These fuel product splits are relaxed slightly over time (Table 3.1), and along with 
refinery efficiencies and resource inputs, they are calibrated to the base-year 2010, using data from the 
CEC’s Energy Almanac (CEC 2010), the EIA Petroleum Navigator (EIA 2010), and the assumptions to 
the Petroleum Market Module of the EIA’s NEMS model (EIA 2010). Through process known as 
“capacity creep”4, the existing stock of California refineries is allowed to expand over time. Estimates of 
future refinery creep for California refineries have been put at about 0.45% per year according to the CEC 
(CEC 2010), from 4621 PJ in 2005 to 5784 PJ in 2055. Thus, the state’s refining capacity is able to grow, 
albeit with a much smaller capital outlay than would be expected if a “greenfield” refinery were to be 
built on a new site. Such greenfield expansions are also possible in the model through investments in a 
future refinery technology. Refinery efficiency is kept constant and capacity at 89% at all years.  

Table 3.1. Assumptions of refinery inputs and maximum shares of outputs in 2010 and 2055.  
 2010 2055 
Input (unit energy input per 1 unit energy output) 
Oil  1.110   
Natural gas  0.028   
Electricity  0.003   
Output (maximum share per 1 unit energy output) 
Distillate-Low Sulfur Highway Diesel (500 ppm)  0.037 0.037 
Distillate-Ultralow Sulfur Highway Diesel (15 ppm)  0.165 0.165 
Conventional Gasoline  0.058 0.058 
Reformulated Gasoline  0.431 0.431 
Kerosene-type Jet Fuel  0.166 0.166 
Kerosene and Other Refined Products  0.015 0.015 
LPG 0.024 0.024 

                                                        
 
4 Refinery capacity creep is the term used to describe the cumulative result of many small projects and productivity 
enhancements that enable a refinery to increase crude oil input over time. 
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Methanol from  0.010 0.010 
Petrochemical Feedstocks  0.052 0.052 
High Sulfur Residual Fuel Oil  0.030 0.030 
Low Sulfur Residual Fuel Oil  0.030 0.030 
Asphalt  0.051 0.051 
Petroleum Coke  0.070 0.070 

 
3.2  Biomass and Biofuels 

3.2.1 Biomass supply curves 
Biomass supply is represented with supply curves for twelve different feedstock types (e.g., crop and 
forest wastes, municipal solid waste, energy crops, animal fats and oils), all of which could be produced 
in California and/or the Western United States with some basic sustainability rules such as slope threshold 
(forest residue), maximum removal rate (agricultural residue), etc (Parker, Hart et al. 2010). The supply 
curves are assessed for every time period. Figure 3.4 shows the biomass supply curves in 2050. The 
supply curves are taken from Parker (2010), and the feedstocks include forest residues, municipal solid 
waste or MSW (Mixed 5 , paper, wood, and yard waste), orchard and vineyard waste, pulpwood, 
agricultural residues (stovers and straws), energy crops (herbaceous), yellow grease, animal tallow, and 
corn. The model also allows for imports of biofuels from outside the state, including ethanol (made from 
corn, cellulosic feedstock, grain and sugarcane), bio-diesel, and bio-based synthetic fuels (biogasoline, 
bio-derived residual fuel oil, bio-derived jet fuel, bio-derived aviation gasoline, bio-derived methanol, and 
bio-derived synthetic natural gas), produced outside of California and outside of the U.S.  

 
Figure 3.4. Biomass supply curves for California and neighboring states available for bioenergy purposes in 
California in 2050. 

3.2.2 Biorefineries 
Several different types of bio-refinery technologies are modeled in CA-TIMES (Table 3.2), though only 
ethanol and biodiesel are available in the base-year 2010: bio-diesel production facilities consuming 
yellow grease or animal tallow as feedstocks. Ethanol supply in 2010 is met by imports of corn ethanol 
from the Midwestern U.S. and sugarcane ethanol from Brazil. After 2010, the model is able to invest in 
cellulosic ethanol plants (via either the biochemical or thermochemical pathway) and bio-derived residual 
fuel oil plants (via a pyrolysis bio-oil pathway). These future technologies consume one of nine types of 
                                                        
 
5 Municipal Solid Waste (Mixed) includes the MSW (Dirty) and MSW (Food) categories from Nathan Parker’s 

dissertation work. 
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cellulosic feedstock. In addition to producing their liquid fuel products, these bio-refineries also generate 
a small amount of electricity as a by-product. Feeding this low-carbon electricity to the grid can displace 
more carbon-intensive sources of electricity, such as natural gas plants. All future bio-refinery 
technologies are characterized by biomass input efficiencies, investment costs, fixed and variable O&M 
costs, annual capacity factors, technology-specific hurdle rates, year-to-year limits on capacity growth, 
and a variety of other information. These technology characterizations largely come from a NREL study 
(Bainm 2007). 

Table 3.2. Biorefineries and Fischer-Tropsch (FT)  poly-generation plants in CA-TIMES 

 

Fischer-Tropsch (FT) coal-biomass poly-generation plants represent yet another category of potential 
future fuel conversion technologies in CA-TIMES (Table 3.2). These plants consume one of nine types of 
cellulosic feedstock and then produce some combination of synthetic gasoline, diesel, jet fuel, and/or 
electricity. Co-firing with coal is an option with certain plant designs. Based on Kreutz et al. (2008), we 
represent five unique biomass-to-liquid (BTL) and coal/biomass-to-liquid (CBTL) processes that are 
commercial or near-commercial technologies. The main differences between them have to do with their 



California TIMES (CA-TIMES) Modeling of California Energy and Climate Policies (Draft Final Report for 
Review and Comments) 

 28 

varying sizes, biomass-to-coal input ratios, and fuel/electricity product splits; whether CCS is utilized or 
CO2 is vented to the atmosphere; and whether a once through (OT) or recycle (RC) approach is used for 
the initially unconverted synthetic gas (“syngas”). (Note that RC systems maximize FT liquids production, 
while OT systems allow for more electricity generation at the expense of reduced FT liquids production.): 
BTL-RC-V, BTL-RC-CCS, CBTL-RC-CCS, CBTL-OT-CCS, CBTL2-OT-CCS. Two of the five plants 
made available to CA-TIMES consume only biomass (i.e., no coal co-firing); thus, they produce liquid 
fuel products with zero or significantly negative carbon intensities. For example, the BTL-RC-CCS plant 
design is an example of a negative emissions technology, since it takes carbon from biomass (which 
originally pulled CO2 out of the atmosphere via photosynthesis) and permanently stores it underground 
(i.e. bioCCS). Further, because the three CBTL plants with coal-biomass co-firing each utilize CCS, they 
also produce liquid fuel products with relatively attractive carbon intensities, even though coal is used an 
input fuel. These carbon intensities are significantly better, or at least no worse, than petroleum-based 
gasoline. From a technological perspective, carbon capture and storage is particularly attractive with these 
FT liquids poly-generation plants because the CO2 stream that is generated is naturally concentrated – in 
other words, a nearly pure stream of CO2 is generated, by default, as a by-product of the FT process, thus 
the added costs of CO2 capture are quite low. All future FT BTL/CBTL poly-generation plant 
technologies in CA-TIMES are characterized by coal and biomass input efficiencies, investment costs, 
fixed and variable O&M costs, annual capacity factors, technology-specific hurdle rates, year-to-year 
limits on capacity growth, and a variety of other information.  

3.3 Hydrogen Production 
A more detailed spatial representation illustrating how hydrogen infrastructure can build out over time to 
meeting regional demands has been developed as a standalone model described in detail in Section 7.1 
but has not yet been incorporated into the main CA-TIMES model. 

Hydrogen production, delivery and refueling infrastructure is represented relatively simply in the current 
iteration of CA-TIMES.  Hydrogen can be supplied to the various end-use sectors in CA-TIMES via a 
number of different pathways. The following hydrogen production technologies are available to the model 
in future years: Central production via coal gasification (w/ and w/o CCS), natural gas steam methane 
reformation (w/ and w/o CCS), water electrolysis, and biomass gasification (w/ and w/o CCS).  
Distributed production methods can be accomplished at the station using natural gas steam reforming and 
water electrolysis. Biomass gasification to produce hydrogen can be coupled with CCS to provide a 
negative emissions technology. Figure 3.4 shows the potential technology options for hydrogen 
production. 

The cost of central production facilities is based upon reference sizes for each type of infrastructure from 
DOE’s H2A database (H2A 2005). 

All hydrogen production plants only produced hydrogen and it is assumed that no electricity co-
generation takes place (though many infrastructure elements can consume electricity, especially water 
electrolysis). All future hydrogen production technologies in CA-TIMES are characterized by energy 
resource and/or water input efficiencies, investment costs, fixed and variable O&M costs. The technology 
and cost assumptions are based upon data primarily from DOE’s H2A database, though data from U.S. 
EPA’s 9-region MARKAL model (U.S. EPA 2008) is also used (for inputs like annual capacity factors, 
technology-specific hurdle rates, year-to-year limits on capacity growth, and a variety of other 
information). 
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Figure 3.4. Simplified schematic of hydrogen production and supply technologies in CA-TIMES 

After it is produced, hydrogen is distributed to end-use sector technologies by either pipeline or truck 
transmission and delivery technologies (see Figure 3.4). Distributed hydrogen production at the refueling 
station does not require any delivery technologies or associated costs. No spatial information is used in 
modeling of hydrogen delivery, instead an average distance is assumed for all central hydrogen 
production based upon average distances assumed in EPA’s MARKAL model.   

Refueling station costs are based upon an assumed dispensing capacity of 2,740 kg/day. Each stage of 
hydrogen infrastructure, production, delivery and refueling have associated costs, energy inputs and 
emissions. These technology characterizations are based on the EPAUS9r MARKAL model U.S. EPA 
(2008), and the U.S. DOE’s Hydrogen Analysis (H2A) model (U.S. DOE 2008). 

The representation of hydrogen infrastructure in CA-TIMES is a crude representation of how such a 
system would work. The two most important caveats include the lack of economies of scale in production 
and delivery infrastructure costs and the lack of spatial detail about hydrogen demand and delivery.   
These two issues are addressed in a separate analysis in Section 7.1, but have not yet been incorporated 
into the primary CA-TIMES model v1.5 and scenario analysis. 

Without economies of scale represented in this model, costs for hydrogen production are represented as a 
cost per unit of capacity. This approach will underestimate the cost of building early infrastructure since 
systems to supply small amounts of hydrogen are invariably more expensive per unit of capacity than 
larger systems. This same issue comes up especially with respect to pipeline delivery as cost does not 
scale linearly with hydrogen flow rate (Yang and Ogden 2007). Also important is the fact that CA-TIMES 
v1.5 does not specify location of hydrogen demands, which has an important impact on the scale of 
delivery infrastructure. CA-TIMES v1.5 treats all demand as coming from one region and thus all 
demands use average delivery distances. 

3.4 Electricity Generation  
The electricity supply sector consists of power plants that take in primary energy feedstocks (e.g., natural 
gas, biomass, uranium, wind, hydro, coal) and convert it into electricity, which can then be delivered and 
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used to meet end-use energy service demands in the five end-use sectors (industrial, commercial, 
residential, agricultural, and transportation). Figure 3.6 shows a schematic representation of the electricity 
sector, including the resources, types of conversion plants, and electricity-using sectors.   

 
Figure 3.6. Schematic of electric sector resources, conversion plants and end use sectors. 

The California electricity system is treated as one large demand with no spatial detail. This means that 
power from any generator can be used to meet demand from any load without any intrastate transmission 
constraints. The one exception to this aspatial representation is how intermittent renewables are treated 
(this is discussed later in section 3.4.3). 

The majority of electricity supply in the state is produced in dedicated electricity plants (thermal or 
renewable plants), while a fraction of electricity is produced in plants that also produce other products, 
such as heat, chemicals or fuels. 

The CA-TIMES model minimizes total system cost, which in the electricity sector reflects investments in 
power plant capacity, operations and maintenance of plants, and operation and fuel use decisions. The 
model accounts for the state’s existing stock of power plants in the base year, which is used to meet 
current and also near-term future demands. In order to meet the future demand for electricity (which is an 
endogenous decision in the model), the model chooses between available power plant technologies to 
invest in (i.e. capacity additions) and which power plants to operate (i.e. dispatch decisions), in order to 
match electricity supply and demand for each sub-annual timeslice, throughout the modeling period. CA-
TIMES does not model individual power plants but tracks the capacity of power plants of different 
vintages (installation year) to account for differences in cost and/or efficiency.   

The CA-TIMES model defines 19 power plant technologies to represent California’s current electricity 
generation stock, 11 different technologies representing electricity imports and 25 power plant 
technologies are specified and available for future investment.  

The CA-TIMES model also captures the cost of investing in new electrical transmission lines for 
“stranded” renewable resources that exist in remote regions of the western U.S. and Canada (e.g., solar, 
wind, and geothermal), which could contribute to California’s electricity supply mix in the future (RETI 
2009; CPUC 2011).  
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3.4.1   Timeslices 

While not limited to the electricity sector, the use of timeslices is most relevant to the operation and 
dispatch of electricity supply and the demand for electricity from the end use sectors. In an annual 
modeling period, CA-TIMES is broken into 48 sub-annual timeslices. This is significantly lower than 
many electricity simulation models (which typically include hundreds to thousands of time periods) but 
more than other similar energy system models (often with 6 to 12). Each model year of CA-TIMES is 
divided up into six “seasons”, or pairs of months, while each seasonal period is subsequently partitioned 
into eight three-hour time blocks, resulting in 48 timeslices.   

“Seasonal” division “Hourly” division 
1JF - January/February  
2MA - March/April  
3MJ - May/June  
4JA - July/August  
5SO - September/October   
6ND - November/December  

T1:  0:00 – 3:00 
T2:  3:00 – 6:00 
T3:  6:00 – 9:00 
T4:  9:00 – 12:00 
T5:  12:00 – 15:00 
T6:  15:00 – 18:00 
T7:  18:00 – 21:00 
T8:  21:00 – 24:00 

 
An appropriate way to think about this division is that there are 6 representative days in the year (one for 
each two-month period). And these average days are broken into 3-hour blocks so the first timeslice 
1JFT1 represents the midnight to 3am hours on an average January and February day. 

This level of temporal resolution offers the ability to track some (but certainly not all) of the important 
variability in supply and demand. Timing for electricity demands is specified for each end use sector (or 
energy service). On the supply side, the availability of electric generators is specified within each 
timeslice based upon historical averages (for thermal plants) and resource availability (for renewables) for 
plants and resources in California.   

The model must balance supply and demand of electricity in each and every timeslice6. Thus, additional 
generation in timeslices when demand is low has lower value compared to generation during peak 
demand timeslices. 

3.4.2  Power plants 

Detailed information about the state’s electric sector is derived from (CBC 2009; McCarthy 2009; CARB 
2010; CEC 2010; EIA 2011; CEC 2012).   The list of technologies included in the model can be found in 
Table 3.3.  

Table 3.3. Electric Generation Technologies in CA-TIMES 

Base-Year Technologies Future Technologies 
Baseload 
Coal Steam 
Biomass Steam (Woody Biomass) 
Biomass Steam (Municipal Solid Waste) 
Biomass Steam (Herbaceous Biomass) 
Biogas from Landfills and Animal Waste Digesters 
Geothermal 

Baseload 
Coal Steam 
Advanced Coal Int. Gasif. Combined-Cycle (IGCC) 
Advanced Coal Int. Gasif. Combined-Cycle (IGCC), w/ CCS 
Biomass IGCC (Woody Biomass) 
Biomass IGCC (Municipal Solid Waste) 
Biomass IGCC (Herbaceous Biomass) 

                                                        
 
6 It is possible to have excess generation in a timeslice, which is then essentially wasted.   
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Nuclear, Conventional Light Water Reactors (LWR) 
Load following 
Hydroelectric, Conventional (Baseload and Peaking) 
Hydroelectric, Reversible (Pumped Storage) 
Oil Steam (Distillate, Jet Fuel, and residual fuel oil, 
RFO) 
Diesel Oil Combustion Turbine 
Diesel Oil Combined-Cycle 
Natural Gas Combustion (Gas) Turbine (NGGT) 
Natural Gas Steam Turbine (NGST) 
Natural Gas Combined-Cycle (NGCC) 
Intermittent 
Wind 
Solar Thermal 
Solar Photovoltaic 
 

Biogas from Landfills and Animal Waste Digesters 
Geothermal, in California 
Geothermal, in Western U.S. Outside California 
Nuclear, Conventional Light Water Reactors (LWR) 
Nuclear, Pebble-Bed Modular Reactor (PBMR) 
Nuclear, Gas Turbine - Modular Helium Reactor (GT-MHR) 
Load following 
Natural Gas Combustion (Gas) Turbine (NGGT) 
Advanced Natural Gas Combustion (Gas) Turbine (NGGT) 
Natural Gas Combined-Cycle (NGCC) 
Advanced Natural Gas Combined-Cycle (NGCC) 
Advanced Natural Gas Combined-Cycle (NGCC), w/CCS 
Hydroelectric, Conventional (Baseload and peaking) 
Hydroelectric, Reversible (Pumped Storage) 
Molten Carbonate Fuel Cell 
Intermittent 
Wind, Onshore – by CREZ Group 
Solar Thermal, - by CREZ Group 
Solar Photovoltaic (Utility) – by CREZ Group 
Solar Photovoltaic (Residential) 
Tidal and Ocean Energy 
 

 

These power plant types can be broken into several categories based upon how they act within the model.  
The first are baseload thermal plants (e.g. nuclear, coal, biomass), which are run, more or less, at full 
capacity (~90%) in all sub-annual timeslices. These plants do not have the ability to be run at lower 
capacity factor. The second are load-following thermal plants (e.g. natural gas and fuel cell plants) that 
can vary their output on a timeslice basis. Because the model does not track individual power plants, but 
the overall capacity of specific types of power plants, the collective output from a given type of power 
plant can vary anywhere between 0% and maximum capacity (assumed to be 90%).   

 A third type is intermittent renewables (e.g. wind and solar plants) whose timeslice availability is an 
exogenous input to the model. Detailed analysis of historical and estimated solar and wind outputs for 
different locations in the Western US has been done using NREL System Advisor Model data, using data 
from NREL’s Solar Prospector and Western Wind Dataset (NREL 2013).  

Hydro plants make up the last category of plants. Hydropower facilities are broken up into two types, 
conventional and pumped storage. Conventional hydropower in California consists of large dams and 
storage reservoirs. These are modeled as energy constrained resources, which have a certain quantity of 
energy generation over the course of the year and there is also seasonal variation in availability. We 
further break conventional hydropower into a baseload type, which has relatively constant generation (1/3 
of total hydropower generation is assumed to run as a constant, baseload generator), and a peaking type, 
which is free to be dispatched up to hydropower capacity in order to meet demands as needed in any 
timeslice (2/3 of total hydropower is assumed to be available for load following). Figure 3.7 shows a 
historical generation duration curve for hydro for the last few years and hourly hydro generation is almost 
always over 1000 MW. This constant generation is represented by the baseload portion of hydro power 
plants whereas the variable hydro generation is represented by the peaking portion. Additionally, peaking 
hydro power generation is also constrained by season as water is more available in winter, spring and 
early summer and less available during late summer and fall months.  Pumped storage hydro is an energy 
storage technology that is assumed to be around 80% efficient (because of evaporation, pump and turbine 
losses). 
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Figure 3.7. Load duration curve of historical large hydroelectric power generation in California.  Data from 
CAISO (CAISO 2013).  

Biomass plants are split into three types depending upon the type of biomass they can use (woody, 
herbaceous or municipal solid waste). Each of the nine types of biomass described in CA-TIMES falls 
into one of these categories and is assumed to be equivalent to another kind of biomass of the same type.   

3.4.3  Renewable wind and solar resources and transmission 

Since the introduction of the Renewable Portfolio Standard (RPS) policy, a number of studies have 
looked at how the state might meet the targets (CPUC 2009; RETI 2009; CPUC 2011). These studies 
identify wind and solar resources as the primary means of meeting the RPS, due to their relatively low 
cost and significant resource availability in California and in neighboring states. In addition, assessments 
of the location of these renewable resources and their availability have indicated that significant amounts 
of transmission capacity will need to be added in order to utilize these renewables (CPUC 2009; RETI 
2009; WGA 2009).   

The RETI project identified 59 Competitive Renewable Energy Zones (CREZ) that have significant 
renewable generation potential to contribute to meeting the demand in California (RETI) as well as 
identifying the transmission capacities and costs needed to connect these electricity sources to the 
California market. Data from Allan (2011) provided hourly profiles of potential wind and solar generation 
from each CREZ.   

These 59 CREZs were aggregated to 23 CREZ groups (CGs) based upon shared use of representative 
transmission lines (RETI 2009) in order to reduce the modeling overhead. Each CG has potential wind 
and solar resources identified which has been mapped from the hourly profiles given by Allan (Allan 
2011) to the 48 timeslices used in CA-TIMES.   

The structure of remote renewable energy sources is shown in Figure 3.8. 
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Figure 3.8.  Structure of remote renewables for wind, solar PV and solar thermal power plants in 
Competitive Renewable Energy Zones (CREZ) groups 

The first column (Resource) represents the availability of wind and solar resources in a given CG, which 
vary by the total resource availability (e.g. how much total energy is potentially available if wind or solar 
plants were built) and the timeslice availability (e.g. how much generation would be available in each 
timeslice). These vary depending upon the CG, which range from locations within California to many 
different Western States, British Columbia and Baja Mexico.   

The next column represents the actual conversion facilities (wind turbine, solar thermal power plant, solar 
PV plant) that convert the wind and solar resources into electricity within the CG. Costs for wind turbines 
and solar plants are all based upon the same costs but can vary because regional cost multipliers are used.  
This remote electricity needs to be brought to the population centers via newly built transmission lines.  
The output of these transmission lines is then part of the pool of electricity that is available for use in the 
end-use sectors. As stated earlier, the model must balance supply and demand for electricity during each 
timeslice, and thus the fixed timeslice profile of generation for wind and solar is important. If these 
resources are to be used in large quantities, their generation profiles must match with the profile of 
demand. Flexible, load-following resources like hydro power and natural gas become quite important to 
make up for shortfalls. 
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Table 3.4. List of each CREZ group with solar and wind capacity, availability and transmission cost. 

 

Cost multipliers are used to estimate the cost of building wind and solar facilities in different regions (See 
Appendix A. The cost of electricity will vary between these different regions, because of these capital 
cost differences as well as the difference in resource availability, plant capacity factor and transmission 
cost and capacity. The value of electricity from these regions will also vary depending upon the timeslice 
profile of generation. 

3.4.4  New power plant costs and efficiency 

Table 3.5 shows the input capital cost and efficiency assumptions for CA-TIMES electricity sector power 
plants. Costs and efficiencies are shown for specific years and the values for other years are interpolated 
from the values displayed. This data comes primarily from AEO2012 (EIA 2012) and the SWITCH 
model (Nelson, Johnston et al. 2012). Costs and efficiencies are interpolated between data years. 

Transmission lines for renewable generation in remote CREZ regions are assumed to have a 5% loss and 
costs for these lines is shown in Table 3.5. A comparison of our cost assumptions with the other studies is 
summarized in Appendix A.   

Table 3.5. Capital investment and plant efficiency assumptions for new power plants 

Primary CREZ 

Solar 
Capacity 

(GW) 

Solar 
Capacity 

Factor 

Wind 
Capacity 

(GW) 

Wind 
Capacity 

Factor 
Transmission 

Cost ($Mil) 

Transmision 
Capital Cost 
per GW ($Mil/

GW) 

Levelized* 
Transmision 
Capital Cost 

($/MWh) 
1 Lassen  -     -     2.01   0.30   22.28   11.09   0.64  
2 Solano  -     -     0.89   0.19   6.11   6.84   0.63  
3 Owens Valley  5.00   0.24   -     -     73.42   14.68   1.06  
4 Inyokern/Tehachapi  17.33   0.27   4.39   0.34   127.93   5.89   0.36  
5 Barstow  6.34   0.27   1.97   0.31   44.80   5.39   0.34  
6 San Bern-Baker  4.13   0.26   0.18   0.26   31.40   7.29   0.48  
7 Iron Mountain  6.61   0.27   0.06   0.19   96.41   14.46   0.94  
8 Palm Springs  -     -     0.33   0.31   2.58   7.77   0.43  
9 Riverside E  10.55   0.27   -     -     87.52   8.30   0.53  

10 Imperial  5.07   0.27   0.12   0.23   87.90   16.94   1.11  
11 San Diego  -     -     0.88   0.29   10.51   11.96   0.71  
12 Carrizo  5.00   0.24   0.43   0.26   25.21   4.64   0.34  
13 Westlands  5.00   0.20   -     -     23.20   4.64   0.40  
14 Arizona  19.78   0.27   3.71   0.28   2,048.65   87.19   5.56  
15 British Columbia  -     -     13.94   0.28   24,176.81   1,734.14   107.97  
16 Baja  -     -     8.31   0.30   764.05   92.00   5.35  
17 Idaho  -     -     1.65   0.30   2,498.42   1,514.97   87.86  
18 New Mexico  -     -     13.19   0.39   3,624.10   274.84   12.22  
19 Nevada  18.59   0.23   1.75   0.30   2,429.09   119.42   8.67  
20 Oregon  -     -     2.91   0.27   2,045.36   702.17   44.67  
21 Utah  -     -     1.68   0.30   562.65   335.16   19.40  
22 Washington  -     -     3.26   0.28   1,075.19   329.59   20.67  
23 Wyoming  -     -     14.85   0.34   7,923.31   533.44   26.89  

* Assumes 15% CRF  - Source: RETI / A. Allan Thesis 
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3.4.5   Electricity imports 

A large share of California’s electricity is actually supplied from outside the state (~30% in 2010) and is 
categorized into two different types of imports: firm and system. Firm imports refer to generation from 
power plants located outside of California but owned by in-state utilities. System imports, on the other 
hand, refer to electricity produced by utilities outside the state that is only imported when available or 
needed – purchased on the spot market for electricity.  

This imported electricity is generated primarily from natural gas, hydropower and coal plants. And as 
required by AB32, the energy use and emissions related to electricity imports are included in CARB’s 
official GHG Inventory (CARB 2009). Thus, within CA-TIMES, emissions and energy usage from 
electricity imports area counted in instate combustion emissions. 

A key question for CA-TIMES which models electricity generation out to 2050 is what is the cost, 
resource composition and emissions from electricity imports in the future? Because of the difficulty in 
answering this complex question, a simplifying assumption is made: imports are essentially phased out 
and future generation comes from “in-state” sources. In the CA-TIMES model, firm and system imports 
are assumed to decline to zero from 2010 to 2025.   

Given the structure of the CA-TIMES model, it is preferable to represent all new electricity supply to 
California at the technology level (i.e., with investment cost, efficiency, and availability data), rather than 
as commodity flows; hence, future supplies of imports are subsumed as part of the mix of power plant 
technologies that the model chooses to build and deploy to meet California electricity demand.  In other 
words, even though some of the power might be produced out of state it is assumed that it is built to serve 
CA demands. The result is similar to, and thus modeled as if, all electricity generation post-2025 comes 
from instate generation. Note that electricity imports are also subject to the Renewable Portfolio Standard 
and emissions targets within the framework of CA-TIMES. 

Electric Power Plant Cost and Efficiency 
2010 2015 2035 2050 2010 2035 2050

Biogas from landfills and animal waste digesters 8727 8727 8727 8727 25.0% 25.0% 25.0%
Biomass IGCC, Herbaceous (Energy Crop and Ag residue) 4168 3868 2871 2871 34.1% 37.9% 37.9%
Biomass IGCC, MSW (Mixed, Paper and Yard MSW) 4168 3868 2871 2871 34.1% 37.9% 37.9%
Biomass IGCC, Woody (Forest, Wood MSW, Orchard, Pulp) 4168 3868 2871 2871 34.1% 37.9% 37.9%
Coal Steam 2844 2985 2115 2115 38.8% 39.0% 39.0%
Advanced Coal Int. Gas. Combined-Cycle (IGCC) 3220 3366 2281 2281 39.2% 45.8% 45.8%
Advanced Coal IGCC w/CCS 5990 6232 4101 4101 31.9% 41.1% 41.1%
Natural Gas Combustion (Gas) Turbine (NGGT) 1208 980 538 538 31.8% 32.7% 32.7%
Advanced Natural Gas Combustion (Gas) Turbine (NGGT) 859 897 582 582 35.0% 39.9% 39.9%
Natural Gas Combined-Cycle (NGCC) 1221 1283 909 909 48.4% 50.2% 50.2%
Advanced Natural Gas Combined-Cycle (NGCC) 1244 1302 875 875 53.1% 53.9% 53.9%
Advanced Natural Gas Combined-Cycle (NGCC) w/CCS 2369 2462 1590 1590 45.3% 45.5% 45.5%
Molten Carbonate Fuel Cell (Natural Gas) 7041 4158 2129 2129 35.9% 49.0% 49.0%
Hydroelectric, Conventional 2347 2347 2347 2347
Hydroelectric, Reversible (Pumped Storage) 2347 2347 2347 2347
Geothermal 2513 2390 1955 1955
Solar Photovoltaic (Residential) 5710 4453 2113 2113
Tidal and Ocean Energy 7333 6723 4283 3333
Wind Turbines (a) 2729 2662 2408 2408
Solar Thermal Plant (a) 5301 5069 4239 4239
Solar Photovoltaic Plant (a) 5373 4052 1895 1895
Electricity Transmission from remote CREZ 95.0% 95.0% 95.0%
Nuclear, Light Water Reactor (LWR) 5335 5466 3414 3414
Nuclear, Pebble-Bed Modular Reactor (PBMR) 4631 4745 2964 2964
Nuclear, Gas Turbine - Modular Helium Reactor (GT-MHR) 4157 4259 2660 2660
Notes:   a Wind and solar plants in different CREZ zones have different transmission cost, capacity factor and hourly generation pattern
              b Nuclear plants have efficiencies specified in units of PJ of electricity generated per tonne of input enriched uranium (PJ/tEU)

4.65 PJ/tEU (b)

Plant Capital Investment Cost 
($2010/kW) Power Plant Efficiency (%)

Renewable resources are 
characterized by their 

potential electricity 
generation so renewable 

power plants are generally 
assumed to have an 
efficiency of 100%

Cost depends on distance and capacity
1.53 PJ/tEU (b)
2.76 PJ/tEU (b)
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3.5 Greenhouse Gas (GHG) Emissions  
Two categories of emissions are differentiated in the CA-TIMES modeling framework. The first category, 
Instate CA Energy emissions, includes all GHGs produced from fuel conversion and processing (e.g. 
refinery emissions, biofuel or H2 production plant emissions), transport and delivery, and combustion 
activities within the boundaries of California’s energy system. As stated previously, in this analysis 
California energy system is defined to also include emissions from all interstate and international 
aviation and marine trips whose origin is California and from all power plants whose electricity is 
destined for the California market, even if those plants are located in neighboring states. 

The second category, Lifecycle CA Energy emissions, includes additional emissions sources such as 
emissions that result from transporting primary energy feedstocks (e.g., crude oil, natural gas, coal, 
uranium, biomass) or finished fuels (e.g., refined petroleum products, biofuels) from outside of the state 
into California as well as the upstream lifecycle (“well-to-tank”) emissions resulting from 
production/conversion of these feedstocks/fuels outside of California. California imports more energy 
than any other US state (approximately 67% in 2009) (EIA 2013); hence, the Instate CA Energy 
emissions category, like traditional statewide emissions assessments, excludes a substantial portion of 
emissions related to the state’s energy usage.  

It is important to note that the two categories described above do not correspond exactly to how emissions 
are tracked in the CARB GHG Inventory for the purposes of meeting California’s current climate change 
law for 2020 (AB32). While combustion emissions associated with imported electricity are included in 
the Inventory, those from interstate and international aviation and marine activities are specifically 
excluded from the Inventory (although they are still estimated and reported in official estimates). This 
difference, while subtle, is actually quite important, and not just for accounting reasons: from a 
strategic perspective, incorporating California’s trans-boundary transportation emissions in any 
future (i.e., post-2020) carbon cap will increase the difficulty of meeting the state’s emission 
reduction targets. This is especially true because these two transportation categories are more 
difficult to decarbonize than other sectors given their reliance on petroleum fuels. 

 

  



4. DEMAND SECTORS 

CA-TIMES has five end-use sectors: transportation, residential, commercial, industrial, and agricultural 
and non-energy sectors. Each sector is represented with various degree of details, with the most detailed 
representation of transportation, followed by commercial and residential sectors, and simplified 
representation of industrial, agricultural and non-energy sector. They are detailed in detail in sections 
below.  

4.1 Transportation 
The transportation sector is the leading emitter contributing 45% of total emissions (CARB 2013)(Figure 
1.2) (35% comes from in-state emissions, while the other 10% comes from domestic and international 
aviation and international marine bunker fuel use). Therefore, in order to reach any emissions target, a 
detailed analysis of the different modes of transportation sector is necessary. The current version of the 
CA-TIMES model consists of detailed end-use representation in vehicle-miles traveled, for the different 
sub-sectors in transportation, such as, light-duty cars, light-duty trucks, medium duty vehicles, heavy-duty 
vehicles, buses, trains, marine vessels, and aircrafts. The sub-sectors have a multiple vehicle technology 
running on different fuels represented, ranging from gasoline vehicles to fuel efficient and advanced 
vehicle technologies, such as battery electric, plug-in hybrid and fuel cell vehicles. The assumptions for 
each end-use demand are briefly described below and detailed assumptions of technology costs and 
efficiencies are included in Appendix B.  

The structure of the transportation sector in the current CA-TIMES model remains the same as the CA-
TIMES v1.0 model (McCollum, Yang et al. 2012). The base year data and demand trajectory for the 
business-as-usual scenario are updated for most of the modes in the transportation sectors, wherever the 
data was available. In the cases where the updated data was not available, we directly extrapolate data 
from the CA-TIMES v1.0 model. The source data for all the modes are described in detail in the 
following subsections.  

4.1.1 Light-duty cars and trucks 

The vehicle miles traveled (VMT) projections for the light-duty sector come from the EMFAC 2011 
(CARB 2011) model developed by California Air Resources Board. The VMT data projections for the 
light-duty cars come from the LDA (passenger car) category, and the data for the light-duty trucks are 
represented from the combined categories of LDT1 (Light-Duty Trucks, 0-3750 lbs), LDT2 (Light-Duty 
Trucks, 3751-5750 lbs) and MDV (Medium-Duty Trucks, 5751-8500 lbs)) categories. EMFAC model 
projects the VMT data until the year 2035, the values are then linearly extrapolated from the trajectory till 
the year 2050. The vehicle stock for the base year 2010, for the gasoline and diesel vehicles is taken from 
the EMFAC model. For the hybrid and electric vehicle stock, the California DMV data facts for the year 
2010 are used. It is assumed that, in the base year (2010), 90% of the registered hybrid vehicles in 
California are light-duty cars, and the rest are assumed to be light-duty trucks. All the electric vehicles 
registered according to the DMV data in the base year are assumed to be light-duty cars, as the share of 
the light-duty trucks might be too small to be represented compared to other base year vehicle 
technologies, so they are ignored. The miles traveled per vehicle for the base year are also calculated from 
the EMFAC model. 

Figure 4.1 shows the VMT data based on EMFAC model data and our extrapolation for light-duty cars 
and light-duty trucks. 
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Figure 4. 1. Vehicle miles traveled demand of light-duty cars and trucks.  

 
The projections of costs and efficiencies for the new vehicle technologies are mostly obtained from AEO 
2013 Reference case values (U.S. EIA 2013) modified based on our expert judgment based on the review 
of our assumptions in the literature (see Appendix B). The costs were converted to 2010 dollars. For the 
vehicle technologies that were not present in the AEO case, the costs were taken from the CA-TIMES 
v1.0 model, and were converted to 2010 dollar values. These assumptions are detailed in Appendix B. 

4.1.2 Motorcycles 

The VMT data projections for motorcycles are taken from the EMFAC model from the MCY 
(Motorcycle) category. The stock of motorcycles for the base year is taken from the California DMV data. 
The miles traveled per motorcycle are calculated from the EMFAC model (Figure 4.2). The costs and 
efficiency values were retained the same as the CA-TIMES v1.0 model, except that the costs were 
converted to 2010 dollars. These assumptions are detailed in Appendix B. 

4.1.3 Medium-duty vehicles and heavy-duty vehicles 

The VMT projections for medium-duty vehicles are taken from the EMFAC model for the combined 
categories of: 

a) LHDT1 (Light-Heavy-Duty Trucks, 8501-10000 lbs) 
b) LHDT2 (Light-Heavy-Duty Trucks, 10001-14000 lbs) 
c) All the T6 category vehicles that are under 26,000 lbs 

The VMT projections for heavy-duty vehicles are taken from the EMFAC model for the combined 
categories of T6 (>26,000 lbs), T7 or above vehicle categories (Figure 4.2). The vehicle stock numbers 
for gasoline and diesel technologies for the base year are taken from the EMFAC model. The miles 
traveled per vehicle for each vehicle technology are also calculated from the EMFAC data. The cost and 
efficiency values are assumed from the International Energy Agency’s Energy Technology Perspectives 
report (IEA, 2008), and the dollars values are converted to the year 2010. 

4.1.4 Buses 

Three categories of buses are represented in the CA-TIMES model: Transit bus, School bus, Intercity & 
other buses. The transit bus VMT data projections are taken from the EMFAC model’s UBUS (urban bus) 
category, school bus VMT data projections are taken from the EMFAC model’s SBUS (school bus) 
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category, and the Intercity & other bus VMT data projections are taken from the EMFAC model’s OBUS 
(Other bus) category (Figure 4.2). 

The stock of gasoline buses for all the three categories are taken from the EMFAC model, along with the 
calculation of miles traveled per gasoline bus. The stock of diesel, hybrid and electric buses for transit 
buses are calculated from National Transit Database from their energy consumption shares among the 
total number of operating buses. The diesel stock for the intercity buses is assumed the same as the CA-
TIMES v1.0. The costs and efficiencies of these buses are also taken from the CA-TIMES v1.0 model, 
and the investment costs of buses are converted to 2010 dollars. These assumptions are detailed in 
Appendix B. 

 

Figure 4.2. Vehicle-miles travelled data for modes other than light-duty sector vehicles 

4.1.5 Passenger rail 

Four categories of passenger rail are represented in the CA-TIMES model: Commuter rail, heavy rail, 
light rail and intercity rail. The end-use demand for these categories is represented in passenger miles 
traveled. The train-miles traveled are obtained from the National Transit Database for the year 2010 
(NTD, 2010) for the commuter rail, heavy rail and light rail categories. The cable car data is included in 
the light rail category. The intercity passenger miles are calculated from National Transit Database and 
Amtrak passenger boardings for the state of California in the year 2010. The train-miles for intercity 
trains are calculated from the load factor and passenger-miles data.  

The load or occupancy factors for passenger rail (passengers/vehicle and vehicles/train) are assumed to be 
the same as the CA-TIMES v1.0 model which were calculated from National Transit Database (NTD, 
2005). The load factor (passengers/vehicle) for intercity trains is updated from Amtrak database for the 
year 2010 (Amtrak 2010). 

The stock of trains per fuel type for these categories were obtained from National Transit Database (NTD, 
2010). The train-miles traveled per train per year are calculated based on the above data (train-miles and 
stock) in the model. The costs and efficiencies of these trains are taken from the CA-TIMES v1.0 model, 
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and the investment costs of trains are converted to 2010 dollars. These assumptions are detailed in 
Appendix B. 

4.1.6 Domestic freight (air, rail and shipping) 

Both interstate and intrastate freight data for the three major modes: air, rail and shipping are obtained 
from Oak Ridge National laboratory’s FAF3 (Freight Analysis Framework Version 3) model database 
(ORNL 2013). The end-use demand data are represented in million-ton-miles traveled (MTMT). The 
FAF3 model has the domestic (national) freight data, also has the capability to obtain the state-specific 
data: from, to and within the given data. Also, all the freight data includes domestic, import and exports 
for the state. The freight data ‘within’ California are considered as intrastate, and freight data ‘from’ and 
‘to’ California are considered as interstate. The freight rail data has combined interstate and intrastate ton-
miles.  

The ton-miles traveled are projected till the year 2040; the data for the later years are linearly extrapolated 
till 2050. The vehicle configuration data for the freight rail (vehicles/train) and load factor (tons/cars) 
were calculated in the CA-TIMES v1.0 model from the ton-miles, vehicle miles and train miles data, 
determined from BTS (2005) calculations. The ton-miles are updated from the FAF3 data (ORNL 2013), 
but the database does not have the updated vehicle miles and train miles data. So, the vehicle 
configuration (vehicles/train) and load factor for the freight rail (tons/cars) was assumed to be the same as 
the CA-TIMES v1.0 model. 

Stock for the freight rail cars were calculated based on the load factor and FAF3 model’s kilotonne by 
mode. The stock for the marine shipping vessels were calculated from the waterborne tonnage data from 
US Army Corps of Engineers (USACE, 2007). The stock of freight airline data was assumed to be the 
same as the CA-TIMES v1.0 model, which was obtained from California Air Resources Board (CARB, 
2008). The costs and efficiencies of these freight modes are also taken from the CA-TIMES v1.0 model, 
which was obtained from ETP report (IEA, 2008); and the investment costs are converted to 2010 dollars. 

4.1.7 Domestic (interstate and intrastate) passenger aviation 

The passenger aviation data within California, and to and from California were obtained from the Bureau 
of Transportation Statistics aviation (BTS 2010) database. The BTS data contains the number of 
passengers boarded in each flight, and the distance category of each flight (specified in 500 mile 
divisions). The total number of passenger miles traveled for the year 2010 is calculated and calibrated 
based on the 2005 data. Since the distance categories are separated by 500 mile divisions, it is harder to 
gauge the exact passenger-miles traveled. By comparing the similar data for the year 2005, it is calculated 
that the passenger miles traveled is about 70% of the total number of passenger miles obtained from the 
BTS data calculations with 500 mile intervals. The same percentage value is used to determine the 2010 
data. The stock values for passenger aviation are obtained from California Air Resources Board (CARB 
2008). Investment costs are obtained from Boeing (2007); and efficiencies for the passenger aviation 
airlines are calculated from the airplane energy intensity data from Bureau of Transportation Statistics 
(BTS 2010). 

4.1.8 Natural gas pipelines 

The pipeline consumption of natural gas in the state of California is updated for the year 2010 (EIA 2010). 
The pipeline efficiency for the base year was also updated from the EIA data.  

4.1.9 Other transportation 

The following end-use data demand sectors were extrapolated from the CA-TIMES v1.0 model. For this 
revised version of the model, the extrapolated 2010 data was used as a baseline. The stock, cost and 
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efficiencies are retained from the previous model version. The data sources for these sectors are listed in 
Table 4.1: 

• International freight data (air, rail and shipping) 
• Harbor craft  
• Personal recreation boats 
• General aviation 
• International passenger aviation 
• International shipping 
• Off-road and construction  
• Agriculture 

Table 4.1 summarizes transportation technology subcategories, units for end-use demand, and data 
sources for demand and technology assumptions.  

Table 4. 1. Summary of data sources for transportation demand and technology by subcategory.  
Sub-category  Demand Unit Demand data Technology data 
Light-duty cars and 
trucks 

MVMT EMFAC (2011) to 2035 and 
linearly extrapolated to 2050 

AEO 2013 and ARB ZEV 
Regulation 

Motorcycles MVMT EMFAC (2011) to 2035 and 
linearly extrapolated to 2050 

CEC IEPR and Caltrans MVSTAFF 

Medium-duty 
vehicles and Heavy-
duty vehicles 

MVMT EMFAC (2011) to 2035 and 
linearly extrapolated to 2050 

Energy Technology Perspectives 
report (IEA, 2008) 

Buses MVMT EMFAC (2011) to 2035 and 
linearly extrapolated to 2050 

Various sources (See Appendix B). 

Passenger rail MPMT National Transit Database (2005) US Environmental Protection 
Agency (2006) 

International 
Shipping 

Million 
Vessel miles 

CARB’s Oceangoing ship survey 
(2005) 

Energy Technology Perspectives 
report (IEA, 2008) 

Domestic freight (air, 
rail and shipping) 

MTMT Oak Ridge National laboratory’s 
FAF3 (Freight Analysis 
Framework Version 3) to 2040 
and linearly extrapolated to 2050 

Energy Technology Perspectives 
report (IEA, 2008) 

Domestic (interstate 
and intrastate) 
passenger aviation 

MPMT Bureau of Transportation 
Statistics: Aviation (2010) 

Boeing (2007) 

International 
passenger aviation 

MPMT California Air Resources Board 
(2008). 

Boeing (2007) 

International freight 
aviation 

MTMT California Air Resources Board 
(2008). 

Energy Technology Perspectives 
report (IEA, 2008) 

General aviation Million hours FAA (2007) FAA (2007) 
Harbor Craft and 
Recreational boats 

Million hours CARB’s Harbor Craft survey 
(2004) and OFFROAD model 
(2007) 

 

Off-road and 
construction vehicles 

Million hours CARB’s OFFROAD model 
(2007). 

CARB’s OFFROAD model (2007). 

Agricultural vehicles Million hours   
Natural gas pipeline PJ EIA (2010) This transport subsector is treated 

differently from the other subsectors 
since there is no stock or annual 
average activity. 

MVMT: Million Vehicle miles travelled; MPMT: Million passenger miles traveled; MTMT: Million-ton-miles 
traveled 
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4.2 Residential End Use Sector 
The building sector is a large consumer of energy, it currently consumes about 40% of final energy in the 
US (EIA 2011); and it contributes to 13% of CO2 emissions from fossil fuel combustion directly in 
California (not accounting emissions from electricity use) (Figure 1.2). The building sector generally 
includes commercial and residential sectors; in CA-TIMES model we address commercial and residential 
sectors separately. In this section we describe the residential sector demand and in the section 4.3 the 
commercial sector will be explained. Most other models have treated these two sectors either exogenously 
(assumed energy use and GHG emissions follow historical trends) or ignore economic interactions (such 
as efficiency improvement vs. demand response to fuel prices). Given the assumed drastic 
technology/efficiency improvements in buildings to meet the statewide 80% GHG emission reduction 
goal by 2050, it is important to understand the trend of energy consumption and the potential effects of 
climate policies on this sector.  

California has always had a leading role in adopting efficiency standards and building codes in the United 
States and even in the world since the 1970s. Many believe that these standards have had a significant 
effect in reducing energy consumption in California. For instance, Geller et al. (2006) indicated that 
efficiency standards and codes cut electricity use by about 7% of statewide electricity consumption as of 
2000. California residential energy consumption per capita and per household have been on decreasing 
trends since 1980, and are significantly lower compared with other states (Bernstein, Lempert et al. 2000). 
These efficiency improvements resulted in a variety of economic benefits, including lower household 
spending on energy and higher GDP growth (Bernstein, Lempert et al. 2000). Using the of CA-TIMES 
model, we can study the effects of different policies including sector-specific policies such as building 
efficiency standards and economy-wide carbon policies and how they affect the future energy use and 
technological adoption in these two sectors.      

The residential sector in CA-TIMES model is broken into ten service demands, including space heating, 
space cooling, water heating, lighting, cooking, refrigeration, clothes washing, clothes drying, dish 
washing, freezing, and miscellaneous. An increasing share of residential electricity demand is 
“unexplained” usage, i.e. computers and electronics such as laptops, DVRs, cell phone, etc. Due to the 
lack of data, these service demands are categorized under “miscellaneous.” Service demands for space 
heating, space cooling, water heating and lighting are calculated separately for single-family and multi-
family houses. These service demands are provided by a wide range of end-use technologies such as 
central air conditioner (AC), incandescent light bulbs, natural gas heaters, etc. These end-use technologies 
use a variety of fuels including electricity, natural gas, liquid petroleum gas (LPG), solar, and woody 
biomass. The schematic diagram of residential sector is shown in Figure 4.3. 
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Figure 4. 3. The structure of energy demand and supply of CA-TIMES residential sector 

We first calibrate end-use service demand to the base year (2010), then project the service demand up to 
2050 based on a few socio-economic drivers. By specifying energy service demands (e.g. heated space, 
cooled space, lighted space, heated water, etc.) for the base year and how they change over time based on 
drivers such as population growth and housing sizes, we exogenously specify fixed service demand 
changes over time. These drivers include the projected increase in housing unit size, number of dwelling, 
utilization rate, appliance saturation rates, and housing stock heating/cooling coefficient. 

The model endogenously optimizes investment in end-use technologies based on economic factors 
(including technology costs and fuel prices), consumer choices (technology-specific discount rates and 
service demand changes in response to prices if running with elastic demand), technology availability, 
and policy constraints and calculates total statewide residential technology adoption and energy uses over 
time. The final energy demand (energy consumption) is determined by model endogenously by selecting 
different end-use technologies and their fuel input and efficiency assumptions. The model selects the end-
use technologies to satisfy energy service demand while minimizing the total system cost (not just sector 
specific costs) and satisfying user-defined constraints such as technology or building efficiency standard, 
economy-wide or sectorial-specific GHG emission target, incentives (e.g. subsidies or rebates), etc.  

End-use service demands (ES) of residential sector are calculated based on the following equation in our 
model:  

 ESu ,t = Ni,u ,D,t !UEi,u ,D,t ! Effi,u ,D,t
t
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"   (Equation 4.1) 
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  Energy efficiency of technology i for energy service demand u for 
dwelling type D at time t (PJ delivered/PJ consumed). 

 
The projections for all of service demands are based on Equation 4.2 except space heating and cooling are 
calculated based on Equation 4.3. 

ESu , 2050 =  ESu , 2010 ! (1+ " #  of  Dwellings)! (1+ "Saturation rate)! (1+ "utilization rate)     (Equation 4.2) 
  

  
ESu, 2050 =  ESu, 2010 ! (1+ "#  of  Dwellings)! (1+ "Saturation rate)! (1+ "utilization rate)! (1+ "Housin g heating / cooling coefficient)  

   (Equation 4.3) 
Where Δ represents the percent change between 2010 and 2050.  

Residential energy service demand, fuel use, and technology are summarized in Table 4.2 below. 

Table 4. 2. Characteristics of residential sector: fuel use, technology, service demand and demand drivers. 
Fuel Technology Service 

Demand 
Temporal Resolution Demand Drivers 

Electricity, 
natural gas, 
LPG, wood, 
geothermal 

Radiator, heat 
pump, furnace, 
heaters 
 

Space heating Bi-monthly 

Number of dwelling units 
(population), housing size, 
building heating/cooling 
coefficient, appliance saturation 
rate, appliance utilization rate 

Electricity, 
natural gas, 
geothermal  

Room AC, central 
AC, heat pump 

Space 
cooling 

Time of day and bi 
monthly (8 time slices 
each day for every two 
months) 

Electricity, 
natural gas, 
LPG, solar 

Water heater Water 
heating 

Annual 

Number of dwelling units 
(population), appliance saturation 
rate, appliance utilization rate 

Electricity, 
natural gas, LPG 

Stove and 
cooktop 

Cooking Annual 

Electricity Refrigerator  Refrigeration Annual 
Electricity, 
natural gas 

Clothes washer Clothes 
washing 

Annual 

Electricity, 
natural gas 

Clothes dryer Clothes 
drying 

Annual 

Electricity, 
natural gas 

Dish washer Dish washing Annual 

Electricity Freezer (regular 
and upright) 

Freezers Annual 

Electricity TV TV Annual 
Electricity, solar 
thermal 

Pool (pumps and 
heating) 

Pool  Annual* 

Electricity  Light bulbs Lighting Time of day and 
seasonal(8 time slices each 
day for every two months) 

Number of dwelling units 
(population), annual growth of 
unit energy consumption 

Electricity, 
natural gas 

Dummy 
technology 

Misc.  Annual Number of dwelling units 
(population),  

* Even though pool energy demand should be modeled seasonally, we ignore the time slice of this demand to 
simplify the model since the demand is small.   

As shown in Table 4.2, the temporal resolution of the service demands varies. Space heating is defined 
with bi-monthly resolution, while space cooling and lighting resolutions are defined with 3-hour intervals 

Effi,u ,D,t
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(8 time slices per day), and every two-month (6 time slices per year). The rest of service demands have 
annual resolutions. 

4.2.1 End-use demand drivers 

This section describes residential demand drivers and their projection to the year 2050.  

4.2.1.1 Population, number of dwellings and housing unit size 

We use the population projection from California Department of Finance (CADOF) (California 
Department of Finance 2013) and the number of dwelling units from the census data 
(http://quickfacts.census.gov/qfd/download_data.html). We assume the same population growth rate in 
single family and multi-family households and project the total number of single and multi-family 
households in California. Mobile homes are included in the single households. The total single family and 
multifamily dwellings are estimated to grow from 9.4 million and 4.2 million dwellings to 13 million and 
5.3 million dwellings in 2050, respectively. The share of single and multi-family households in 2010 is 
69.2% and 30.8% and it is estimated to increase slightly to 70.8% and 29.2% in 2050. The detailed data is 
shown in Table 4.3.  

Table 4. 3. Number of dwelling units and housing unit size, 2010 - 2050 
 Number of Dwelling Units Housing Unit Size (sq ft) 

 
2010 (1000s) 2050 (1000s) 

Growth 
(%) 

 2010 
(1000s) 

2050 
(1000s) 

Growth 
(%) 

Single-family housing (SFH) 9,467 (69.2%) 13,073 (70.8%) 38%  2,100 2,753 31% 
Multi-family housing (MFH) 4,213 (30.8%) 5,390 (29.2%) 28%  843 1033 23% 
 Total 13,680 18,212 35%     
 

Based on EIA’s 2009 Residential Energy Consumption Survey (RECS) Housing Characteristics Tables 
(Table HC10.15), the average square feet per housing unit in the West region in 2009 were 2,100 sq ft and 
843 sq ft for single-family homes (SFH) and multifamily homes (MFH), respectively (EIA 2013). The 
average sizes for both housing types have increased substantially over the years, 34.6% and 13% increase 
for SFH and MFH, respectively, when comparing houses constructed in the 1970s versus houses 
constructed in 2000s (EIA 2013). The annual average growth rates are 0.68% for SFH and 0.51% for 
MFH. Over the period of 40 years, we linearly extrapolate that the housing size will increase 31% and 
23% for SFH and MFH, respectively.  

4.2.1.2 Housing heating and cooling coefficients 

The housing heating coefficient measures the energy demand per unit area of dwelling (BTU/sq. 
ft/Degree Days/yr). Table 4.4 shows the assumed changes in average heat loss coefficient over time; the 
assumption is based on Rufo and North (2007) which reflects projections of the construction and 
insulating materials used in the U.S.  

Table 4. 4. Estimated housing heating and cooling coefficient and percent changes, 2010-2050. 
  2010 2015 2020 2025 2030 2035 2040 2045 2050 Change (2010-2050) 
Cooling coefficient 9.65 10.03 10.18 10.28 10.14 9.92 9.71 9.49 9.28 -4% 
Heating coefficient 5.6 5.5 5.37 5.23 5.04 4.86 4.68 4.49 4.32 -23% 

4.2.1.3 Appliance saturation rate 

Appliance saturation rates show the penetration of different appliances in the state’s households. Data for 
appliance saturation for natural gas and electricity appliances is taken from several CEC reports (Rufo 
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and North 2007; McCarthy, Yang et al. 2008) estimated by housing type as shown in Table 4.5 below. 
These tables show the relative change (in percentage) from 2010 to 2050.  

Table 4. 5. Percent changes in appliance saturation rates by dwelling type and by end-use, 2010-2050.  
  Electricity Natural Gas Solar 
 SFH MFH SFH MFH SFH MFH 
Space heating 5.7% 6% -1% -2% 

  Fan for gas furnace 1% 7% 
    Central AC 32% 33% 29% 5% 

  Room AC -27% -11% 
    Water heating 0% 2% 2% 9% 

  Dishwasher 3% 9% 
    Clothes washer 1% 5% 
    Clothes dryer 7% 8% 17% 40% 

  Cooking 6% 5% 7% -21% 
  Refrigerator -4% 0% 

    Freezer 13% 20% 
    Swimming pool pump 7%      Solar water heater 

    
-44% 41% 

Pool pump 
    

342%  
SFH: single-family housing; MFH: multi-family housing 

For the lighting end-use service, it is assumed that unit energy consumption grows by 15 kWh per year or 
1 percent annually for single-family households and 5 kWh per year or 0.8 percent annually for multi-
family households (CEC 2007; Rufo and North 2007). 

Table 4.6. Projected changes in lighting demand from 2010 level.  
Unit Single-family housing Multi-family housing 
2010-2050 49% 38% 

  

4.2.1.4 Appliance utilization rate 

The appliance utilization rate captures changes in the usage of an end-use device (the increase or decrease 
in usage per appliance or per household given increased demand) (Table 4.7). Increased appliance 
utilization rate results in increases in service demand and/or increases in technology annual availability 
factor (AFA) or capacity factor (CF) at the technology level. The estimates below are based on data for 
electric appliance (CEC 2007; Rufo and North 2007), and we assume the same rate of increase across all 
equipment types and across dwelling types. 

Table 4.7. Estimated relative percent changes in appliance utilization rate, 2010-2050. Source: (CEC 2007; 
Rufo and North 2007). 

 Single-family housing Multi-family housing  Weighted  
Space heating 10% 5%  
Space cooling 10% 5%  
Water heating 2% 0%  
Dishwasher 6% 0% 4.5% 
Clothes Washer 5% 0% 3.8% 
Clothes Dryer 6% -6% 2.4% 
Miscellaneous 50% 60% 53% 
Cooking 6% 0% 4% 
Refrigerator 10% 5% 8.5% 
Freezer 0% 0% 0% 
Swimming Pool Pump -1% 0% -1% 
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Given the assumed changes in demand drivers described above (number of dwelling units, housing size, 
building heating/cooling coefficient, appliance saturation rate, and appliance utilization rate), the 
projected service demand changes for residential sector for 2010-2050 are illustrated in Figure 4.4. The 
service demands with the highest growth rates are space cooling, water heating, pool pump, and lighting 
demands.  

 
Figure 4.4. Residential service demand changes 2010-2050. 

4.2.2 Temporal resolution of end-use demands 

In this section, we explain the temporal resolution of space heating and space cooling, and other end-use 
services that have annual temporal resolution. 

4.2.2.1 Space heating 

Total demand for space heating is allocated over a year by specifying the fraction of residential space 
heating demand for each time slice, i.e. bi-monthly temporal resolution. The fraction is calculated based 
on the total number of heating degree days (HDD) in each 2-month interval averaged over 2008, 2009 and 
2010 (Figure 4.5).7  

                                                        
 
7 National Oceanic and Atmospheric Administration (http://lwf.ncdc.noaa.gov/oa/documentlibrary/hcs/hcs.html). 
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Figure 4.5. Shares of heating demand in a given year for the seasonal time slice (by-monthly) used in CA-
TIMES. 

4.2.2.2 Space cooling 

Residential cooling demand varies by time of day and by season, and contributes significantly to 
electricity peak energy demand during late afternoon in summer months. The hourly cooling demand is 
based on McCarthy et al. (2008), which is derived from the hourly electricity demand profile by utility 
planning area for California in 2003 and assumed to be constant to 2050. The hourly demand for all 8,760 
hours is modeled in CA-TIMES using eight daily (every three hour intervals) and six seasonal (average of 
every two months) time slices as shown in Table 4.8. We assume this profile will remain the same 
throughout our modeling period.8  

Table 4. 8. Seasonal and hourly profiles of residential cooling demand modeled in CA-TIME time slices. 
Numbers represent the fraction of a year and the total fraction adds up to 1, numbers in the bottom shows the 
demand fraction in each two months. 

 

4.2.3 Characteristics of end-use technology 

Typically, six to eight input parameters are used to characterize a demand technology: stock, efficiency, 
availability factor, lifetime, year of which the technology becomes available, capital cost, operating and 
maintenance (O&M) cost, and discount rate (Table 4.9). All technology characteristics are assumed to be 
the same for single and multi-family homes with few exceptions. These parameters are explained in a 
greater detail below. 

Table 4. 9. Technology parameters describing residential end-use technologies.  

                                                        
 
8 In our scenario analysis, we explore the possibility of demand response to various demand management tools such 

as time-of-day pricing, smart grid, etc. These will be discussed separately in the scenario analysis and the Results 
chapters.   
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Parameter Description Unit  
Stock  Existing capacity 000 units 
AFA Annual availability/utilization factor Unitless 
EFF Energy efficiency  Unitless.  
CEFF Commodity-based efficiency Unitless. See heat pump technology  
INVCOST Investment cost in new technology 2010 million$/000 units for most technologies, 

2010 million$/m-lumens-hrs/yr for lighting 
FIXOM Annual fixed O&M cost 2010 million$/000 units /yr 
Life Lifetime of new technology Years 
DISCRATE Technology-specific discount rate (hurdle rate)9 % 

4.2.3.1 Efficiency  

The efficiency of technologies is defined as energy delivered/energy input, but there are many variations. 
The definitions of different efficiency metrics are shown in Table 4.10. They are further tied with end-
uses in Table 4.11.  

Table 4.10. Definitions of efficiency of end-use technologies   
AFUE Annual fuel utilization 

efficiency 
Efficiency rating based on average usage, including on and off cycling, it 
is a thermal efficiency measure of combustion equipment like furnaces, 
boilers, and water heaters. 

COP Coefficient of performance The ratio of the heating or cooling provided over the electrical energy 
consumed. 

EER Energy efficiency ratio The ratio of output cooling (in BTU/h) to input electrical power (in 
watts) at a given operating point. 

EF Energy factor Total energy consumed in active, cycling, and standby modes.. 
HSPF Heating seasonal performance 

factor 
The total heating output of a heat pump in Btu during its normal annual 
usage. 

SEER Seasonal energy efficiency 
ratio 

The rating of a unit is the cooling output during a typical cooling-season 
divided by the total electric energy input during the same period. 

 

Table 4.11. Efficiency metrics describing residential end-use technologies.  
 End-Use End-Use Equipment Efficiency Metric 
Space heating Heat pump, wood stove COP [HSPF/3.412] 
 Electric furnace, electric radiator COP 
 Fuel oil boiler/radiator/furnace, kerosene 

furnace, LPG furnace, natural gas boiler/radiator 
AFUE 

Space cooling Heat pump, air conditioner COP [SEER/ 3.412] 
 Ground-source heat pump, natural gas heat pump EER 
Water heating Water heater EF 
Cooking Range (electric) Kilowatt-hours per year (kWh/yr) 
 Range (other fuel type) Thermal Efficiency (Btu Out / Btu In) 
Clothes drying Clothes dryer EF  
Clothes washing Clothes washer kWh / cycle (motor), Modified Energy 

Factor10, Water Factor11  
Dishwashing Dishwasher EF, Water Factor 
Refrigeration Refrigerator  kWh/yr  

                                                        
 
9 “Hurdle” rates, or technology specific discount rates, is used to represent non-economic, behavioral aspects of investment 

choices (e.g., consumer preferences, expectation of very rapid rates of return, or information gaps). 
10 It counts the amount of dryer energy used to remove the remaining moisture content in washed items, in addition to the 

machine energy and water heating energy of the washer. 
11 The number of gallons per cycle per cubic foot that a washer uses. 
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Freezing Freezer kWh/yr 
Lighting Light bulbs Billion lumens/TJ/yr 
 
Heat pump technology (electric, natural gas or geothermal) generates both heating and cooling demand. 
Even though heat pump is a single unit, cooling efficiency is higher than heating efficiency. Thus the 
efficiency and capital cost of heat pumps are estimated separately for heating and cooling as if they are 
two separate technologies in order to compare with other competing heating and cooling technology. 

Lighting technologies are divided into four main categories of bulb type: general service (compact 
fluorescent lamp, incandescent lamp and LED lamp), reflector, linear fluorescent, and torchiere. For the 
existing stock it is assumed that 50% of used technologies are regular lamps and the other 50% are 
efficient bulbs.  

4.2.4 Calibration to 2010 

The technology stock and efficiency are calibrated to final energy demand in 2010. The majority of the 
data sources for the base year calibration are based on 2005 Residential Energy Consumption Survey 
(EIA 2008), 2009 Residential Energy Consumption Survey (U.S. EIA 2012), and CEC AEP scenario by 
(McCarthy, Yang et al. 2008) and further extrapolation. Future projections of technology type, fuel type, 
efficiency, capital cost, and capacity factors are based on “Residential Technology Equipment Type” file 
obtained from the EIA, which is by the Energy Information Administration for the National Energy 
Modeling System (NEMS) model for the AEO 2013 projection (EIA 2013).  

The technology efficiency, stock, and estimated final energy demand for 2010, and assumptions for future 
technology are provided in the accompanying spreadsheet. Figure 4.6 shows the final energy demand of 
residential sector in 2010. Similar to transportation and commercial sectors, future residential technology 
adoption and fuel uses are projected endogenously based on the assumptions of technology costs, 
efficiency, fuel uses and other characteristics described in Section 4.2.3, and various constraints such as 
efficiency standards and the interactions with the rest of the system (e.g. fuel prices and an economy-wide 
carbon cap).  

 

Figure 4.6. Calibrated residential end- use by fuel type, 2010. 

4.2.5 Levelized cost and growth constraints 

Technology levelized cost (in 2010M$/PJ) is calculated based on the following equation: 

 LevelizedCost = (InvestmentCost !CRF +O&MCost) / AF + FuelCost / Eff  (Equation 4.4) 
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Where, 
Investment Cost  Technology capital cost (2010 M$/1000 units), 
CRF   Capital recovery factor, !

(!!!)
× !
!! !!! !!"#$, 

O&M Cost   Fixed O&M (2010M$/1000 Units/yr), 
AF   Availability factor (TJ/Units/yr), 
Fuel Cost  Fuel cost (2010M$/PJ), 
Eff   Efficiency, 
r    Technology-specific discount rate (hurdle rate), %, 
Life    Economic lifetime of technology. 
 

The levelized costs of different end-use technologies are summarized in Appendix C.   

Given the typical all-or-nothing behavior of the optimization model, we added growth constraints to the 
growth rates of technology penetration over time. We assumed that in each year existing technologies can 
have an up to 5% growth rate per year, while new technologies that do not have any share in the base year 
stock can grow up to 20% each year. We put these constraints in order to smooth out the transition to 
avoid a specific technology taking over the entire market over a very short period of time.   

4.3 Commercial End Use Sector 
The commercial sector contributes about 4% of total state’s GHG emissions (Figure 1.2). Like the 
transportation and residential sectors, the commercial sector is modeled through detailed technology 
options, and the model endogenously estimates technology adoptions and final energy uses over the 
modeling period. 

Commercial sector energy consumption per square foot in California has shown a steep reduction since 
the 1980s and has been lower than other states. This decline is due to the efficiency standards, building 
codes, and California’s climate (Bernstein, Lempert et al. 2000). In order to model energy usage of 
commercial sector we break this sector into 12 building types and each of these buildings has a demand 
for 10 different end-use energy services, which are shown in Table 4.12. 

Table 4.12. Commercial building types and end-use energy services.  
Building Types End-use energy service 
Small Offices 
Restaurants 
Retail 
Grocery and Food Stores 
Warehouse 
Refrigerated Warehouse 
Schools 
Colleges and Universities 
Hospitals 
Hotels and Motels 
Miscellaneous 
Large Offices 

Heating 
Cooling (small and Large) 
Ventilation (small and Large) 
Water Heating 
Cooking 
Refrigeration 
Lighting (Indoor and Outdoor) 
Miscellaneous 
Office Equipment 
 

 
Many end-use technologies can be used to satisfy each end-use service demand, like walk-in refrigerators, 
central ACs, heat pumps, etc. This wide range of technologies consumes fuels such as natural gas and 
electricity and has various efficiency levels and costs. The schematic diagram of commercial sector in 
CA-TIMES is shown in Figure 4.7. 
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Figure 4.7. The structure of energy demand and supply for CA-TIMES v1.5 commercial sector. 

Our model endogenously chooses the least cost available technologies based on economic factors and 
policy constraints to satisfy commercial end-use service demands over time. Final energy demand is also 
calculated endogenously according to efficiencies of projected technology adoption. 

We use estimates of 2010 electricity and natural gas usage by commercial end-use energy service demand 
and building type from IEPR report (CEC 2011). This energy use data by fuel type is combined with data 
from National Energy Modeling System (NEMS), which supplies the mix of technologies that is used to 
meet energy service demand for the Pacific region for 2012. The technologies used in region 9 (pacific 
region) are assumed to be representative of California technologies, and the technology mix from 2012 is 
assumed to be representative of the 2010 mix.  

Combining fuel usage and the mix and efficiency of technologies, we back calculate the energy-service 
demand using Equation 4.5, where energy service demand for a given end-use (e.g. cooling or heating) j 
is equal to the fuel demand scaled by the weighted technology efficiency values (by technology market 
share) over all technologies, i.   

 EnergyServiceDemandj =
ElectricityDemandj

(TechMktShri
!i

)
i
"

+
NaturalGasDemandj

(TechMktShri
!i

)
i
"

  (Equation 4.5) 

where ηi is the efficiency of technology i.  

For projecting the end-use service demand to 2050, we assume that the energy service demand is constant 
per square foot for a given building type, i.e. the cooling demand (not energy use) per square foot is 
constant for a grocery store to 2050. The changes in aggregate energy service demand are a result of 
changes to floor space of each building type. These energy service demands are aggregated over all 
building types and an annual projection of energy service demands is made. 
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 EnergyServiceDemandtotal = (Floorspacej )(EnergyServicePer SqFt j )
j
!  (Equation 4.6) 

where j is the building type.  

The CEC report (2009) reports historical and projected commercial floor space for each of the 12 building 
types from 1964 to 2020. We extrapolate the floor space per capita trend from 1990 to 2020 out to 2050. 
The annual change in floor space per capita (F/cap) for a given building type (i) is calculated by the 
following: 

 !F / capi,ann =
F / capi,2020 " F / capi,1990

30
  (Equation 4.7) 

Total commercial floor space per capita aggregated over all building types increases from 183 sq.ft per 
person in 1990 to 200 sq.ft. per person in 2020 to 217 sq.ft. per person in 2050. The total floor space for 
each building type in a given year is calculated by multiplying the population projection by the floor 
space per capita projection for a given year. Total commercial floor space increases from 5,453 million 
sq.ft. in 1990 to 8,816 million sq.ft. in 2020 to 12,892 million sq.ft. in 2050 (Figure 4.8). 

 

Figure 4.8. Floor space projection by building type. SOFF: Small Officies, REST: Restaurants, RETL: Retail, 
GROC: Groceries, WARE: Warehouses, SCHL: Schools, HLTH:,Hospitals and Heath LODG: Hotels, REFW: 
Refrigerated warehouses , MISC: Miscellaneous, LOFF: Large Offices.   

The projected commercial end-use service demand based on the given explanation is shown in Figure 4.9. 
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Figure 4.9. Commercial service demand projected to 2050 (note: most service demands are in PJ, but that 
lighting and ventilation service demands are in different units (billion lumen-yr and trillion CFM-yr).  

4.3.1 End-use demand by time slice  

ITRON data prepared for the California Energy Commission is used to break out energy demands by 
building type and end-use into fractional energy use by time slice (ITRON 2006). The original data gives 
end-use demands for each hour of the year by building type, end-use demand and fuel. This data is 
aggregated to combine different fuel types and to obtain data that fit into our 48 time slices, as described 
in earlier chapters (8 daily time slices for every 3-hr interval, and 6 seasonal time slices for every 2-month 
interval). The data gives details of the fraction of annual energy use that occurs in a given time slice for 
each building type and end-use demand.   

Figure 4.10 shows a small subset of the data: how energy service demands vary over the course of the day 
(in Jan and Feb) for retail commercial buildings. Most demands follow the same daily pattern with the 
maximum demand in time periods 4 through 6 (noon to 6 pm) and low at night. Exceptions are 
refrigeration (constant) and heating and external lighting (peak in early morning and at night, 
respectively). 
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Figure 4.10. Daily variation of service demand for retail commercial building in January and February. The 
daily time period is grouped into three-hour time slices. Thus the daily time period 1 corresponds to 12 am-3 am, 
and so on.  

4.3.2 Technology characteristics 

We use six to eight input parameters to characterize a demand technology in commercial sector. These 
parameters are described in Table 4.13. 

Table 4.13. Technology parameters describing commercial end-use technologies.  
Parameter Description Unit  
Demand Demand for energy service PJ/yr; billion lumens hours/year for lighting; trillion cubic feet 

(TCF) per year for ventilation 
Stock  Existing installed capacity PJ/yr; billion lumens/yr for lighting; TCF/year for ventilation 
AF Annual availability/utilization 

factor 
Unitless 

EFF Technical efficiency  PJ/PJ; billion lumens years/PJ for lighting; TCF per minute 
(TCFM)/PJ for ventilation 

CEFF Commodity-based efficiency PJ/PJ for heat pumps  
INVCOST Total cost of investment in new 

capacity 
2010 Million$/PJ  (2010 Million$/b-lumens for lighting and 
2010 Million$/TCFM for ventilation) 

FIXOM Annual fixed O&M cost 2010 Million$/PJ/yr (2010 Million$/b-lumens yrs for lighting 
and 2010 Million$/TCFM for ventilation) 

Life Lifetime of new technology Years 
DISCRATE Technology-specific discount rate 

(hurdle rate) 
% 

 

Energy consumption and floor space projection data come from CEC reports (CEC 2009; CEC 2011). 
Assumptions of technologies are based on “ktek.xml” file obtained from the EIA, which is used for the 
National Energy Modeling System (NEMS) model for the AEO 2013 projection (EIA 2013). Our model 
is calibrated to the year 2010. The final energy consumption by end-use service demand is shown in 
Figure 4.11. Additionally, levelized costs of commercial sector technologies are calculated similar to 
residential sector, and they are documented in Appendix C. 
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Figure 4. 11. Commercial fuel use by end use, 2010. 

Similar to the residential sector, the commercial sector is calibrated to the year 2010. For the projection of 
future technology adoption, growth rate are added as explained in the residential sector. Similar to 
residential sector, we assume that technologies with existing stock can only grow up to 5% each year, 
while new technologies that do not have any share in the base year stock can grow up to 20% each year.  

4.4 Industrial Sector  
The industrial sector contributes to 20% of the state’s GHG emissions (Figure 1.2). The current version of 
the CA-TIMES model has a fairly simple representation of end-use energy consumption in the industrial 
and agricultural and other non-energy (Section 4.5) sectors. In this version (v1.5) of the model, we 
represent final energy consumption in the industrial sectors with generic input-output technologies, as 
illustrated in Figure 2.1. An input-output technology consumes exogenously specified quantities of 
various types of fuel in each year. In other words, both the supply of final energy and the demand for total 
useful energy are specified in energy units (e.g., PJ) and they are equal to each other, i.e. the efficiency of 
each of the generic input-output technologies is set at 100%. Total useful energy demand and the 
breakdown of final energy by fuel type are calibrated to published energy statistics for the base-year 2010, 
using the fuel use estimates of the CARB GHG Inventory (CARB, 2010b). Obviously, given this rigid 
framework, the model is not free to make fuel use and investment decisions by trading off the costs, 
emissions, and efficiencies of competing end-use technologies (e.g., boilers, furnaces, CHP, etc.), as it is 
able to do in the supply and other end-use sectors. However, while most model runs in this report use 
these fixed specified fuel demands, operation of the CA-TIMES model with the elastic demand 
framework does partially allow for feedback and interplay with the other sectors, since in this model 
configuration the fuel demands are price elastic thus changes of price/quantity in other sectors in response 
to policies will also affect the fuel use demand in the industrial sector, albeit in a much more non-
transparent (and pure econometric) fashion.  

Fuels use demands in the Reference Case are draw heavily from the California Energy Commission and 
UC-Davis Advanced Energy Pathways (AEP) project (McCarthy, Yang et al. 2008); while fuel use 
changes under the Deep GHG Reduction Scenario are largely based on the magnitude projected in the 
BLUE Map scenarios of the IEA’s Energy Technology Perspectives (ETP) 2010 study (IEA 2010). 
Figure 4.12 shows the exogenously defined industrial energy demand in the BAU and GHG scenarios. 
Total demand for industrial energy in the GHG scenarios is 13% lower in 2050 and has a significant shift 
towards the use of electricity (from 30% to 80%) compared with the BAU scenario. 
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Figure 4. 12. Industrial final energy demand assumed in the BAU (top) and GHG policy (bottom) scenarios. 

 
4.5 Agricultural and Non-Energy Sector   
The smallest of California’s end-use energy sectors is agriculture.  It accounts for only 1.6% of the state’s 
total energy demand, despite the fact that agriculture plays such an important role in California’s 
economy and society. It is important to note that the fuel consumption in agricultural vehicles is not 
included here, but rather in the transportation sector. Most energy use in the agricultural sector is used to 
operate pumps, lighting and other farm/fishery equipment. Yet, even if energy demands for agricultural 
vehicles were included, total energy demand for the agricultural sector would still only amount to 2.3% of 
all end-use energy consumption in California. Like the industrial sector, energy service demands are not 
modeled with endogenous technology adoption. Rather, a scenario was developed to represent final 
energy consumption in the agricultural sector with generic input-output technologies. Figure 4.13 shows 
the exogenously defined agriculture energy demand in the BAU and GHG scenarios. Electricity makes up 
the majority of agricultural energy use (since we are excluding vehicles) and the major shift for the GHG 
scenarios is the assumption that petroleum based fuels are replaced with natural gas. 
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Figure 4. 13. Agriculture final energy demand assumed in the BAU (top) and GHG policy (bottom) scenarios. 

Non-energy sector GHG emissions (accounting for around 13% of emissions in the base year) are not 
included in CA-TIMES model at the present time. In the deep greenhouse gas scenarios, it is assumed that 
these emissions are also controlled to a similar extent as combustion related emissions. 
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5. SCENARIOS  

One of the main values of the CA-TIMES model is to run the model with varying sets of technology, 
resource and policy-related inputs and analyze the results to understand which options the model chooses 
as the optimal solution to satisfy the energy service demands. These scenarios, as we will define below, 
can result in a very different mix of technologies and resources in the optimal solutions.   

There are a number of choices that are made when running a specific scenario, and these choices will 
impact the modeling results: technology mix, system costs, and emissions profile. Table 5. 1 shows a list 
of generic choices that need to be made when developing a scenario.   

Table 5. 1.  List of choices that define a scenario’s inputs and influence the optimization model results 

Category Examples of Scenario Variants 
Demand Energy service vs. fuel demands 

Inelastic vs. elastic demands 
Varying levels of forecasted demand 
e.g. VMT, residential space heating, industrial electricity use 

Technology Technology cost trajectory (over time) 
Technology growth constraints 
Technology share constraints 

Resource Resource cost (over time) 
Resource availability and limitations (over time) 
Supply curve vs. price/cost trajectory 
Intermittent renewable availability 
e.g. in-state biomass supply curves, wind speed profile 

Policy Technology subsidies 
Technology mandates or bans e.g. Zero Emission Vehicles (ZEV) mandates 
Performance standards e.g. Renewable Portfolio Standard (RPS), Low Carbon 
Fuel Standard (LCFS) 
Pollution taxes or caps 
e.g. carbon cap, biofuel volume mandate, prohibition on nuclear 

 

Many of the technology options are described in earlier sections covering each sector (transportation, 
electricity, residential and commercial). This section will focus primarily on policy and technology 
choices that influence the least-cost pathways for reference (BAU) futures (which do not attempt to 
mitigate GHG emissions beyond currently implemented policies) and futures that attempt to achieve the 
state’s target of an 80% reduction in GHG by 2050. The goal of this section is used to understand how the 
California energy system could be significantly decarbonized in the long term, what the technological and 
resource implications might be in such a case, and how much the energy system transition could cost.  
Several GHG scenario variants are analyzed in which policies, technology and resource availability, and 
technology and resource costs are varied, in order to understand how the transition to a low-carbon 
economy in California could be different if the potential of certain technologies and resources is 
substantially restricted or enhanced.   

5.1 Reference Scenario  
The CA-TIMES Reference Case is a scenario describing the potential development of California’s energy 
system over the next several decades under the business-as-usual (BAU) conditions. It is best interpreted 
not as a prediction of what will happen between now and 2050, but rather a single vision of what could 
happen, if the technological and policy assumptions in the model were to come to fruition and the various 
decision makers within society (e.g. consumers, firms and governments) behaved in a manner that 
minimizes societal costs. While, in theory, a number of Reference Case scenarios could be developed, it is 
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really only practical to develop one. The Reference Case is the scenario to which all other scenarios, 
especially the deep GHG reduction scenarios, are compared.  

The following section illustrates the development of the energy system in the Reference Case. It hopefully 
provides a sense for how the system could potentially develop in the absence of any substantial effort to 
make a transition in California toward a low-carbon society beyond 2020. 

The reference scenario has a baseline level of energy service and fuel demands that are taken from 
multiple sources, including VMT projections from EMFAC 2011 (CARB 2011), industrial and 
agricultural fuel demands from (McCarthy, Yang et al. 2008) and residential and commercial energy 
service demands are based upon population, household and floorspace projections from numerous sources. 
These assumptions are explained in greater details in Sections 3 and 4.  

5.1.1 Reference scenario policies 

Policy is an important driver of energy system development. And while the previous sections have 
discussed the most important resource, technology, and demand assumptions – and their respective data 
sources – used to develop the CA-TIMES Reference scenario, the Reference scenario is also strongly 
dependent on current policies and how they are assumed to develop over time.   

Table 5.2 lists the policies represented in the Reference scenario. Although it is not possible to represent 
every single policy that affects California’s energy system, the list below attempts to capture those of 
greatest importance and with the largest impact. A more detailed description of each of these policies, and 
how it is modeled, is given in Appendix D. 

Table 5.2. Brief descriptions of policies represented in the CA-TIMES v1.5 reference scenario 

Scenario Policies 

Reference 

- Current biofuel tax credits  
- Current biofuel import tariffs 
- Current transportation fuel taxes 
- CAFE standards to 2016 (39.5 mpg and 29.8 mpg for cars and trucks, respectively) 
- CAFE standards to 2025 (59.8 mpg and 45.1 mpg for cars and trucks, respectively) 
- Federal and California electric vehicle subsidies 
- Low carbon fuel standard (LCFS) biofuel volume scenario12 to 2022 (retired after 2022) 
- Power plant electricity GHG standard (baseload must meet NGCC emissions) 
- Renewable portfolio standard (33% by 2020 and remains at 33% until 2050)  
- Renewable electricity production tax credit, solar investment tax credit 
- Zero Emission Vehicle (ZEV) mandate policy constraint to 2025 (retired after 2025) 

 

There are a number of current policies that have not been incorporated into the reference case, SB1505, 
SB375 and the Federal heavy duty GHG rule. These may be incorporated into future iterations of the 
model. 

                                                        
 
12 The LCFS policy shown here is a scenarios that defines a single or limited sets of fuel options that will satisfy this policy, 

rather than a more realistic and flexible representation of the policy that can be met with multiple fuel mixes. The assumptions 
of the LCFS scenario are detailed in Appendix D. A more realistic performance-based LCFS policy scenario has been set-up, 
but was not available in time for incorporating into this version of the model.  
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5.2 Greenhouse Gas Scenarios  
The Greenhouse Gas Reduction Scenarios (GHG) describe a number of different futures in which the 
California’s energy system undergoes substantial decarbonization over the next several decades in the 
context of a social, political, and economic framework that first recognizes and then acts to mitigate the 
threat of climate change, both within California and in the rest of the U.S. and the world. Hence, 
individuals, firms, and governments all make substantial efforts to make a transition in California toward 
a low-carbon society. Again, these scenarios should not be mistaken as predictions of what will happen as 
a result of strong climate policy, but rather as individual visions of what could feasibly happen, under the 
large set of technological and policy assumptions embedded in the model. The probability of any one 
scenario results occurring is essentially zero. However, their value is in understanding the role that 
technology and resource costs and availability and policy can play in influencing the development of the 
future energy system to 2050.   

While a large number of scenarios can be developed (as there are tens to hundreds of assumptions that are 
connected to the thousands of technologies embedded in the model, each of which can be varied), a 
limited number will be discussed here. An overriding theme to these GHG scenarios is that they attempt 
to achieve an 80% reduction in GHG emissions below 1990 levels by 2050. Multiple GHG scenarios are 
developed that investigate interesting variants of this core goal, where changes in demand assumptions or 
the availability of key resources and technologies is altered. 

5.2.1 Greenhouse gas scenarios policies 

Policy is the most important driver for dramatic energy system transitions. The GHG scenarios include all 
policies that are represented in the Reference Case ( 

Table 5.2), as well as additional policies that would also need to be enacted, in order to meet a very 
stringent GHG target. For example, the state has a goal of an 80% reduction in GHG emissions below 
1990 levels by 2050 (80in50), but current policies and regulatory mechanism in place are not enough to 
achieve the 2050 target (BAU emission trajectory). Market mechanisms such as a cap-and-trade (i.e., 
emissions trading) program, a carbon tax with stringent caps, or tax level would be needed.  

For simplicity and transparency, two types of constraints to modeling the 80in50 target are used in the 
CA-TIMES model. The first type of constraint is called the “Step” cap which a cap is held at the 2020 
target (1990 levels) between 2020 and 2050 but then dropped to 80% below 1990 emissions in 2050. The 
second type of constraint is a declining carbon cap – specifically, a straight-line trajectory from 2020 to 
2050 is assumed and called “Line”. Figure 5.5 shows the numerical values for the GHG emissions caps 
assumed in both constraints.  Though the Step emissions cap makes a dramatic reduction in 2050, the 
actual path of emissions is unlikely to follow this cap because of the difficulty of reducing emissions so 
quickly in the year(s) before 2050. 
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Figure 5.5. Carbon cap by year for the GHG policy scenarios, GHG-Line and GHG-Step. Both achieve 80% 
reduction from 1990 emissions levels by 2050 with a slight decrease (10%) beyond that in 2055. 

Beyond the carbon constraint, there are no other policies that are included in the GHG Scenarios that are 
not included in the Reference case. In the GHG scenarios, VMT reductions are implemented for many 
transport sectors, which correspond to a suite of strong travel demand management (TDM) policies 
dealing with transit, land use, and auto pricing. These lead to a reduction in light-duty vehicle (LDV) 
VMT by 24%, and heavy-duty vehicle (HDV) and medium-duty vehicle (MDV) VMT by 10% in 2050 
relative to the Reference case. Also, passenger automobile share of the light duty vehicle market is 
expected to climb to 75% in the GHG scenarios (the baseline share in the Reference case is 65%). 

 
5.3 Scenario Variations 
The sensitivity scenarios are used to understand the impact of changing input assumptions, technology 
availability or policy constraints can have on the on the ability of the state to meet the 80in50 target and 
cost and mix of options used to achieve the GHG reductions. The key sensitivity parameters for the 80% 
greenhouse gas reduction scenarios that will be discussed are shown in Table 5.3.   

Table 5.3. Sensitivity parameters for GHG scenarios. “GHG-S” represents scenarios with a “step” constraint on 
GHG emissions as described in the previous section, and “GHG-L” represents scenarios with a “line” constraint on 
GHG emissions between 2020-2050. 

Sensitivity Case Description 
Nuclear power plant 
availability 
(GHG-S-Nuclear) 

Base GHG case: Existing nuclear power retired in 2030.  No new nuclear 
power plants allowed 
Sensitivity case: New nuclear power plants are allowed to be built 

Carbon capture and 
sequestration (CCS) 
availability (GHG-S-CCS) 

Base GHG case: No electricity or fuel plants will use CCS as the 
technology remains unproven 
Sensitivity case: CCS is available on many different types of plants 

Rapid deployment of wind 
and solar 
(GHG-S-HiRenGrowth) 

Base GHG case: Wind power growth for CA is limited to 3GW/yr, utility 
solar is limited to 2.5 GW/yr and distributed solar PV is limited to 1 
GW/yr in 2030 (and up to 4 GW, 3 GW, and 1.2 GW/yr in 2050) 
Sensitivity case: Wind power grwoth for CA is limited to 4 GW/yr, utility 
solar is limited to 4 GW/yr and distributed solar PV is limited to 2 GW/yr 
in 2030 (and up to 6 GW, 6 GW and 3 GW/yr in 2050) 

Elastic demand 
(GHG-S-Elastic) 

Base GHG case: Demand for energy services in residential, commercial 
and transportation sectors is fixed 
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Sensitivity case: Demand for energy services can vary based upon 
elasticity of demands and endogenous price changes 

Low battery costs 
(GHG-S-Batt) 

Base GHG case: Plug-in light-duty vehicle (cars and light trucks) have 
moderate reductions in battery costs lead to incremental costs (relative to 
gasoline vehicles) between $3000-$7000 depending upon battery size in 
2030-2050 
Sensitivity case: Plug-in light-duty vehicle (cars and light trucks) have 
moderate reductions in battery costs lead to incremental costs (relative to 
gasoline vehicles) between -$600-$3000 depending upon vehicle type and 
battery size in 2050 

Low fuel cell costs 
(GHG-S-FC) 

Base GHG case: Hydrogen fuel cell light-duty vehicle (cars and light 
trucks) have moderate reductions in fuel cell costs lead to incremental 
costs (relative to gasoline vehicles) around $5700 in 2035-2050 
Sensitivity case: Hydrogen fuel cell light-duty vehicle (cars and light 
trucks) have moderate reductions in fuel cell costs lead to incremental 
costs (relative to gasoline vehicles) of $1100 in 2030 and -$500 by 2050 

High and low Oil and gas 
prices 
(GHG-S-HiOilGas) 
(GHG-S-LoOilGas) 

Base GHG case: Oil price rises to $130/bbl in 2030 and $180/bbl in 2050.  
Gas price rises $5.4/MMBTU in 2030 and over $8/MMBTU in 2050 
High Price Sensitivity case: Oil price rises to $191/bbl in 2030 and 
$250/bbl in 2050.  Gas price rises to $7/MMBTU in 2030 and over 
$11/MMBTU in 2050 
Low Price Sensitivity case: Oil price declines to $72/bbl in 2030 and 
$70/bbl in 2050.  Gas price declines to $3.3/MMBTU in 2030 and over 
$3.7/MMBTU in 2050 
The cost assumptions are shown in Figure 3.2 

Increased biomass supply 
(GHG-S-HiBio) 

Base GHG case: Details of biomass supply are specified in Section 3.2, 
but overall supply is limited to nearly 1800 PJ from California and 
neighboring states in 2050 
Sensitivity case: This scenario assumes that the available biomass supply 
is double that of the base case at the same costs as in the base GHG case. 

 

As with any modeling work, there are many more possible scenarios that would be interesting to explore 
but could not be run due to time limitations.  Future work will explore many more variations on input 
assumptions, resource availability, and policy constraints, to further explore the sensitivity of CA-TIMES 
to these model inputs.  
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6.  RESULTS 

Modeling is a complex, but inexact science and these large energy system models are a very simplified 
and sometimes poor representation of reality. CA-TIMES is no exception and as a relatively young model 
(development started in 2009), scenarios and model structure and assumptions are continually being 
modified and adjusted. The results shown in this section represent a set of modeling results from CA-
TIMES as it stands now (CA-TIMES v1.5).     

6.1.  Primary Scenarios 
This section will review the key results from the three primary scenarios: (1) the Reference (BAU) case, 
(2) the 80% GHG emissions reduction case with the “Step” CO2 cap (GHG-Step) and (3) the GHG 
emissions reduction case with the linear “Line” CO2 cap (GHG-Line).    

The instate Reference scenario GHG emissions is shown in Figure 6.1. In this scenario, emissions are 
shown declining from the base year of 2010 to 2025 and growing slightly from there (from 400 to 425 
MMTCO2e per year) to 2050. The 2020 GHG emissions are 435 MMTCO2e/yr even though the AB32 
cap on emissions is not a constraint in this Reference scenario. In the graph, emissions from energy 
supply (i.e. electricity and energy transport, conversion and fuel production) are assigned to the relevant 
end-use sectors.   

In 2050, instate GHG emissions are approximately 5% lower than 1990 levels. Emissions from all end-
use sectors decline slightly but remain similar in scale to 2010 levels. The largest emissions source 
remains transportation, which accounts for just over half of instate emissions and which declines very 
slightly over the modeling period (279 MMTCO2e in 2010 to 236 MMTCO2e in 2050)13. 

 

Figure 6.1. Instate GHG emissions from 2010 to 2055 by sector for the Reference scenario. Instate emissions 
include shipping and aviation emissions not included in the State’s GHG emission inventory.  

When the 80% GHG emissions reduction constraint is added, both primary GHG scenarios are not able to 
meet the 80% GHG reduction target in 2050. Both scenarios are able to reduce emissions below 1990 

                                                        
 
13 These values differ from the ARB’s official emissions inventory because of the inclusion of interstate and international 

aviation and marine transport fuel usage.   
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levels by 62% falling about 18% short of the 80% target. Note that our model includes shipping and 
aviation emissions not included in the State’s GHG emission inventory. In addition, we do not consider 
offsets option in the carbon cap scenario. Therefore, our 80% GHG scenario can be considered more 
stringent than the implementation plan adopted by CARB. In the GHG-Step scenario, even though the 
emissions cap stays constant at the 2020 target (450 MMTCO2e), emissions decline to about 370 
MMTCO2e in 2030 and 256 MMTCO2e in 2045. The GHG-Step scenario emissions are 170 MMTCO2e 
in 2050, nearly double the target of 90 MMTCO2e. Transportation continues to provide the majority of 
emissions while emissions from industrial, residential and commercial shrink dramatically. 
Transportation alone exceeds the 2050 emissions target at around 110 MMTCO2e.   

 

Figure 6.2. Instate GHG emissions from 2010 to 2055 by sector for the 80% GHG reduction Step scenario 
(GHG-Step). 

The 2050 emissions of the GHG-Line scenario are essentially identical to that of the GHG-Step scenario 
(168 MMTCO2e). The difference between the scenarios has to do with the trajectory of the carbon cap 
which declines linearly with time. Emissions tend to follow the carbon cap until 2045 and then do not 
continue declining, as there are no other opportunities for GHG reduction, given available technology 
options. The distribution of emissions into end-use sectors is the same as GHG-Step.  
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Figure 6.3. Instate GHG emissions from 2010 to 2055 by sector for the 80% GHG reduction Linear scenario 
(GHG-Line). 

 

Figure 6.4. Comparison of Instate GHG emissions for the three primary CA-TIMES scenarios. 

Figure 6.4 shows a comparison of the emissions trajectory of the three primary scenarios. While both 
GHG scenarios achieve the same emissions level in 2050, they do so with different paths and thus have 
different levels of cumulative emissions. Cumulative emissions for BAU are approximately 17.3 
GTCO2e from 2010 to 2050 while the cumulative emissions of GHG-Step and GHG-Line are 14.3 and 
12.9 GTCO2e respectively. There is a difference of approximately 1.4 GTCO2e between the two GHG 
scenarios in that 40-year period. 
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6.1.1 Transportation Sector 

To better understand the broader scenario GHG emissions results, it is helpful to delve deeper into 
individual sectors to understand the shifts in technology choices and fuel and resource usage that drive 
these changes. The first sector of interest is the transportation sector, and end-use sector that accounts for 
the largest share of emissions in all of the scenarios (See Figures 6.1 through 6.3). As a result, the 
transportation sector is one of the most important sectors in CA-TIMES and is modeled with endogenous 
technology investment and fuel choice decisions. 

Transportation demand (VMT, passenger miles and freight ton-miles) is expected to increase slightly (as 
discussed in Section 4.1) based upon projections from EMFAC2011 (CARB 2011) in BAU. However, 
these travel demand trends are opposed by increasing efficiency in vehicles (especially light-duty) such 
that total fuel demand from the transport sector is only slightly higher in the Reference scenario in 2050. 
Figure 6.5 shows that total BAU transportation fuel demand is only 17% higher in 2050 relative to 2010 
(4120 PJ vs.3500 PJ or 31 billion gallons of gasoline equivalent (GGE) vs.24 billion GGE). Starting in 
2015 there is an increasing amount of biofuels used (including ethanol, biodiesel, bio-RFO and bio-jet). 
Total biofuel usage in 2050 is approximately 8x the biofuel usage in 2010, with significant growth in 
ethanol, biodiesel, bio-RFO and bio-jet. This shift in biofuels usage is driven in part by technology cost 
reductions in biofuel production and by increasing costs of oil imports. However, petroleum based 
transport fuels still make up the majority of transportation fuels (95% in 2010 and 63% in 2050). 

There is a modest decline in the use of gasoline and ethanol (11%), even with increasing travel demand, 
due to improved efficiencies in light-duty cars and trucks. Light-duty on-road fuel economy is driven by 
the new federal fuel economy standards which mandates a doubling of light-duty fuel economy to 2025. 
Test-cycle fuel economies for the light-duty vehicle fleet achieves approximately 47 mpg, which roughly 
translates to on-road values of 38 mpg.   

 

Figure 6.5. Transportation fuel consumption in Reference (BAU) scenario 
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Figures 6.6 and 6.7 show the transportation fuel demand in the GHG-Step and GHG-Line scenarios. In 
these scenarios, VMT is reduced by 24% in light-duty, and 10% in medium- and heavy-duty sectors 
relative to the BAU transport demands. Also important is the assumption that cars make up a greater share 
of light-duty vehicles in the GHG scenarios than in the BAU scenario (75% in GHG scenarios vs. 54% in 
BAU scenario).  These two factors along with shifts in technology modeled within TIMES account for the 
reductions in fuel demand.  Total fuel demand in 2050 is ~2600 PJ or 19.6 billion GGE. Note that this fuel 
demand includes inter-state and international marine and aviation fuel demands. 

 

Figure 6.6. Transportation fuel consumption in 80% GHG step reduction scenario (GHG-Step)  

Both scenarios look remarkably similar in 2050 but differ somewhat in the timing of introduction and 
growth of alternative fuels. Gasoline is entirely gone in 2050 as light-duty vehicles shift to electric drive 
vehicles. Diesel declines slightly but is still needed in heavy and medium duty trucks. Biofuels grow 
significantly to make up 38% of fuel use in 2050, while petroleum-based fuels account for approximately 
40% of 2050 fuel use. The remainder comes from natural gas (6%), hydrogen (7%) and electricity (9%).  
These remaining petroleum fuels are a significant reason that the two GHG scenarios do not meet the 
80% reduction target, as the sum of these emissions makes up the bulk of the transportation GHG 
contribution (110 MMTCO2e in 2050 vs. the target of 90 MMTCO2e). This is primarily due to the lack 
of sufficient biofuels (and in particular diesel and jet fuel substitutes) to replace these petroleum fuels. 
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Figure 6.7. Transportation fuel consumption in 80% GHG linear reduction scenario (GHG-Line)  

The difference between the two GHG scenarios has to do with the timing of growth of alternative fuel.  
Given the more stringent cap in intermediate years for the GHG-Line scenario, alternative fuels are 
introduced earlier and necessarily grow faster than in the GHG-Step scenario. For example, gasoline is 
phased out later in GHG-Step while bio-based gasoline is introduced earlier in GHG-Line. The same is 
true for the switch between RFO and bio-RFO, and to a lesser extent between Jet and bio-Jet fuels and 
diesel and biodiesel. 

Overall the carbon intensities14 of transportation fuels decline by 14% (to 72g/MJ) in the Reference 
scenario vs. around 39% (to 51g/MJ) in the GHG scenarios (see Figure 6.8). The earlier timing of the 
shifts towards lower carbon intensity biofuels in the GHG-Line scenario relative to the GHG-Step 
scenario is also shown in the figure.   

                                                        
 
14 Note that these carbon intensity values are based upon the higher heating value of the fuel and do not include all life-cycle 

emissions such as direct or indirect land-use change. 
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Figure 6.8. Comparison of the carbon intensity of transportation fuels in the three primary CA-TIMES 
scenarios.   

Figure 6.9 shows the light-duty vehicle fleet mix contributions to VMT in the Reference scenario. The 
results show that light-duty vehicles continue to rely primarily on internal combustion engines and liquid 
gasoline-like fuels. Conventional gasoline vehicles decline significantly. The bulk of vehicles consist of 
Flex Fuel Vehicles (FFVs) in 2030 and beyond that are essentially conventional internal combustion 
engine vehicles with a slight modification to allow them to use up to 85% ethanol. Figure 6.5 shows that 
ethanol consumption is modest (about 33% of gasoline on an energy (HHV) basis, which is equivalent to 
E33 if they were exclusively blended), but FFVs are quite low cost and allow the vehicles to run on any 
blend of gasoline and ethanol, overcoming any “blend wall” issues that limit ethanol in conventional 
gasoline vehicles. Battery electric vehicles (BEVs) represent a small proportion of vehicles in 2020 to 
2040 (about 2-3% of vehicles), while fuel cell vehicles (FCVs) grow to about 5% of vehicles in 2050.  
These vehicles are chosen primarily because they satisfy the ZEV mandate. It is important to reiterate that 
the current iteration of the CA-TIMES model does not represent consumer heterogeneity in LDV 
purchases and as such, because BEVs, PHEVs and FCVs are not the least cost vehicles (accounting for 
vehicle purchase, fuel costs and including hurdle rates), they are not chosen except when required to meet 
a constraint (in this case, the ZEV mandate). 
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Figure 6.9. Light-duty vehicle VMT by vehicle type in Reference (BAU) scenario 

 

 

Figure 6.10. Light-duty vehicle VMT by vehicle type in 80% GHG step reduction scenario (GHG-Step). 

Figure 6.10 shows the mix of light duty vehicles for the GHG-Step scenario. We see a dramatic shift in 
the vehicle mix as after 2020 there is significant growth in battery electric vehicles (BEVs) and hydrogen 
fuel cell vehicles (FCVs). Also shown is some use of plug in hybrid electric vehicles. One of the model 
assumptions is that all plug-in vehicles can have a maximum share of 50% and that BEVs, specifically, 
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can only have a maximum share of 40%, due to limitations on the availability of home-based recharging 
infrastructure. These vehicles reach these maximum shares (BEVs 40% and PHEVs 10%). The 
contribution of FCVs starts slowly due to the challenges of hydrogen refueling station and vehicle 
deployment and represented in the model as high early costs. However, after 2030, FCVs grow rapidly to 
approximately 38% of the fleet due to competitive costs (approximately $5000 more than gasoline 
cars/trucks), high efficiency and low carbon hydrogen (made from natural gas, biomass and electrolysis).  
Other low-carbon options for hydrogen production like fossil with CCS is not an option and electrolysis is 
limited due to limits on the supply of renewable electricity. Internal combustion engine vehicles still make 
up about 12% of the vehicle fleet in 2050.   

In the linear GHG scenario, the 2050 fleet share for PHEVs and BEVs is the same as in the GHG-Step 
scenario (Figure E.1 in Appendix E). Hydrogen vehicles grow to 45% of the fleet and there is a faster 
phase out of gasoline vehicles and substitution with gasoline hybrid vehicles, which make up 5% of the 
fleet in 2050. The GHG-Line scenario has a faster deployment of hydrogen vehicles and as a result, they 
make up a greater portion of the fleet in 2050 and offset a greater number of ICE vehicles.    

 

 
Figure 6.11.  Comparison of light-duty vehicle fleet fuel economy (on-road) for the three primary scenarios. 

Figure 6.11 shows how the fleet fuel economy differs between the three scenarios. The Reference 
scenario achieves 46 mpg on-road for LDVs which tracks the updated CAFE standards to 2035. LDVs in 
the GHG-Step scenario achieve 111 mpg in 2050, while the GHG-Line achieves a slightly higher 
fleetwide fuel economy of 116 mpg, as well as moderately higher fleet fuel economy in 2030 to 2045 due 
to faster growth in of hydrogen fuel cell vehicles and slightly higher share of gasoline hybrids.   
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Figure 6.12. Comparison of the carbon per mile and miles traveled for different vehicle types and total 
emissions from LDVs in 2010, 2030 and 2050 for the GHG-Step scenario.   

Figure 6.12 shows the carbon per mile for different vehicle types in different years for the GHG-Step 
scenario. The carbon intensity of fuel (gCO2/MJ) is multiplied by the fuel consumption (MJ/mile) to 
obtain the carbon per mile (gCO2e/mile) on the y-axis. The number of miles that vehicle travels is on the 
x-axis and the product of these two factors (i.e. area of a given colored block) is the total GHG emissions 
from a given vehicle type. The sum of areas of all blocks gives the total GHG emissions from LDVs.  
Light-duty is pretty much decarbonized in 2050 only emitting only 6 MMTCO2e with the emissions 
coming from the liquid fuel consumption for PHEVs and HEVs, and production of hydrogen for fuel cell 
vehicles (mostly from natural gas).   

ICE HEV PHEV BEV FCV Fleet
2010 FE 24 39 61.5 107 73 24

CI 85 85 56.3 0 0 85
2030 FE 38 54 72 141 98 49

CI 76 76 71 0 22 69
2050 FE 55 110 143 98 110

CI 49 27.5 0 15 13
Units FE: On-Road Fuel Economy (mpgge)

CI: Carbon Intensity (gCO2e/MJ)
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Figure 6.13. Comparison of the fuel economy in heavy-duty and medium-duty trucks and intrastate 
passenger aircraft for three primary scenarios. 

In other transportation sub-sectors, the GHG scenarios show significant increases in vehicle efficiency 
relative to the Reference scenario. Heavy-duty vehicles can achieve approximately 12 mpgge in the GHG 
scenarios in 2050 vs.around 7 mpgge in 2010. The Reference scenario shows only a modest increase in 
heavy-duty truck efficiency by 2050 (to 8.6 mpgge). The significant increase in heavy-duty efficiency in 
the GHG scenarios is due entirely to adoption of more costly and high-efficiency diesel trucks.   

In the medium duty truck subsector, there is greater potential for efficiency improvements with the 
potential adoption of hydrogen and plug-in hybrid vehicles. Efficiency improves from 9 mpgge in 2010 to 
approximately 17 mpgge in 2050 in the GHG scenarios (vs. 11 mpgge in the Reference scenario). CNG 
also makes up a small fraction (7%) of the medium duty vehicle fleet in 2050. 

In the aviation subsector, the difference in efficiency improvement between the Reference and GHG 
scenarios is not that great. For example, intrastate passenger aircraft has a fuel economy of 51 passenger 
miles/gge in 2010. There is a steady increase in aircraft efficiency such that by 2050, the fuel economy is 
65 pass-mi/gge for the Reference scenario and 68 pass-mi/gge for the two GHG scenarios. 

6.1.2 Commercial, Residential, Industrial and Agricultural Sectors 

This section details the other end-use sectors (commercial, industrial, residential and agricultural), which 
contribute about 40% of emissions in 2010 and about 30% in 2050 in the GHG scenarios.   
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Figure 6.14. Final energy (fuel) demands for commercial, residential, industrial and agricultural sectors in 
the Reference scenario. 

Figure 6.14 shows the final energy demands for these end-use sectors in 2010, 2030 and 2050. The 
industrial and agricultural fuel demands are input assumptions to the model (as described in Sections 4.4 
and 4.5) while the fuel demands for the commercial and residential sectors are endogenously determined 
within the model via choices about different technologies. In the GHG scenarios, the industrial and 
agricultural sectors are assumed to be more efficient and also shift final energy usage to a greater 
proportion of electricity use (see Sections 4.4 and 4.5).    

 

 
Figure 6.15. Final energy (fuel) demands for commercial, residential, industrial and agricultural sectors in 
the GHG-Step scenario. 

In Figure 6.15, the energy use in the commercial and residential sectors for the GHG-Step scenario is 
quite different than the BAU scenario. The mix of fuels used is shifted (the share of electricity rises) and 
the total energy demand is reduced. Given the rise in commercial floorspace and residential household 
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population increase, electrification and efficiency are used to counteract the increase in total energy 
services in these sectors. From 2010 to 2050, commercial final energy use declines by 25% while the 
share of electricity rises from 59% to 69%. Residential final energy use declines by 35% and electricity’s 
share of final energy rises from 40% to 75%. Solar (for water heating) is also used significantly in 2050 
(17% of residential energy use).   

Figure E.2 in Appendix E shows the energy usage for the commercial, residential, industrial and 
agricultural sectors in the GHG-Line scenario. The industrial and agricultural sectors are identical to the 
GHG-Step scenario as are the 2050 energy use and final energy split for the commercial and residential 
sectors. However, because the carbon caps in the intermediate years are different, the energy use, final 
energy mix and system efficiency are different. In 2030, GHG-Step has higher final energy use in the 
commercial sector than GHG-Line (by 6%) while the residential sector energy use in GHG-Step is 2% 
higher.    

 
Figure 6.16. Indexed weighted efficiency in the residential and commercial sectors in the three primary 
scenario. 

Figure 6.16 shows the efficiency improvement of the residential and commercial sectors in the three 
primary scenarios. The Reference scenario shows substantial improvements from 2010 to 2050 (a factor 
of 1.8 in the commercial sector and 1.6 in the residential sector). The GHG scenarios show even greater 
efficiency improvements by 2050 (2.7x in the residential sector and 2.4 in the commercial sector). The 
biggest contributors to the sectoral efficiency improvements are seen in commercial and residential 
heating (i.e. heat pumps) and lighting (i.e. LED).   
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Figure 6.17. Commercial sector final energy use by energy services in the Reference (BAU) scenario 

Figures 6.17 and 6.18 show the final energy usage by energy service within the commercial and 
residential sectors for the Reference scenario. We can see that the biggest demands for energy in the 
commercial sector are space heating, space cooling, lighting and miscellaneous. Service demand is 
growing for these energy services because of growth in commercial floorspace (67% growth between 
2010 and 2050). CA-TIMES does not model any improvements/reductions in miscellaneous energy usage.  
The largest service demands for the residential sector are space heating and water heating. 

 
Figure 6.18.  Residential sector final energy use by energy services in the Reference (BAU) scenario 
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Figure 6.19. Commercial sector final energy use by energy services in the GHG-Step scenario 

Figures 6.19 and 6.20 show the commercial and residential final energy use broken out by energy service 
for the GHG-Step scenario. There are large reductions in energy use in the commercial sector in space 
heating, space cooling, and lighting energy. Again, miscellaneous is a large portion of the final energy use 
in the commercial sector because technology/efficiency changes are not modeled for this service.   

Residential sector energy services which show large energy use reductions are water heating, lighting, 
space heating and clothes washing. Many other energy services do not show any significant reductions in 
energy use, such as TV, space cooling, cooking and other. 

 
Figure 6.20.  Residential sector final energy use by energy services in the GHG-Step scenario 
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6.1.3 Electric Sector 

The last two sections described the changes in final energy use and technology adoption within the end-
use sectors.  These next two sections describe the energy supply sectors that provide electricity and fuels 
to the end-use sectors. 

Electricity is a critical component of the energy supply mix and major changes to generation and demand 
are essential in meeting the 80in50 targets. Decarbonizing the electric sector is critical in reducing the 
state’s emissions, because one of the key strategies for reducing emissions is shifting fossil fuel usage 
from petroleum and natural gas to electricity in end use sectors. As electricity demand rises as a result of 
this electrification, the sector must also re-invest in low carbon technologies. Cost reductions in 
renewables and other low carbon source makes it feasible to achieve low carbon intensity at reasonable 
costs. 

 
Figure 6.21.  Electricity generation by resource type in the Reference (BAU) scenario 

Figure 6.21 shows the annual electricity generation mix from 2010 to 2050 in the Reference scenario.  
Overall electricity usage climbs from 333 TWh to 430 TWh in 2050, a 29% increase. In terms of 
generation mix, there is a phase out of nuclear due to the closing of San Onofre Nuclear Generating 
Station (SONGS) in 2013 and then the state’s remaining nuclear plant (Diablo Canyon) in 2025. As 
modeled, all new generation is assumed to be purpose built for use by California, so the investment, 
O&M, and other variable costs associated with electricity generation are allocated entirely to the 
California energy system. Coal imports are phased out and growth in electricity generation comes 
primarily from renewables. The rapid increase in wind power is due to significant reductions in the cost of 
wind turbines with much of the generation coming from out of state resources (and associated 
transmission lines). Wind grows to 80 TWh/yr in 2050, while solar, geothermal and biomass contribute 
13, 28 and 24 TWh/yr respectively. Overall, renewables make up 33% of total generation, which is 
consistent with the state’s RPS, though with large hydro, the renewable percentage is 42%. The largest 
contributor to the state’s electricity mix continues to be natural gas, which increases generation from 176 
TWh in 2010 to 232 TWh in 2050, but remains a bit more than half of all generation throughout the 
modeling period. There is a small contribution of “Other” generation, which comes from by-product 
electricity generation in bio-refineries, i.e. cellulosic ethanol plants, pyrolysis and Synfuel (Fischer 
Tropsch) plants.   
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Figure 6.22.  Electricity generation by resource type in the 80% GHG Step Reduction Scenario (GHG-Step). 

Figure 6.22 and Figure E.3 show the generation mix for the GHG-Step and GHG-Line scenarios. One big 
difference between these scenarios and the Reference scenario is the large increase in electricity demand 
that is needed by 2050. Instead of 430 TWh in the Reference scenario, electricity generation in these 
GHG scenarios is approximately 667 TWh in 2050, approximately 55% more. The only viable option to 
decarbonize the electricity supply in these scenarios is renewables (since nuclear and carbon capture 
technologies are not available in these scenarios). Geothermal and tidal generation expand as much as the 
economically feasible resource allows in 2050 to 28 TWh and 23 TWh respectively. Solar and wind 
power make up the bulk of the generation in 2050, with utility scale solar thermal, solar PV and wind 
contributing 128 TWh, 90 TWh and 221 TWh respectively. The installed capacity for solar thermal, solar 
PV and wind generation are 54, 49 and 74 GW, respectively. Notable is the lack of biomass-based 
electricity generation in the GHG scenarios since these energy resources are used to make biofuels (which 
is discussed in subsequent sections). Renewable contributions to electricity generation are 73% when 
excluding hydropower (i.e. only RPS eligible generation) and 80% when including hydropower. Another 
3% comes from excess electricity generation from bio-refineries. The remaining 17% comes from natural 
gas (primarily combined cycle, with some contribution from combustion turbines).   

The biggest difference between the two GHG scenarios again has to do with the timing of the ramp up of 
the low-carbon renewable generation resources. In 2025-2030, when the GHG-Line carbon cap starts to 
decline relative to the GHG-Step cap, renewable (solar and wind) generation is higher, while natural gas 
generation is lower.   
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Figure 6.23. Carbon intensity of electricity generation by resource type in three primary CA-TIMES 
scenarios. 

Figure 6.23 shows the carbon intensity of electricity (gCO2/kWh) for each of the three primary CA-
TIMES scenarios. The carbon intensity of the Reference scenario declines to around 200 g/kWh in 2020 
and more or less constant to 2050 (184 g/kWh), while the two GHG scenarios decline to below 60 g/kWh 
due to the continued use of natural gas generation which makes up 17% of generation.    

As noted previously, the CA-TIMES optimization must ensure that supply and demand for electricity are 
balanced in each of the forty-eight sub-annual timesteps. Thus, the timing of generation from different 
resources is part of the optimization process for investing in electric power plants of different types (along 
with policy constraints like RPS). Matching electricity supply and demand is a critical aspect of operating 
the electricity grid. When introducing significant levels of intermittent renewables, such as wind and solar, 
it is important to ensure that there is sufficient flexibility in the system to handle the variability. Figure 24 
shows the sources of electricity generation by timeslice. Demand is highest in the summer months (July-
August), yet that is when wind power generates the least amount of electricity, so it is backed up by 
natural gas plants.   
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Figure 6.24.  Electricity generation by resource type and timeslice in the Reference (BAU) scenario in 2050. 
See section 3.5.5 for more info on timeslices. JF: January/February; MA: March/April; MJ: May/June; JA: 
July/August; SO: September/October; ND: November/December. The daily time period is grouped into three-hour 
time slices. Thus the daily time period 1 corresponds to 12 am-3 am, and so on.  

 
Figure 6.25.  Electricity generation by resource type and timeslice for 2050 in the 80% GHG-Step Reduction 
Scenario (GHG-Step). 

Figure 6.25 shows the same timeslice generation for 2050 for the GHG-Step scenario. The penetration of 
wind and solar is such that on average, intermittent generation makes up more than 66% of timeslice 
generation, and in many timeslices it can make up more than 90% of total generation. In these GHG 
scenarios, only hydropower and natural gas generation are available for dispatchable, responsive 
generation, while the remainder of generation assets are either intermittent renewables or must-run 
baseload power. This can present challenges to the operation of the grid in terms of balancing supply and 
demand, frequency regulation, having sufficient spinning reserves and ensuring system reliability. One 
interesting point to note is that the summer generation peak is non-existent and we actually see peak 
demand occurring in the spring (March April) when both wind and solar output is high. Figure E.4 shows 
the same graph but for the GHG-Line scenario. These two GHG scenarios are quite similar in terms of the 
timeslice generation in 2050. 

6.1.4 Fuels Supply Sector 

Section 6.1.1 discussed the transportation fuel mix in the three primary CA-TIMES scenarios and Section 
6.1.2 showed the fuel use for the different end-use sectors (residential, commercial, industrial and 
agricultural). This section will further discuss the energy supplies used throughout the energy system and 
the processes used to deliver the final fuels.   

Biomass and biofuels are major areas of interest when discussing reducing greenhouse gas emissions with 
low carbon fuels.   
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Figure 6.26. Annual biofuel production by category for the Reference (BAU) scenario. 

Figure 6.26 shows the significant growth in biofuels production in the BAU scenario. Even though there 
isn’t a carbon cap, the rising price of oil (up to $180/bbl in 2050) prompts a shift towards substitute liquid 
fuels. Biofuel consumption is 1140 PJ or 8.7 billion gallons of gasoline equivalent (BGGE). However, not 
all of this fuel is low carbon (14% is corn-based ethanol). Biomass utilization is approximately 1700 PJ in 
2050.  

Figures 6.27 and E.5 show the biofuels production in the GHG scenarios. Interestingly, these two 
scenarios have slightly lower biofuel production than the BAU scenario (in 2050, the GHG scenarios have 
approximately 1015 PJ of biofuels (~7.7 billion GGE) compared with 1140 PJ for BAU). The mix of 
biofuels is somewhat different between the BAU and GHG scenarios. The BAU scenario has a significant 
amount of gasoline substitutes (ethanol and bio-gasoline), comprising 43% of all biofuels production in 
2050. In the GHG scenario, gasoline substitutes account for less than 30% of fuels production. The 
remainder of biofuels production is used as diesel and jet fuel substitutes. This is due to the extent of 
electrification that is found in the light-duty sector. The primary users of gasoline (and ethanol) are heavy 
duty trucking and aviation, which cannot be electrified as easily.   

And again, these two scenarios look identical in 2050 but differ with respect to the trajectory of fuels 
production in the intermediate years. In the GHG-Step scenario, biofuel production ramps up quite 
significantly in 2045 to meet the 2050 goal, though this rate of production increase may be unrealistic. 
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Figure 6.27. Annual biofuel production by category for the 80% GHG-Step Reduction Scenario (GHG-Step). 

Figure 6.33 shows the annual share of different primary energy resources used in the Reference scenario.  
Even without a cap on carbon, we see a drop in the reliance on fossil fuel resources from around 90% in 
2010 to approximately 70% in 2050. Oil represents the resource that loses the most share (from 57% to 
32%) from 2010 to 2050, corresponding to the rising price of oil and the availability and cost reductions 
for many efficient transportation technologies. Biomass makes up for the reduction in petroleum usage by 
growing from approximately 1% of primary energy usage to around 18%. Other resources that are 
growing are wind and solar resources (though these are small relative to the growth in biomass usage)15. 

                                                        
 
15 Resources for wind, solar and other renewables that are used primarily for electricity production are calculated based upon 

electricity production rather than chemical, mechanical or electro-magnetic energy that are inputs to the renewable generator.  
For example, the electrical output of a solar panel is counted as the primary energy rather than the solar insolation that falls on 
the panel.   

!"

#!!"

$!!"

%!!"

&!!"

'(!!!"

'(#!!"

#!'!" #!')" #!#!" #!#)" #!*!" #!*)" #!$!" #!$)" #!)!" #!))"

+,
-.
/0
12
,3
"4+

56
"

78091,23":0;31<=>0;"?@"A1,2"B@=,"
780<.33C?.3,D"E,38D1.2"
A1,2"F82"

780<.33C?.3,D"
G,-H.;02"

780<.33C?.3,D"IJ8.>0;"
K.3028;,"

780<.33C?.3,D"5,-"A1,2"

780<.33C?.3,D"L8,3,2"

780<.33C?.3,D"
K.3028;,"

M1N.OP.;,C?.3,D"
Q-H.;02"

:0O;C?.3,D"Q-H.;02"

:,2212038P"Q-H.;02"

GHG-Step 



California TIMES (CA-TIMES) Modeling of California Energy and Climate Policies (Draft Final Report for 
Review and Comments) 

 86 

 
Figure 6.28.  Annual share of primary energy resources for the Reference (BAU) scenario. 

Figures 6.29 and E.6 show the annual share of primary energy resources for the two GHG scenarios 
(GHG-Step and GHG-Line). The share of fossil fuels declines to around 49% (oil 30% and natural gas 
19%), while renewables (and biomass) grow to make up around 50% of primary energy supply. The shift 
from fossil fuels to renewables occurs earlier in the GHG-Line scenario than the GHG-Step scenario 
because of the more restrictive carbon cap between 2020 to 2045.   

 
Figure 6.29.  Annual share of primary energy resources for the 80% step GHG emissions reduction (GHG-
Step) scenario. 

6.1.5 Energy System Costs 

An understanding of the costs associated with GHG reductions is important. Table 6.1 shows the sum of 
undiscounted and discounted (r =4%) annual energy system costs that are accounted for within the CA-
TIMES model and the cumulative in-state energy system emissions from 2010 to 2050. A second BAU 
scenario is added (BAU-LoVMT), which matches the lowered VMT that is assumed in the GHG-Step and 
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GHG-Line scenarios. This makes for a more convenient comparison with the GHG scenarios since they 
will have the same energy service demands. The undiscounted total energy system costs from 2010 to 
2050 are on the order of 8.3 to 9.9 trillion dollars (or 3.5 to 4.1 trillion dollars in net present value (NPV) 
with a discount rate of 4%), which includes the cost of transportation vehicles, residential and commercial 
appliances, power plants, fuel production facilities, fuel transportation and the cost of purchasing or 
extracting primary energy resources. It does not include any equipment or end-use conversion devices in 
the industrial or agricultural sectors, but does include the costs of supplying energy (natural gas, 
electricity, etc.) to those sectors. A breakdown of annualized total costs by sector is summarized in Tables 
E.1 and E.2 for the BAU and GHG-Step scenarios, respectively. The differences in costs between these 
GHG and BAU scenarios are on the order of 3-15% across scenarios. Cumulative emissions for these four 
scenarios range from 12.9 GTCO2e to 17.3 GTCO2e. The differences in cumulative emissions between 
these GHG and BAU scenarios are on the order of 7 to 18%.   

Table 6.1. Summary of undiscounted and discounted (4% discount rate) energy system costs (in 2010$) and 
cumulative emissions for primary CA-TIMES scenarios for 2010 to 2050. 

 

Undiscounted Total 
Cost (2010 to 2050) $B 

Discounted Total Cost 
(2010 to 2050) $B 

Cumulative Emissions (2010 to 2050)  
MMTCO2e 

BAU  8,993  3,767 17,256 
BAU-LoVMT  8,308  3,502 16,299 
GHG-Step  9,384  3,867  14,331 
GHG-Line  9,946  4,085 12,932 

 

Table 6.2 shows the differences in costs and emissions between the GHG and BAU scenarios and the 
average undiscounted and discounted cost per tonne of CO2 reduced for the GHG scenarios. We compare 
the costs and emissions reductions for GHG scenarios with two possible BAUs: the primary Reference 
scenario (BAU) has higher VMT than the BAU-LoVMT scenario, thus in the BAU scenario more 
vehicles must be purchased to meet the additional VMT demand. When we compare GHG scenarios with 
BAU-LoVMT, the GHG benefits will be smaller. At the same time, the total energy system costs in the 
BAU scenario will be higher than in BAU-LoVMT. Thus there are two trends that increase the cost per 
tonne estimate when comparing to BAU-LoVMT: the numerator is getting larger and the denominator is 
getting smaller (hence costs go up). In the CA-TIMES model, we treat the LoVMT assumption in the 
GHG scenarios as an exogenous input and do not estimate the cost associated with VMT reduction. Thus, 
the cost of reducing emissions (through lower VMT) is implied to be free, whereas in reality, there can be 
large costs associated with reducing VMT such as infrastructure in supporting walking and bike lanes, 
public transit systems, etc. The cost of VMT reduction is unknown to us and highly uncertain. Therefore 
comparing GHG scenarios with BAU underestimates the true cost. On the other hand, comparing GHG 
scenarios with BAU-LoVMT overestimates the cost (or underestimates the benefits) since most likely 
there won't be incentives/policies to reduce VMT under no climate policy scenario. So in reality the "true 
cost" maybe somewhere in between, and it is difficult to value people's behaviors and change of social 
norms such as recycling, reducing VMT, etc. At this point, we present both results, recognizing more 
research will be needed for us to better present the true cost estimates of these scenarios.  

Table 6.2. Summary of undiscounted energy system costs (in 2010$) and cumulative emissions for primary 
CA-TIMES scenarios for 2010 to 2050.  

  GHG-Step v. 
BAU 

GHG-Step v. 
BAU-LoVMT 

GHG-Line v. 
BAU 

GHG-Line v. 
BAU-LoVMT 

Difference in Undiscounted Total Costs ($M) 391,414 1,075,829 953,104 1,637,519 
Difference in Discounted Total Costs ($M) 99,466  364,388    317,218 582,140 

Difference in Cumulative Emissions 
(MMTCO2e) 2,925 1,969 4,324 3,367 
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Undiscounted Cost of emissions reduction 
(2010$/tCO2 reduced) 134 547 220 486 

Discounted Cost of emissions reduction 
(2010$/tCO2 reduced) 34 185 73 173 

 

The differences in energy system cost are between $391 billion to $1.6 trillion (or $99 to $582 billion 
discounted) over the 40 year modeling period and the differences in cumulative emissions are between 1.9 
and 4.3 GTCO2e. Comparing the GHG-Step scenario with the Reference BAU scenario, we see that the 
average cost of reducing a tonne of CO2e is $134 ($34 discounted), while the average cost of reducing a 
tonne of CO2e from the BAU-LoVMT scenario is $547 ($185 discounted). For the GHG-Line scenario, 
the average cost of reducing a tonne of CO2e relative to the Reference scenario is $220 ($73 discounted) 
while the cost rises to $486/tonne ($173 discounted) CO2e relative to the BAU-LoVMT scenario.   

The GHG-Line scenario exhibits higher costs because of the more stringent intermediate carbon cap 
values and the need to reduce emissions more in intermediate years. But as a result of the linear cap, it 
also exhibits lower cumulative emissions than the GHG-Step scenario. Because the GHG-Step scenario 
pushes most of the emissions reductions until later years, the cumulative emissions savings is not very 
great relative to the BAU scenarios, however, these costs imposed on the system not only have the effect 
of reducing cumulative emissions in the modeling period 2010 to 2050, but they have changed the energy 
system such that emissions savings can continue into the future. 

 

Figure 6.30.  Annual cost difference between GHG-Step and BAU scenarios broken down by sector 

Figure 6.30 shows the annual cost difference between the GHG-Step and Reference scenarios. In this 
graph, transportation costs only include the capital and O&M costs associated with purchasing vehicles 
(cars, trucks, airplanes, ships, etc.) and not the fuels used to power them. Those fuel costs are included in 
the “Fuels and Energy Supply” costs or the “Electricity” costs, depending on the type of fuel. The same is 
true for the other end-use sectors (commercial and residential).   
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As stated previously, the lower VMT in the GHG-Step scenario relative to the BAU scenario leads to 
reduced investments in vehicle purchases and negative costs associated with the transportation sector.  
Because the GHG-Step scenario has greater electricity demand, the costs of building additional power 
plants makes up the incremental costs seen in the figure.  The additional cost of fuels supply is quite low.  
The cost of residential and commercial sectors rises (especially in later years) as more efficient appliances 
are purchased to help reduce emissions and meet the carbon cap in 2050.  Overall, annual cost differences 
are relatively low (+/- $10billion/year) until 2040 when costs rise to nearly $60 billion to try and meet the 
2050 emissions target.  The model discounts future costs at 4% per year and thus high costs in the far 
future are valued less than similar costs in the near future.   

Figure E.7 shows the comparison of cost for the GHG-Line and Reference scenarios. The magnitude of 
additional costs are similar for the GHG-Line scenario relative to the GHG-Step scenario but are shifted 
forward in time, because of the need to meet more stringent intermediate carbon caps. Because the cost of 
many technologies in the model decline with time, implementing low-carbon and efficient technologies 
earlier leads to higher annual costs. Transportation costs are still mostly negative in this figure because of 
the reduction in vehicle purchases. One thing to note is that CA-TIMES does not consider endogenous 
technological change and learning-by-doing (where increased adoption during early periods leads to cost 
reductions in the later periods) that might be associated with early actions. Therefore, if early actions lead 
to more technological innovation as some policies are designed to incentivize, then the cost can be lower 
than what we estimate without considering this effect.   

Figure 6.31 and Figure E.8 show that if you remove the effect of varying levels of VMT demand, the 
costs associated with transportation are positive (i.e. more expensive advanced vehicles are needed to 
meet GHG targets than the BAU-LoVMT scenario). The other costs are quite similar to the costs 
differentials in comparisons with the primary Reference scenario. 

 

Figure 6.31.  Annual cost difference between GHG-Step and BAU-LoVMT scenarios broken down by sector 

 

-20,000 

0 

20,000 

40,000 

60,000 

80,000 

100,000 

120,000 

2010 2015 2020 2025 2030 2035 2040 2045 2050 

A
nu

ua
l D

iff
er

en
ce

 in
 C

os
t (

$M
) 

Commercial 
Residential 
Transportation 
Fuels and Energy Supply 
Electricity 
Energy Supply 
End Use Costs 
Total Annual Costs 
Discounted Annual Costs 

!"!#$%&'()*((+,-#./012(



California TIMES (CA-TIMES) Modeling of California Energy and Climate Policies (Draft Final Report for 
Review and Comments) 

 90 

6.2 Sensitivity Scenarios 

The results of the CA-TIMES model optimization are strongly dependent on the set of technical and cost 
assumptions, policy constraints, resource availability and energy prices. Given the difficulty in predicting 
future trajectories of these parameters, it is helpful to run sensitivity scenarios to understand how the 
modeling results can change with changes in input assumptions. Unfortunately, as there are thousands of 
input parameters, it is not possible to explore the full variation on every possible input, so this section will 
focus on a few key sensitivity scenarios discussed in Section 5.3.   

6.2.1 New nuclear power  

In the primary scenarios, no nuclear power plants can be built due to societal and legislative barriers to 
nuclear power. This scenario variation removes that constraint and allows for several new types of nuclear 
power to be built.   

 

Figure 6.32.  Electricity generation by resource type in the 80% Step GHG emissions reduction scenario with 
nuclear power (GHG-S-Nuclear). 

The primary impact of this scenario is seen in the electricity sector. Comparing the electricity generation 
mix for the GHG-S-Nuclear scenario (Figure 6.32) to that of the GHG-Step scenario (Figure 6.22), a 
primary difference is the increase in total electricity generation (702 TWh vs.667 TWh in 2050) when 
nuclear power is available. This essentially eliminates any electricity generation from fossil resources as 
large increase in nuclear power is accompanied by a reduction in natural gas generation.   

While nuclear energy can only be used for producing electricity, it enables the use of a zero-carbon 
resource in many end-use sectors. The primary GHG scenarios (GHG-Step and GHG-Line) had 
essentially maxed out the available low carbon electricity supplies that could be used to match demand, 
and so marginal increases in electricity demand would come from natural gas generation. 

The additional electricity generation is used in the commercial sector where 13% more electricity is used 
than in the GHG-Step scenario, and in electrolytic hydrogen production. Fuel cell vehicles have a higher 
penetration (46% vs.38%) since the increased supply of low-carbon electricity translates to additional 
sources of low-carbon hydrogen production (via electrolysis). This reduces the contribution of light-duty 
VMT from combustion vehicles to only 4% in 2050.   

0!

100000!

200000!

300000!

400000!

500000!

600000!

700000!

800000!

2010! 2012! 2015! 2017! 2020! 2025! 2030! 2035! 2040! 2045! 2050! 2055!

A
nn

ua
l E

le
ct

ric
ity

 G
en

er
at

io
n 

(G
W

h)
! Other!

Oil!
NG w/CCS!
NG!
Wind!
Solar!
Ren!
Hydro!
Tidal!
Bio!
Geo!
Coal!
Nuclear!

GHG-S-Nuclear 

Natural Gas 

Wind 

Solar 

Hydro 
Tidal 

Geothermal 

Nuclear 



California TIMES (CA-TIMES) Modeling of California Energy and Climate Policies (Draft Final Report for 
Review and Comments) 

 91 

The inclusion of nuclear power enables the production of more low-carbon electricity, which allows for 
greater use of electricity in end-use sectors, displacing emissions from the use of natural gas and other 
fuels. The carbon intensity of electricity in the GHG-S-Nuclear scenario declines to only 2 gCO2e/kWh, 
much lower than the carbon intensity of electricity in the primary GHG scenarios (~57 gCO2e/kWh). 

Overall, GHG emissions are able to reduce further than in the primary GHG scenarios. In 2050, GHG 
emissions are reduced by 72% to 124 MMTCO2e, a bit close to the 80% GHG reduction target of 90 
MMTCO2e.   

6.2.2 Carbon capture and sequestration 

Another important technology that is often discussed for carbon mitigation purposes, but is not included 
in our primary GHG scenarios is carbon capture and sequestration (CCS). While demonstrations of CCS 
technology have not progressed as fast as needed, this variant of the GHG-Step scenario (GHG-S-CCS) 
assumes that development accelerates and that CCS technologies are proven and available to deployed at 
scale in the 2025 to 2030 timeframe.     

CCS has implications in the electricity and fuels production sectors. In the electric sector, the natural gas 
combined cycle power plants with CCS account for a significant fraction of total generation in 2050 
(13%) displacing much of the conventional natural gas generation (Figure 6.33). The remaining natural 
gas generation comes from combustion turbines that are needed for highly dispatchable generation in only 
a few timeslices. The carbon intensity of electricity in this scenario declines to 26 gCO2/kWh, compared 
with 57 gCO2/kWh in the GHG-Step scenario. 

For fuels production, biofuels production with CCS is used to create “negative” emissions since some of 
the carbon in biomass is not returned to the atmosphere but injected into subsurface formations. These 
negative emissions can then be used to offset emissions from elsewhere in the energy system. In this 
scenario, all suitable biomass resources are used in Fischer-Tropsch processes with CCS to produce drop-
in gasoline, diesel and jet fuel substitutes. Because approximately 2/3 of the biomass carbon can be 
captured in this process, approximately 62 MMTCO2e can be sequestered (and which counts as negative 
emissions). In addition, in this scenario all hydrogen production also utilizes carbon capture and 
sequestration (2/3 via natural gas reforming and 1/3 via biomass gasification). 

The light-duty vehicle mix is very different from the GHG-Step scenario. In GHG-S-CCS, there is much 
less use of electricity in the transportation sector in 2050 (BEVs + PHEVs account for 15% of VMT). 
Hydrogen is widely used by 2050 accounting for 40% of LDVs but ICEs, HEVs and FFVs running on 
biofuels and petroleum fuels make up the remainder of vehicles (45%). This is because the negative 
emissions from bioCCS (62 MMTCO2e) permits much more use of petroleum than in a scenario without 
CCS.   
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Figure 6.33.  Electricity generation by resource type in the 80% Step GHG emissions reduction scenario with 
carbon capture and sequestration (GHG-S-CCS). 

Overall, the addition of CCS technology in the GHG-S-CCS scenario enables it to meet the 80% 
reduction target for emissions in 2050 (90 MMTCO2e) due to the ability to reduce the carbon intensity of 
both electricity and fuels and generate negative emissions (via bioCCS). 

6.2.3 High renewable electricity growth 

 

Figure 6.34.  Electricity generation by resource type in the 80% Step GHG emissions reduction scenario with 
higher renewable deployment (GHG-S-HiRen). 

In the primary GHG scenarios, the rate of installation of renewable resources is limited (e.g. utility solar 
is limited to growing 2 to 3 GW/yr, wind is limited to 3 to 4 GW/yr). In this scenario (GHG-S-HiRen), 
the rate of renewable deployment is allowed to progress more quickly. In the primary GHG scenarios, as 
wind and solar bumped up against these limits on the rate of deployment and the remainder of electricity 
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generation came from natural gas power plants. In this scenario, the higher deployment rates allow for 
greater generation of renewable electricity. Overall electricity generation in GHG-S-HiRen scenario is 
710 TWh (and 562 coming from wind and solar) vs.667 TWh (440 TWh from wind and solar) in the 
GHG-Step scenario. Like the nuclear scenario, this allows for the displacement of natural gas generation 
and a reduction in carbon intensity of electricity (to 15 g/kWh in 2050) even as generation rises 
significantly. The scale of renewable electricity deployment is quite large. From 2010 to 2050, 120 GW 
of wind power and 161 GW of solar generation are built exclusively to serve California’s electricity 
demand (vs. 91 GW of wind and 109 GW of solar in the GHG-Step scenario).   

And like the GHG-S-Nuclear scenario, adding more low-carbon electricity can help reduce emissions 
further, but not quite enough to meet the 80% reduction target. GHG emissions from this scenario achieve 
a 70% reduction in GHG emissions by 2050 (134 MMTCO2e).   

Like in the nuclear scenario, additional electricity generation is used in the commercial sector and 
hydrogen production (1/3 of H2 comes from electrolysis). The 2050 mix of light duty vehicles almost 
exactly matches the GHG-S-Nuclear scenario (40% BEV, 10% PHEV, 46% FCV, and 4% 
ICE/HEV/FFV).   

6.2.4 Oil and gas prices 

This section describes the impact of two sensitivity scenarios in which the price of oil and gas are higher 
and lower than the primary scenarios.  In the primary scenarios, oil prices rise to $180/bbl and natural gas 
to over $8/MMBTU by 2050.  In the high oil and gas price scenario (GHG-S-HiOilGas), oil reaches 
$250/bbl and gas rises to $11/MMBTU in 2050. In the low price scenario (GHG-S-LoOilGas), oil 
declines to $70/bbl and $3.7/MMBTU in 2050.   

Changing the oil and gas prices in the GHG scenarios does not significantly change the mix of 
technologies that are used to meet the demand for energy. The electricity generation mix and overall 
energy resource use mix are basically identical from 2010 to 2050 for the GHG-Step, GHG-S-HiOilGas 
and GHG-S-LoOilGas). GHG emissions are still the same in 2050 (170 MMTCO2e, a 62% reduction 
from 1990 levels).   

The main effect that these scenarios have is on total energy system costs and the cost of mitigation. As we 
will show in Section 6.2.7, the impacts on costs is fairly small compared with the other scenarios.  

6.2.5 Low battery and fuel cell costs 

This section describes the impact of two sensitivity scenarios in which the cost of batteries and fuel cells 
is lower than the primary scenarios.  The low cost battery assumptions are added to the GHG-Step 
scenario to create the GHG-S-Batt scenario, while the low cost fuel cell assumption is part of the GHG-S-
FC scenario. In the GHG-S-Batt scenario, the purchase cost of BEVs declines to where it is $600 below 
the cost of a baseline gasoline vehicle in 2050, while the fuel cell cost declines to around $500 below the 
cost of a baseline gasoline vehicle in 2050. These values are reflective of the “expected” cost assumptions 
found in the NRC’s study on light-duty transitions.   

However, these scenarios do not change the model outcomes from the results seen in the GHG-Step 
scenario. Even though the GHG-Step scenario does not meet the 80% GHG reduction target, the model 
chooses technologies that will minimize the GHG emissions while meeting energy service demands.  
Plug-in electric vehicles (PEVs) such as PHEVs and BEVs are used extensively because electricity is a 
relatively low carbon fuel, though marginal electricity in the GHG-Step scenario has to come from natural 
gas combined cycle. PEVs actually are used up to their limit of 50%, imposed due to limitations on the 
availability of home-based charging infrastructure. Hydrogen FCVs are also used extensively, however, 
hydrogen in these scenarios is made from natural gas reforming or electrolysis (which will come from 
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natural gas combined cycle). Thus, despite the cost differences between PEV costs and FCV costs that 
come in these two scenarios, both are used as much as they can be, while still minimizing emission. In the 
LDV sector, this means 38% FCV, 40% BEV and 10% PHEV in 2050 (see Figure 6.35). Other mixes of 
these vehicles may result in lower costs but will result in higher emissions and thus are not chosen by CA-
TIMES. 

 
Figure 6.35.  Light-duty vehicle VMT by vehicle type in the GHG-Step, GHG-Batt and GHG-FC scenarios 

Thus, the main effect that these scenarios have is on total energy system costs and the cost of mitigation. 

6.2.6 Higher biomass supply 

Biomass plays a critical role in the production of biofuels in the GHG scenarios. Reducing emissions 
from transportation, the largest emitting sector, requires abundant low carbon transportation fuels.  
Biofuels are one of the key ways to reduce GHG emissions from transport modes that must continue to 
use liquid fuels (marine, aviation, heavy duty, etc.). This scenario, GHG-S-HiBio doubles the quantity of 
available biomass from instate and neighboring regions that can be used in the California energy system.  
The total biomass available for California in the base case is 1800 PJ, enough biomass to make 
approximately 1200 PJ (or 9 billion GGE) of biofuels. This scenario allows 3600 PJ of biomass, enough 
to make approximately 2400 PJ (18 billion GGE) of biofuels. The supply curve for biomass shown in 
Figure 3.4 is essentially stretched out such that there is twice the amount of biomass available at any price.   

This large quantity of biomass has an impact in most sectors. For example, unlike all other GHG 
scenarios, biomass is used for a small amount of electricity generation, where it makes up 2% of 
generation in 2050. Total electricity generation from all sources in GHG-S-HiBio is lower that GHG-Step 
(614 TWh vs.667 TWh).   

Biomass is used primarily for transportation fuels so that sector has some major differences (Figure 6.36). 
Light-duty is still mostly electrified with 40% FCVs, 40% BEVs and 10% PHEVs, with the remaining 
10% ICE vehicles (mostly FFVs). In transportation as a whole, petroleum based fuels decline rapidly 
comprising only 13% of total fuel use in 2050. Biofuels account for 70% of transportation fuel use and 
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hydrogen and electricity account for 7% and 9% respectively. Hydrogen in this scenario is made primarily 
from natural gas, but 1/3 is made from biomass gasification (to meet the 33% renewable mandate). 

There is little change in the mix of technologies or fuel usage in the residential and commercial sectors. 

 

Figure 6.36. Transportation fuel mix in the High Biomass 80% Step GHG Emissions Reduction Scenario 
(GHG-S-HiBio). 

Overall, the GHG-S-HiBio scenario just barely misses meeting the 80% GHG reduction goal. Emissions 
are 95 MMTCO2e, or 79% below 1990 levels. This model does not include direct or indirect land-use 
change impacts associated with biofuels, so the emissions reduction could be overestimated.   

6.2.6 Elastic demand (ED) 

While in all other scenarios, energy service demands were specified exogenously as input assumptions 
(based upon drivers such as population, housing units and commercial floorspace), this scenario (GHG-S-
Elastic) uses a very different approach, described in Section 2.2. Elasticities are specified for certain 
energy service demands within the detailed end-use sectors modeled in CA-TIMES (i.e. transportation, 
commercial and residential) (see Appendixes B and C for the assumptions on the elasticity values of the 
end use services). As described in Section 2.2, rather than continue investing in high cost, low-carbon 
technology to meet the exogenously specified service demand, CA-TIMES-ED computes a partial 
equilibrium on energy markets. Thus, if prices for energy services rise, demand will fall by an amount 
specified by the elasticity. An equilibrium point will be reached where the falling demand will reduce the 
price until the point where the price of supplying the energy service will match the demand for the energy 
service. In this carbon constrained scenario, demand reductions will lead to lower costs, because demand 
will only be reduced if the cost of reducing demand (ELASCOST) is lower than the cost of investing in 
new technolog(ies) (INVCOST). When considering only technology and energy costs (with and without 
the consideration of consumer surplus loss), the elastic demand scenario will reduce costs because less 
fuel and fewer end-use technologies will be needed. Reducing demand will also reduce emissions, as 
demand is generally met with a mix of fossil and low-carbon resources. 
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The amount of demand reduction for a given service will be dependent on several things: (1) the value of 
elasticity for the service demand, and (2) the benefit of reducing demand (which, in turn, depends on the 
difference between the cost savings of reducing the supply of energy service (e.g. buying less expensive 
low-carbon appliances and fuels to meet the demand) and the cost of lost consumer surplus (associated 
with having less service) and (3) the maximum allowable demand reduction (which is set in this scenario 
to be 20%). Because this partial equilibrium approach provides another mitigation option (demand 
reduction) to reduce emissions, the costs of mitigation will be equal to or lower than scenarios without 
ED.  
 
All sectors with elasticity values specified reduce demand by 20%, the maximum allowable demand 
reduction in our scenarios. This is due to our assumption of very steep mitigation costs that sharply 
increase after we exhaust all available technologies in our model to meet the GHG target. This sharp 
increase in costs leads to large service demand reduction, specifically during the later modeling period.  
 
Total electricity generation in this scenario is lower than the corresponding GHG-Step scenario (529 TWh 
vs.667 TWh) in 2050. Because total demand is lower, the limited wind and solar resources can provide a 
greater fraction of total electricity generation. Natural gas generation in 2050 only accounts for 4% of 
electricity generation in the GHG-S-Elastic scenario vs. 17% in GHG-Step. The same is true of 
transportation fuel demands, which, in GHG-S-Elastic, is 20% lower than the GHG-Step scenario and 
thus biofuels can make up 47% of transport fuels instead of 38% in GHG-Step. 
 
Ultimately, a model with elasticity on demands will be a more realistic representation of decision-making 
and energy usage in response to rising prices. However, this approach is quite complex and there is 
uncertainty around different aspects of this scenario including estimating the elasticity values, interactions 
between elasticity values, the carbon cap and hurdle rate of technologies. This scenario represents 
preliminary analysis of adding elastic demand to the CA-TIMES model, but more work is needed to 
improve the modeling and our understanding of ED.  

6.2.7 Comparison between sensitivity scenarios 

Figure 6.37 shows a comparison of the cumulative GHG emissions and GHG emissions reductions from 
1990 levels for the various sensitivity scenarios presented in this section. The Reference (BAU) scenario 
has the highest cumulative emissions and the lowest level of reduction in 2050. Only one scenario 
actually meets the 80% reduction target, GHG-S-CCS. Two other scenarios get very close to an 80% 
reduction (GHG-S-HiBio and GHG-S-Elastic at 79% reduction). The GHG-S-Nuclear scenario has the 
lowest cumulative emissions of any scenario, even though it only achieves a 72% reduction in GHG 
emissions by 2050. Again, as we noted earlier that our model includes shipping and aviation emissions 
not included in the State’s GHG emission inventory. In addition, the model does not consider offsets 
option in any of the GHG scenarios. Therefore, our 80% GHG scenario can be considered more stringent 
than the implementation plan adopted by CARB.  

The two primary GHG scenarios (GHG-Step and GHG-Line) reduce emission by 62%, as do several 
others (GHG-S-HiOilGas, GHG-S-LoOilGas, GHG-S-Batt and GHG-S-FC) as these other sensitivity 
scenarios do not change the availability of low carbon resources or technologies, only their prices. Figure 
6.38 shows the emission trajectories of these scenarios over time.  
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Figure 6.37. California cumulative GHG emissions and 2050 emissions reduction from 1990 levels 

 

Figure 6.38.  California annual GHG emissions and 2050 emissions reduction from 1990 levels 

Figure 6.39 shows the primary energy resource mix for each sensitivity scenario. The GHG scenarios all 
have lower primary energy usage than the BAU scenarios indicating that improved efficiency is one of 
the primary means of reducing emissions. The GHG-S-Elastic scenario also has additional reductions in 
service demand so total energy use is significantly lower (28% lower than BAU-LoVMT and 21% lower 
than GHG-Step).  
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Figure 6.39.  California primary energy resource usage by sensitivity scenarios (for 2050) 

Figure 6.40 shows California’s generation mix in 2050 for all the sensitivity scenarios. We see most of 
the GHG scenarios look remarkably similar, with most electricity coming from wind and solar, with 
contributions from natural gas, hydropower, tidal, geothermal and other. The scenarios that deviate from 
this pattern are if new electric generation resources are available, including nuclear power (GHG-S-
Nuclear), CCS (GHG-S-CCS), higher deployment of wind and solar (GHG-S-HiRenGrowth). Low 
carbon electricity generation is at its limit in most of the scenarios, so additional demand for electricity 
would come from natural gas. The two scenarios with higher electricity demand are the ones where there 
are additional low carbon electricity sources available (GHG-S-Nuclear and GHG-S-HiRenGrowth). The 
GHG-S-CCS, GHG-S-Elastic and GHG-S-HiBio scenarios have lower electricity demand because other 
options are available to reduce emission beyond low carbon electricity, namely negative emissions with 
bioCCS, demand reduction and additional biofuels respectively.   

 

Figure 6.40.  California electricity generation by sensitivity scenarios (for 2050) 
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Figure 6.41 shows California’s LDV fleet mix in 2050 for the different sensitivity scenarios. Again, most 
GHG scenarios are very similar to the GHG-Step scenario. The scenario with the greatest difference is 
GHG-S-CCS, where the use of negative emission biofuels allows the GHG target to be met with fewer 
electric vehicles.   

 

Figure 6.41.  California light duty vehicle fleet share by sensitivity scenarios (for 2050) 

Table 6.4 shows the cumulative emissions, total costs and emissions and cost differences for each of the 
sensitivity scenarios. Comparing the difference in cost and emissions between the reference scenarios 
(BAU and BAU-LoVMT) and a GHG scenario can give an average cost of mitigating a tonne of CO2.  
Costs for mitigation are always higher when comparing to the BAU-LoVMT scenario than the BAU 
scenario because the lower VMT will lead to a smaller difference in cumulative VMT. The cost of 
mitigation relative to the primary Reference (BAU) scenario can be a little misleading if there are actually 
costs associated with the VMT reductions that are assumed in the GHG scenario. These costs are also 
compared in Figure 6.42. The GHG-S-CCS scenario has the lowest mitigation cost because CCS is 
assumed to be a relatively low cost mitigation option, especially when coupled with biomass gasification 
plants to produce negative emissions. The nuclear scenario (GHG-S-Nuclear) and biomass scenario 
(GHG-S-HiBio) also have relatively low cost mitigation costs associated with low-cost, low carbon 
resources that can effectively displace higher carbon resources (nuclear for natural gas generation and 
biofuels for petroleum resources).   
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Table 6.1.  Table of cumulative emissions, total system costs and cost and emissions differences for various 
sensitivity scenarios  

 
 

Cumulative 
Emissions 

(2010-2050) 
MMTCO2e 

Undiscounted 
Total Cost 
(2010 to 
2050) $B 

Discounted 
Total Cost 
(2010 to 
2050) $B 

Emissions 
Difference 

(MMTCO2e) 

Average cost of 
emissions reduction 

($/tonne CO2e), 
undiscounted  

Average cost of 
emissions reduction 

($/tonne CO2e), 
discounted 

vs. 
BAU 

vs. BAU-
LoVMT 

vs. 
BAU 

vs. BAU-
LoVMT 

vs. 
BAU 

vs. BAU-
LoVMT 

BAU  17,256   8,993   3,768  - - - - - - 
BAU-LoVMT  16,299   8,309   3,503 - - - - - - 
GHG-Step  14,331   9,385   3,867  2,925   1,969   134   547   34   185  
GHG-Line  12,932   9,947   4,085  4,324   3,367   220   486   73   173  
GHG-S-CCS  13,980   8,886   3,670  3,276   2,320   -33  249  -30  72  
GHG-S-Nuclear  13,379   9,451   3,897  3,877   2,920   118   391   33   135  
GHG-S-HiRenGrowth  13,777   9,549   3,922  3,479   2,523   160   492   44   166  
GHG-S-HiOilGas  14,303   9,392   3,865  2,953   1,996   135   542   33   181  
GHG-S-LoOilGas  14,596   9,357   3,856  2,660   1,703   137   615   33   207  
GHG-S-Batt   14,331   9,384   3,867  2,925   1,969   134   546   34   185  
GHG-S-FC  14,331   9,384   3,867  2,925   1,969   134   546   34   185  
GHG-S-Elastic  13,574   10,691   4,260   3,683   2,726   -110 

(plus 
welfare 

loss)  

 102 (plus 
welfare 

loss) 

 -51 
(plus 

welfare 
loss)  

 28 (plus 
welfare 

loss)  

GHG-S-HiBio  13,525   9,475   3,892  3,731   2,774   129   420   33   140  
 
The elastic demand scenario (GHG-S-Elastic) has the lowest mitigation costs among the sensitivity 
scenarios (Figure 6.42). The welfare losses are represented in the Elastic scenario as shaded bars. 
Additional demand reductions are used in this scenario to help meet the 80% GHG reduction target. 
These costs (loss of consumer surplus) are not real technology costs, therefore they are excluded when 
comparing across other scenarios without ED. At the same time, there can be real welfare losses 
associated with reducing VMT, and energy services in our homes and commercial spaces. In the future, 
we will conduct ED exercise across all scenarios to allow more consistent comparison. For the time being, 
the scenario is used to illustrate the potential savings in GHGs as well as reduced investments in 
expensive advanced technology. Also as we noted earlier comparing GHG scenarios with BAU 
underestimate the true cost as VMT reduction is assumed to be free in the current version of the model. 
On the other hand, comparing GHG scenarios with BAU-LoVMT overestimate the cost (or underestimate 
the benefits) since most likely there won't be incentives/policies to reduce VMT under no climate policy 
scenario. So in reality the "true cost" maybe somewhere in between these two estimates and we recognize 
that more research will be needed for us to better present the true cost estimates of these scenarios.  
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Figure 6.42.  Average cost of emission reduction ($/ton CO2) between 2010-2050 comparing with BAU and 
BAU-LoVMT scenario. Also shown are the discounted costs (r=4%) compares with BAU (blue dots) and with 
BAU-LoVMT (red diamonds).  

Figure 6.43 shows mitigation costs by scenario over GHG emission reductions (and also over time as 
more GHG emissions are reduced each year by 2050). The high costs in the near term reflect various 
constraints such as policy, technology, growth constraints impose on the system leading to high short-
term costs. The costs in the near term (particularly around 2020) can be very high (>$500/ton CO2e) for 
GHG-Line and GHG-S-HiOilGas scenarios. This implies potential high costs associated with certain 
policy, technology, or social constraints. We will investigate the underlying factors contribute to the high 
costs in our future studies. The figure also implies that certain technologies, such as CCS (GHG-S-CCS), 
biofuels (GHG-S-HiBio), changes in behavior (GHG-S-Elastic), or changes in markets (GHG-S-
LoOilGas, and GHG-S-HiOilGas if biofuels are successful) can lead to very low mitigation costs prior to 
2020. Over the long-term, the costs stabilize to around $20-$60/ton CO2e.  
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Figure 6.43. GHG mitigation costs (compare with BAU, discounted at 4%) by scenario over GHG emissions. 
GHG-S-Elastic scenario does not contain consumer welfare loss associated with reduced service demand. The costs 
in the near term (particularly around 2020) can have very high mitigation costs (>$500/ton CO2e) for GHG-Line and 
GHG-S-HiOilGas scenarios but the figure is truncated at $300/ton CO2e.   
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7. DISCUSSION OF SCENARIO MODELING RESULTS 

7.1 Discussion of modeling approach 
The scenarios and modeling results presented in the last section provide a small window into the wide 
expanse of possible model scenarios, input assumptions, and system approaches that are possible to 
explore with the CA-TIMES model. As such, the CA-TIMES model structure and scenarios in this study 
represent one step in the model development process.   

The previous section presented scenarios presented several scenarios that investigated how the California 
energy system might meet an 80% reduction in greenhouse gas emissions below 1990 levels by 2050.  
These scenarios are different from other scenario planning processes (such as those developed by Shell or 
Global Business Network). When CA-TIMES is run as a cost optimization model, the overall approach is 
to meet the demand for energy services (specified in the model inputs). It will do so by finding the right 
approach of energy supply, conversion and end-use technologies that meets the demand for energy and all 
of the many model constraints. With a deterministic model, to achieve different model results, it is 
necessary to change input assumptions or model constraints. This is how scenarios are generated for CA-
TIMES. And for this analysis, the primary change to the model when modeling an 80% reduction goal is 
an upper limit (cap) on the amount of carbon that can be emitted by energy processes in the State.   

The CA-TIMES model essentially acts as a global decision-maker with perfect foresight, whose goal is to 
minimize the cost of meeting energy demands for the entire modeling period. It uses a discount rate of 4% 
to equate inter-temporal costs, thus valuing costs in the far future less than in the near-term. It is in this 
context that all of the modeling results presented should be understood. Because the goal is to minimize 
the net present values of the total system cost, the model can and does trade off options in disparate 
sectors. In essence, the model will compare the cost of GHG reduction from different options and 
implement it in the way that has the lowest system cost. For example, CA-TIMES may find that it is 
cheaper to reduce emissions by investing in wind power than by investing in electric vehicles. This 
approach will lead to unequal emissions reductions between sectors but which minimizes the cost of 
abatement. This can be thought of as an extremely efficient carbon market, where the cost of reduction in 
all sectors is known and reductions are traded in a way that only the lowest cost options are actually 
implemented, although CA-TIMES does not actually represent a carbon market within the model.  

In thinking about tradeoffs between supply and end-use technologies and how decisions are made, each 
option is considered to provide equal service (e.g. a battery electric vehicle provides the same service as a 
gasoline car) and the only distinctions between the two are the fuel inputs, efficiency and cost. Thus, 
consumers or decision-makers in all sectors are making decisions solely on the basis of cost and carbon 
(and other policy) constraints. In the absence of any binding constraints, it is assumed that the decision-
maker will pick the least cost options available.   

The CA-TIMES modeling approach is both a “bug” and a “feature”. Under certain circumstances, it is a 
“bug” if the goal is to understand how different decision-makers will act within a carbon constrained 
world. Having one decision-maker making the economically optimal solution can lead to very different 
outcomes than millions of decision-makers optimizing their utility. However, it provides a look at how to 
achieve the intended outcome (an 80% reduction in GHG emissions) in the most efficient and least-cost 
manner. As such, it provides a picture of what the world could look like if the market is extremely 
efficient and all current and future costs and demands are perfectly known. It is then up to the analyst and 
policy-maker to try to implement policies that bridge the gap between the ideal world and the real world.   
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7.2 Discussion of modeling results 
The GHG scenarios presented in the results section show that it is difficult to achieve an 80% reduction in 
GHG emissions relative to 1990 emissions in California given our all-inclusive emission accounting 
(which include marine and aviation, all electric imports emissions, and no offsets) that is more stringent 
than CARB’s implementation. Major changes to the energy system are needed. On the supply side, the 
most notable changes include major investments in renewable electricity generation, biofuel production, 
and hydrogen production. On the demand side, these change include substantial efficiency improvements 
across all sectors, including investment in battery electric and fuel cell vehicles, more efficient trucks, 
buses and planes, and major reductions in building energy use.   

Even with all of these changes, we see that in most scenarios the GHG reduction falls short of the all-
inclusive 80% target (include marine and aviation, all electric imports emissions, and no offsets). 60-80% 
reductions are possible depending on the availability of low-carbon energy resources if we include 
aviation and marine emissions and do not consider offsets. Our primary GHG scenarios (GHG-Step and 
GHG-Line) have electricity supplies available such that the growth in wind and solar power is limited to 
approximately 102 GW of solar capacity and 74 GW of wind (which produce around 438 TWh of 
electricity generation) by 2050. Also important to note is that CA-TIMES does not include any major 
electricity storage technologies besides pumped hydro (which has fixed capacity).  

Allowing for additional low carbon electricity generation sources (i.e. nuclear power, natural gas 
generation with CCS or additional wind and solar generation) helps to further reduce emissions from 62% 
reduction to 72% (GHG-S-Nuclear), 80% (GHG-S-CCS) and 70% (GHG-S-HiGrowthRen), although the 
CCS scenario does not only include additional low carbon electricity resources.  Low carbon electricity 
resources in these three additional scenarios grow to 675, 592 and 657 TWh in these three scenarios 
respectively.   

Another key area, seen in the GHG-S-HiBio, is the addition of low-carbon biomass energy resources.  
Biomass is used in the model almost exclusively to produce low-carbon biofuels for transportation 
purposes, but the resource available to the model in most GHG scenarios is sufficient to produce about 
7.6 billion GGE, well below the total liquid fuel demand of 15 to 31 billion gallons seen in most of the 
scenarios. The marginal gallon of biofuels produced displaces an equivalent amount of petroleum-based 
fuel (gasoline, diesel, jet or RFO), while use of biofuels in electricity displaces lower carbon options, 
including natural gas electricity generation. Doubling the quantity of available biomass for use in making 
biofuels can displace significant quantities of petroleum fuels so the 80% target is almost reached (79% 
reduction). 

Carbon capture and sequestration (CCS) is another means of increasing the supply of low-carbon 
resources, by adding natural gas and coal to that list. Using CCS does not specifically address how to 
provide the transportation sector with significant quantities of low carbon fuels. However, coupled with 
biomass gasification for hydrogen and Fischer Tropsch fuel synthesis, CCS can actually sequester 
approximately 66 to 100% of the carbon in biomass. This negative emissions can lead to an offset which 
allows for continued use of petroleum fuels, where 1 GGE of bioCCS produced biofuel can offset 2 GGE 
of gasoline, diesel or jet fuels. 

In other scenarios, where the cost of energy resources or key technologies change, the emissions and fuel 
usage results do not change appreciably. In scenarios where the 80% GHG reduction target is not met, the 
model is using every option to reduce emissions as much as it can, no matter the cost (below a certain 
threshold) so changing the costs does not change the choice of technologies or energy resources. In the 
absence of a GHG constraint or when the GHG constraint is met comfortably, there may be enough 
freedom in the results that changing costs could have an impact on the choice of technology and resources. 
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Our elastic demand scenario attempts to model more realistic consumer behaviors given prices increase. 
The scenario results suggest that there is large potential savings in GHG emissions as well as reduced 
investments in expensive advanced technology. However, there are also real consumer welfare losses 
associated with demand reduction, though at present our estimates of consumer welfare losses are still 
uncertain and more work is needed to estimate the welfare loss of reduced service demand. Similarly, 
VMT reduction can leads to substantially lower mitigation costs compared with scenarios without VMT 
reduction. However, reducing VMT may require investments in infrastructure, such as walking and bike 
lanes, public transit systems, and consumer welfare losses. If we lower VMT in both BAU and GHG 
scenarios, then overall mitigation costs will be higher given that there are less emission reduction benefits 
associated with each investment in new technology.  

Overall across all scenarios, the total emission reductions are 2,925 – 4,324 MMTCO2e compared with 
BAU or 1,969 – 3,367 MMTCO2e compared with BAU- LoVMT (attributing the benefits of VMT 
reduction in both the BAU as well as GHG scenarios as we are yet to estimate the costs of VMT 
reduction). The average mitigation costs are -$110 (plus welfare loss, to be further estimated) to 
$220/tonne CO2e (or -$51 (plus welfare loss) to $73/tonne CO2e with 4% discount rate) compared with 
BAU; and $102 (plus welfare loss) to $615/tonne CO2e (or $28 (plus welfare loss) to $207/tonne CO2e 
with 4% discount rate) compared with BAU-LoVMT. The results are summarized in Table 6.4 and Figure 
6.42.   

Mitigation cost curves, which are calculated as the mitigation costs divided by the level of GHG reduction, 
suggest that near-term costs (around 2020) can be very high (>$500/tonne CO2e) for the GHG-Line and 
GHG-S-HiOilGas scenarios. The high costs in the near-term reflect various constraints, such as policy, 
technology or growth constraints, which, when imposed on the system, lead to high short-term costs. 
More work is still needed to find out the factors/constraints contribute to the near-term high costs. Policy 
measures, such as allowing banking (and even possibly borrowing) of credits beyond 2020, or more 
flexible compliance across time periods can be adopted to smooth out the transition. This requires 
significant amounts of further research before we set the 2030 targets and corresponding policy measures 
to smooth out the transition. The results also suggest that certain technologies, such as CCS (GHG-S-
CCS), biofuels (GHG-S-HiBio), changes in behavior (GHG-S-Elastic), or changes in markets (GHG-S-
LoOilGas, and GHG-S-HiOilGas if biofuels are successful) can lead to very low mitigation costs prior to 
2020. These results are summarized in Figure 6.43.   
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8. NON-CORE EXPERIMENTAL TIMES MODELS/SCENARIOS 

This section describes several innovative stand-alone models that use TIMES algorithm (cost-
minimization) but are currently too computational intensive to be included in CA-TIMES v1.5. These 
new modeling techniques demonstrate areas that we consider critical to improve upon the existing model. 
We demonstrated how these improvements can be made and the expected results. We expect to 
incorporate these new methodologies, or will develop simpler approaches to incorporate these new 
modeling techniques into the main model in the future.  

8.1 Hydrogen Infrastructure Model  
This section describes a stand-alone model (H2TIMES) that has been developed to simulate the 
development of hydrogen infrastructure in California using the TIMES modeling framework.  It attempts 
to build the least cost H2 infrastructure needed to meet an exogenously specified demand for hydrogen in 
8 regions of the state.  More information can be found in the detailed paper (Yang and Ogden 2013). 

The goal of the H2TIMES modeling is to develop a policy relevant, spatially-representative detailed 
hydrogen infrastructure transition optimization model for California. The purpose of the analysis is to 
understand the context and influence of different policies on the development, cost and emissions 
associated with hydrogen deployment in California. H2TIMES has a special focus on low-carbon and 
renewable hydrogen futures by 2050.  

8.1.1 Spatial details of H2TIMES 

The hydrogen demand in H2TIMES is distributed among eight regional clusters in order to account for 
differences in hydrogen demand density and total demand in different regions of the state, which will 
influence the cost of hydrogen production and delivery. Data from the US Census (US_Census_Bureau 
2000) identifies 55 urbanized areas in California, which have a population of greater than 50,000 people.  
These urbanized areas are distributed into eight regional clusters, and the assumption is made that a 
separate fuel infrastructure is developed in each of these regional clusters (i.e. hydrogen produced in and 
for one regional cluster is not available to meet the demand for hydrogen in another cluster). The level of 
spatial disaggregation was chosen for this study in order to understand the development of distinct 
regional hydrogen infrastructures that have different demand levels and densities. Figure 8.1 shows a map 
of the seven clusters in California. 

For each cluster, pipeline and hydrogen truck delivery distances are calculated to deliver hydrogen to a 
network of refueling stations in each cluster. These distances are then translated into the capital and 
operating cost inputs for pipeline and liquid truck delivery infrastructure in each regional cluster.   
Intracity (local distribution) pipeline distances for a given urbanized area are calculated using an idealized 
city model developed by Yang and Ogden (Yang and Ogden 2007). 

 



California TIMES (CA-TIMES) Modeling of California Energy and Climate Policies (Draft Final Report for 
Review and Comments) 

 107 

 

Figure 8. 1.Map of regional clusters within the H2TIMES model.  Dark green areas show the spatial extent of 
each individual urbanized area.  

8.1.2  H2 infrastructure  

The key central production technologies are coal gasification, natural gas reforming and biomass 
gasification, each of which have the option for carbon capture and sequestration (CCS). Once hydrogen is 
produced at these central plants, it can be delivered to refueling stations via two pathways: (1) 
transmission and distribution pipelines and (2) cryogenic hydrogen produced by a liquefier and then 
delivered by liquid hydrogen trucks. Compressed gas truck delivery is not considered as a long-term 
delivery solution because their low hydrogen capacity would necessitate too many deliveries. There are 
also onsite production options, where hydrogen is produced directly at the refueling station. Onsite 
stations produce hydrogen using steam reformers powered by natural gas (or biomethane) or electrolyzers 
powered by grid electricity (renewable electricity is also an option). These stations also store and dispense 
compressed hydrogen to vehicles. 
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Figure 8. 2. Potential routes for hydrogen production and delivery available within the H2TIMES model to 
meet hydrogen demand at the refueling station. 

Many of the key elements and components that make up hydrogen infrastructure have important 
economies of scale (e.g. central hydrogen production and liquefaction plants, pipeline networks and 
refueling stations. An exponential equation is typically used to model the cost of plants that exhibit 
economies of scale. However, the TIMES framework relies on linear programming, which does not allow 
costs to be expressed as exponential functions. There are two issues that arise with the typical TIMES 
approach to costs: (1) capital costs are proportional to capacity and (2) the model can invest in any 
amount of capacity, even unrealistically small sizes.   

An innovative approach taken here, couples discrete investments with continuous capacity additions, to 
simulate declining costs with increasing scale (i.e. economies of scale). To do so, each technology that 
needs to simulate economies scale is split into two separate but necessary technologies - a fixed size 
component and a variable sized component. As a result, any technology represented with these two 
components will have a linear cost curve with a non-zero intercept (cost at zero capacity). Thus, at low 
capacity, the cost per unit of capacity is very large and declines until you reach the maximum plant size.  
This approach discourages investment at very small sizes and the linearization process leads to good 
agreement in costs between the exponential and linearized cost equations.   

8.1.3 Renewable hydrogen and carbon intensity policy 

A key element of the H2TIMES model is the inclusion of renewable and low-carbon policies to analyze 
their effects on the development of hydrogen infrastructure. Senate bill 1505 (SB1505) is a California 
state requirement that 33% of hydrogen supplied at refueling stations must be produced via renewable 
resources and have a 30% reduction in well to wheels emissions relative to gasoline. In H2TIMES, only 
hydrogen produced via biomass gasification, onsite electrolysis using renewable electricity and onsite 
steam reforming using biomethane can count towards the 33% renewable hydrogen mandate.    
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8.1.4 Base case modeling results 

The Base case incorporates hydrogen regulations in effect in California. These include constraints 
imposed by SB1505, which requires that hydrogen achieve a 30% reduction in well-to-wheels (WTW) 
GHG emissions relative to gasoline (i.e. 30% reduction in EER-adjusted hydrogen (i.e. regulated) CI 
compared to gasoline) and also requires that 33% of hydrogen production come from renewable 
resources16 (i.e. renewable mandate). The Base case also does not allow for the use of coal without CCS.   

Figure 8. 3 shows that statewide by 2050, the majority of hydrogen production comes from coal 
gasification with CCS. Initially, hydrogen production comes exclusively from onsite natural gas 
reformers. Then in 2020, biomass gasification becomes the least-cost central production option and is 
generally built until the available resource is completely utilized by 2030. Since demand continues to 
grow, the next option is coal gasification with CCS (since coal gasification without CCS is prohibited in 
this scenario). It makes up the vast majority of additional generation after 2030. Central production makes 
up the vast majority of supply in the largest four regions, while onsite production is found in the smallest 
regions. In 2050, coal with CCS makes up 60% of total hydrogen production, while biomass makes up 
15%. 

There is significant growth in electrolysis in the 2040 to 2050 timeframe, due to the requirement for 
renewable hydrogen. The presence of the 33% renewable hydrogen mandate is satisfied in early years by 
biomass hydrogen, but the limited supply of biomass is constrained and additional renewable hydrogen 
production comes from renewable electrolysis and onsite reforming of biogas. In 2050, renewable 
electrolysis makes up 12% of total hydrogen production.   

 

                                                        
 
16 Resources that are used to meet the renewable portfolio standard (RPS) for electricity supply are not eligible to meet this 

requirement (i.e. electrolysis from grid electricity that has some renewables due to RPS does not contribute to this renewable 
requirement). 
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Figure 8. 3. Hydrogen production by production pathway for eight regional clusters and statewide for Base 
case scenario 

The cost of hydrogen in the first two time periods (2012 and 2015) is set to match the results of an earlier 
study (Ogden and Nicholas 2011) and are quite high ($24/kg and $9/kg respectively) due to 
underutilization of small, high-cost early refueling stations. By 2020, the average cost of hydrogen has 
dropped to a little over $5/kg and then declines further to around $4/kg. In some of the small regional 
clusters where significant electrolysis occurs (i.e. clusters E-H), costs tend to spike after 2040 as a result 
of the high cost of electrolysis and renewable electricity, raising statewide average price from $3.80/kg in 
2040 to $4.20/kg in 2050.   

Overall, the regulated carbon intensity is relatively low, 4346 gCO2e/kg17 in 2012 (60% below gasoline) 
and declines to 1626 g/kg in 2050 (85% below gasoline). Each of the pathways chosen by the model has 
relatively low carbon emissions. The highest carbon sources in this scenario are production hydrogen 
from natural gas (both onsite and central) (~50-61% reduction from gasoline). All other options are lower 
carbon including onsite electrolysis with renewable electricity (100% reduction from gasoline), biomass 
gasification (~95% below gasoline), and coal with CCS (~92% below gasoline). After 2025, the broad 
investment in coal with CCS lowers average carbon intensity significantly and in 2040, the addition of 
renewable electrolysis further reduces carbon intensity.  

The H2TIMES model allows the user to alter input assumptions about resource and technology costs, 
technology characteristics and policy and societal constraints. Changes in these inputs will lead to 
differences in the model choices and the evolution of H2 infrastructure pathways, their cost and emissions.  
Understanding these choices and how they are influenced by technical and policy options is a key element 
to this analysis and modeling tool.   
                                                        
 
17 Raw CI values can be obtained by multiplying the regulated CI values by the EER (2.3 in 2012, 2.0 in 2020, 1.8 in 2025 and 

1.75 in 2035).   
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For additional details and sensitivity analysis on these results, the reader is directed to (Yang and Ogden 
2013).  

8.1.5  Future work 

H2TIMES is built on the TIMES modeling framework and has the benefits as well as some of the 
limitations of that platform. H2TIMES is a standalone TIMES model that focuses exclusively on 
hydrogen infrastructure in California. It has been developed with an eye towards incorporating these 
elements into the full CA-TIMES model. This will allow for several improvements. 

• Better integration with economy-wide policies, such as the renewable portfolio standard, statewide 
carbon reduction goals and cap and trade policies 

• Better representation of resource availability and competition, especially for resources with limited 
availability such as biomass and renewable energy 

• Endogenously calculated demand for hydrogen vehicles and fuels 
• Improved understanding of the role of hydrogen in the larger energy economy 

 
8.2 Consumer Vehicle Choice Model 

8.2.1 Motivation 

As described in the above sections, 4E (energy, economy, environment, engineering) models like TIMES, 
have been used as reliable tools for developing transition scenarios for climate change policies, as they 
can incorporate interdisciplinary subjects in a well-coordinated fashion. Though they can work well with 
economic and technological parameters, their function has been quite limited when representing 
behavioral parameters or consumer choices. Due to this deficiency, the investments in new technologies 
have been typically optimized for a homogenous market in the 4E models, which many times do not 
result in the decisions in line with real-life scenarios as it involves heterogeneity in consumer preferences. 
This factor becomes especially important when it comes to representing transportation sector, as 
consumer choice is one of the most important aspects of decision-making for light-duty vehicles. 

An illustrative model, COCHIN-TIMES (COnsumer CHoice INtegration in TIMES) is developed 
involving only the light-duty vehicle sector for California. A vehicle choice model (MA3T: Market 
Allocation of Advanced Automotive Technologies) developed by Oak Ridge National Laboratory is used 
as a primary data source for consumer preference and utility data in the COCHIN-TIMES model 
(Zhenhong Liu 2010). The exogenously-defined end-use demand in the TIMES model (i.e. light-duty 
VMT) is disaggregated into 27 separate consumer groups and each consumer group is further divided into 
fixed number of slightly varying instances in order to capture heterogeneity and variation among car 
buyers. 

8.2.2 Methodology 

In order to include qualitative parameters into the cost-minimization framework, an appropriate variable 
should be introduced such that it captures the ‘perceived value’ of the technology, based on its attributes 
and the preferences of the consumer. This measure is defined as ‘utility’ in economic theory. The usage of 
utility as a preference scale has been extremely valuable in behavioral economics to understand the choice 
decisions of consumers (Simon 1959). 

The proposed approach would be implemented by including the “market demand response” of consumer 
vehicle choice preferences extracted in the form of utility cost, from an existing vehicle choice model and 
brought into the TIMES model. In this case, for the vehicle choice model, MA3T (Market Allocation of 
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Advanced Automotive Technologies) model developed by Oak Ridge National Laboratories (Liu & 
Greene, 2010) is considered.  

MA3T model is a nested multinomial-logit model developed by Oak Ridge National Laboratory for 
predicting the penetration rates of advanced vehicle technologies in the US, based on several input 
parameters such as vehicle attributes, regional market segmentation, energy prices and policies. The 
model has 1458 consumer segments throughout the country divided based on region, driving behavior, 
risk attitudes, home-charging availability, work-recharging availability, and parking availability. 

The model uses these vehicle technology attributes to calculate utility cost, also termed as total 
generalized cost, (which is the weighted sum of utility cost attributes) for each technology in each market 
segment, given by the equation: 

C!"#$ = w!"#$    f!!   (!!"#$%)        (Equation x) 

Where,  

Cijkl   the total generalized cost of the vehicle technology ‘i’ in market segment ‘jkl’ (expressed 
in $/vehicle), which is the weighted cost of functions of various input attributes. 

‘w’  the weightage of input attribute ‘z’ 
!!"#$%  denotes the parameter values related to the input attribute ‘z’   
f!  the function computed from the parameter values of input attribute ‘z’ 
‘i’  the vehicle technology 
‘jkl’  represents the nested market segment (region ‘j’, driving behavior ‘k’, and attitude ‘l’) 

 

The generalized cost is divided into two major components: tangible and intangible costs. Tangible costs 
are direct costs from the vehicle that can be quantified easily, such as vehicle purchase price, and fuel 
costs. These costs are already incorporated into the existing structure of TIMES model. Intangible (i.e. 
non-monetary) costs are indirect costs that are not normally quantified for vehicles (shown in Figure 8. 4). 

Figure 8. 4. Intangible Cost Components of MA3T consumer vehicle choice model 

Intangible Cost 
Component 

Description 

Limited EV 
range 

Cost of the consumer willing to spend on rental cars in a year based on their value of perceived 
anxiety due to range limitations of the owned vehicle. It is calculated based on the charge 
sustaining capability of the vehicle, how much or how long the consumer drives every day, and 
the attitude of consumer towards technology risk. This attribute monetizes the anxiety of the 
consumer when it comes to using limited range EVs.  

Refueling 
station 
availability 

Cost associated with the ease of access to recharging and refueling infrastructure. This cost 
captures the fuel availability and the ease at which the consumer can have access to refuel his 
vehicle. It depends on the fuel infrastructure itself, as well as the driving behavior of the 
consumer; if the consumer is prone to drive more, he or she has the need to refuel often. For 
example, in the year 2010, gasoline cars have an easier access to fueling stations than hydrogen 
cars, hence the gasoline cars have a lower cost associated with this compared to hydrogen cars. 

Model 
Availability 
Cost 

Cost associated with the number of vehicle models available for a given vehicle technology. It is 
assumed that, when the vehicle technology is new to the market and has limited sales, the models 
available to sell are also limited. So, if the user prefers to have a different model car in the given 
new vehicle technology, it may not be readily available until there is a sizeable market demand 
for it. This disutility is captured in this cost attribute.. 
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New 
Technology 
Risk Premium 

Cost calculated based on the willingness to accept the technology risk and the perceived 
riskiness of new vehicle technologies. The consumers in this model are divided into early 
adopters, early majority and late majority, based on their attitude towards technology risk. For 
example, when a certain vehicle technology is new to the market, early adopters are more willing 
explore them rather than the other two groups. They have a lesser “risk premium” cost compared 
to the other consumer groups.  

Towing 
Capability 

Cost calculated based on the towing capacity of the vehicle technology. This cost is technology 
specific, and not consumer group specific. A few vehicle technologies, such as gasoline cars or 
diesel cars have a better towing capability than electric vehicles, for example. If a consumer 
prefers to have a better towing capacity for his vehicle, this cost attribute captures it.   

 

These generalized cost terms in each consumer group nested segment are used to calculate the purchase 
probabilities for the particular vehicle technology for each consumer group. These indirect or intangible 
costs are included as an additional cost to the TIMES model. The schematic of the model is show in 
Figure 8. 5. 

 
Figure 8. 5. Reference Energy System of COCHIN-TIMES model 

The vehicle cost and efficiency projections, and fuel price projections are obtained from AEO 2012 data 
(U.S. EIA 2012). Total light-duty vehicle demand for California in terms of MVMT is extracted from 
VISION model (VISION 2011). In order to capture heterogeneity in consumer behavior, the demand is 
divided into different consumer groups. Twenty-seven different market segments are considered from the 
MA3T model as shown in Figure 8. 6. The state of California is divided into rural (outside MSA), 
suburban (Inside MSA-Suburb) and urban (Inside MSA-Central City) sub-regions, based on Census 
population data (US Census Bureau, 2010). The rural population constitutes about 5% of the total, 
suburban population constitutes about 80%, and the urban population constitutes about 15% of the total 
(Bureau 2010). These regions are further divided into people based on their attitude towards technology 
risk in terms of fixed percentage, namely, early adopters (16%), early majority (34%) and late majority 
(50%). The driving behavior is also captured in each group—they are divided based on their average 
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annual miles driven, namely, modest driver or low annual VMT (8656 miles), average driver or medium 
annual VMT (16068 miles) and frequent driver or high annual VMT (28288 miles) (Zhenhong Liu 2010). 
In addition to these consumer group divisions, each group is divided into ‘clones’ or ‘instances’ that have 
the same utility cost, but have an additional random disturbance term that follows cumulative extreme 
value distribution function. This is done to capture difference of choices within the same group. 

 

Figure 8. 6. Market Segments represented in the COCHIN-TIMES model 

 

8.2.3.  Preliminary Results 

The model uses the least cost linear-programming approach to solve for the optimal vehicle technology 
for the society for a given year, so that the overall system cost is minimized. The standard TIMES model 
without consumer choice integration will minimize the net present value of owning a vehicle, including 
vehicle purchase cost, fuel cost and non-fuel expenses, throughout the model period with a discount rate 
of 5%. 

In the COCHIN-TIMES model, where consumer choices are integrated, the utility costs are extracted 
from MA3T model for the respective consumer groups and vehicle technologies. In order to match the 
cost term to mimic the market demand response of the MA3T model, the utility costs are scaled to match 
the purchase probabilities of MA3T model. 

A comparative analysis was performed between the reference case scenarios of the models, with and 
without vehicle consumer choice element in them. Except for the demand disaggregation and an 
additional utility cost term, the rest of the technological, economic, and environmental parameters are the 
same for both the models. Figure 8. 7 and Figure 8. 8 show the percentage distribution of new technology 
sales in both the models without any additional constraints. It is observed that in the TIMES model 
(without the consumer choice integration), the investments tend to follow the ‘winner takes all 
phenomenon’, where in the model invests in only ONE technology in any given year, here the model 
chooses diesel cars for the initial years followed by gasoline plug-in hybrids with 10 mile charge 
depleting range, and in the year 2035, hydrogen internal combustion engine (ICE) car is chosen (Figure 8. 
7). This can be attributed to the model assumption that the hydrogen fuel price is expected to meet the 
future DOE goal of $ 2/Kg in the year 2035 (Joseck 2010). Also, in the TIMES model, ‘penny switching’ 
occurs, where when one technology gets slightly cheaper, the entire model flips to that solution.  
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Figure 8. 7. Percentage distribution of new vehicle technology sales in TIMES: reference case scenario 

 

In the COCHIN-TIMES model (Figure 8. 8), it is observed that the distribution of new technology 
investments are far diverse, mainly dominated by gasoline cars, followed by gasoline hybrids and 
gasoline plug-in cars in the later years. We can also see some level of market penetration of other 
advanced vehicle technologies, such as, extended range electric vehicles, fuel cell plugin hybrids, diesel 
hybrids, natural gas vehicles, and so on. This can be mainly attributed to the additional cost parameters in 
the utility cost that changes the dynamics of decision-making. The infrastructure cost, refueling cost and 
rental costs are very low for gasoline vehicles compared to diesel cars, and it is followed by hybrids for 
the initial years. When compared among the attitudes of consumer groups, early adopters seem to have 
more technology penetration, followed by early majority groups and late majority groups.  
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Figure 8. 8. Percentage distribution of new vehicle technology sales in COCHIN-TIMES: Reference Case 
Scenario 

8.2.4.  Future improvements needed 

Based on the preliminary model results, we could conclude that segmenting the model into different 
consumer groups and including utility cost parameter has improved the diversity of the model results. 
There are a few limitations of the current COCHIN-TIMES model that we intend to improve in future 
work: 

Currently there are no manufacturer limitations in the model, i.e. any limitations on the automobile 
production side. In real-life, automakers will not simply switch all vehicle production to advanced 
technologies in a very short timeframe, leaving behind the conventional cars. This explains the ease of 
market penetration in advanced vehicle technologies, especially in the plug-in hybrids and extended range 
vehicles in the later time periods. The future revisions in the model methodology can address this issue by 
representing a more realistic penetration pattern such as introducing learning or growth constraints. In 
reality, the automobile makers cannot make such a rapid switch to new technologies. It takes time for 
vehicle demand and manufacturing capacity to ramp up, and abandon old technologies such as gasoline 
cars. A realistic vehicle penetration rate can be modeled by calibrating with the historic projections of 
other vehicle choice models or by incorporating reasonable growth rate for those technologies. 

At a given time, the utility costs extracted from MA3T model are fixed for a vehicle technology for a 
given consumer group. The future version of the COCHIN-TIMES model will improve on a more 
endogenized representation of the components of utility cost in a more realistic manner. It will also be 
benchmarked with other vehicle choice models on the technology penetration rates and will be calibrated. 

For example, the model currently has fixed refueling and infrastructure disutility cost for all time period. 
This barrier is particularly important for the penetration of hydrogen and natural gas cars. In reality, 
further penetration of technologies depend on the infrastructure built, which is in turn based on the 
previous time periods’ vehicle sales. Similarly, the CHOCHIN-TIMES model does not have any learning 
curves for batteries and fuel cells, i.e. costs of vehicle technology is exogenously specified and 
independent of scenario. Finding ways to endogenize these exogenous assumptions can significantly 
improve the quality of future results.  
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8.3 Plug-in Electric Vehicle Charging Scenarios  
The environmental impact of plug-in electric vehicles (PEVs) will depend upon the electricity generation 
sources that are used to charge these vehicles. And as discussed in the electricity generation section, the 
mix of electric power plants and therefore the cost and emissions from electric generation all change as a 
function of timeslice. In addition, PEVs are parked more than 90% of the time so there is significant 
potential for flexibility in the timing of recharging these vehicles.   

The goal of the electricity grid is to match supply and demand for electricity, continuously and in real-
time. Elements on the grid that can respond to real-time changes and can help to achieve that supply 
demand balance can be classified as active elements, whereas those that cannot can be called passive.  

The traditional model has been to meet a continuously changing, but inflexible (i.e. passive) loads with an 
array of power plants, many of which are load-following (i.e. active). With the growth of passive 
intermittent renewables on the supply side, it is helpful to have active, flexible loads on the system to help 
maintain supply and demand balance.   

 

Figure 8. 9. Electricity system 2x2 matrix showing active and passive generation and loads.  

One of the potential benefits of shifting vehicles from petroleum fuels to electricity is related to the 
improvements in grid operation that may result due to off-peak and flexible vehicle charging.  Given the 
daily electricity demand profiles described in the last section (demand is higher in the afternoon and 
lowest at night), charging electric vehicles when other demands are lowest can improve overall capacity 
factors for power plants on the grid and lower the cost of electricity generation.   

Flexibility in vehicle charging is also important. Electric vehicle owners have been shown to alter their 
charging patterns in response to time-of-use (TOU) prices. This responsiveness of PEV demand to utility 
incentives (in the figure below, off-peak pricing starts at midnight). 
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Figure 8. 10. Charging profiles for vehicles in California (ETEC 2012). 

Modeling of electric vehicle charging should attempt to take the potential for these utility incentives to 
influence the pattern of vehicle charging. In TIMES, it is possible to set a fixed profile of charging by 
specifying the fraction of vehicle demand that occurs in each timeslice.  The profile can come from real-
world charging data (e.g. (Davies-Shawhyde 2011)) or from synthetic charging profiles. In this case, we 
choose to use a synthetic charging profile adapted from EPRI (EPRI and NRDC 2007) to fit our timeslice 
levels (3hr blocks). This profile (see Figure 8. 11) shows a symmetrical charging profile with highest 
levels at night (from 9pm until 3 am) and moderate levels of charging between 6pm and 9pm and also 
3am to 6am. There is some charging also during work hours from 9am to 3pm due to workplace charging. 
Vehicle charging is lowest during commute hours (6-9am and 3-6pm), when presumably many vehicles 
are on the road.    

   

Figure 8. 11. Fixed vehicle charging profile based upon EPRI (2007).   

It is also possible to allow the model to determine the best timeslices to charge vehicles with respect to 
overall system cost and operation. As previously discussed, allowing the model to shift charging can 
improve capacity factor of existing and future power plants and allow the model to build and operate 
lower cost baseload plants rather than more expensive peaking power plants. Another example is if there 
was an abundance of wind or solar generation during specific times of day, the model could choose to 
charge during these hours.   

Since the TIMES model’s objective function includes all of the capital and operating costs associated 
with operating electric power plants, the optimization will essentially minimize costs for the electric 
utility. While this approach ignores consumer behavior, preferences and convenience from the demand 
side, it is assumed that the utility can provide incentives (through time-of-use (TOU) or real-time (RTP) 
pricing. This can enable consumers’ behavior to align with the cost-minimization approach exhibited by 
the model. 

However, even with incentives, not all consumers will be able or willing to limit their charging to suite 
the best interests of the electric grid. Thus, the approach taken here is that some fraction of vehicle 
charging demands can be assumed to follow a fixed profile while the remaining charging demand can be 
optimized by the model to minimize costs and the fraction of fixed vs. variable charging can change over 
time. 
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Figure 8. 12. Diagram of fixed and variable vehicle charging approach in TIMES 

Figure 8. 12 shows the approach taken in the TIMES model to simulate both fixed and variable charging 
within the model. One constraint is that the total electricity over the course of the “day” is held constant, 
but charging can occur in any timeslice. The six seasonal “days” do not have the same quantity of 
electricity charging because they do not contain the same number of hours, and there are slight 
differences in driving patterns as a function of time of year (EIA). 

 

Figure 8. 13. Example of charging profiles of electric vehicles in 2050. DMD: other non-vehicle demand.  

Figure 8. 13 shows some example results of this hybrid approach of fixed and variable vehicle charging. 
The figure shows non-vehicle electricity demand in blue, fixed profile charging in red and variable profile 
charging in green. While the majority of fixed charging occurs in off-peak (i.e. night time) timeslices (as 
per Figure 8. 11), all of the variable charging occurs in the off-peak timeslices.   
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9. CONCLUSIONS AND FUTURE WORK 

California has taken the first steps towards strong policy action to reduce GHG emissions in the near-term 
(i.e. 2020). However, considerable uncertainty still exists about the options, resources and technologies 
that will be used to meet the longer-term goals of deep reductions in GHG emission in the longer term (i.e. 
2050 and beyond). These reductions by 80% or more are needed if the state and the rest of the world are 
to adequately address and mitigate the worst impacts from climate change. California’s policy suite has a 
near term focus but the frameworks are in place to extend these policies and increase stringency in order 
to meet the 80in50 target.   

The major energy system transformation that will be needed to meet these goals is poorly understood, in 
terms of the resources and technologies that will need to be brought to bear, the policies that will induce 
these major shifts and the social aspects of major transformations. The CA-TIMES model is a bottom-up, 
technology-rich optimization model for California that focuses primarily on the first two areas: gaining a 
better understanding of the resources and technologies that can help reduce emissions and the policies that 
are needed to bring them about.   

9.1 Key Conclusions 
The main application of the model is to develop scenarios for how California’s energy system could 
potentially evolve over the next several decades, in light of strong policies to reduce energy use and GHG 
emissions. Some robust conclusion of the modeling: 

GHG target:  
• Assuming that nuclear power and carbon capture and sequestration are not available as low 

carbon resources/technology options, it is difficult for the state to reduce total energy system 
emissions to meet the 80% GHG reduction target 

• Even with a dramatic increase in end-use efficiency, decarbonization of the electric sector, and 
major shifts to electricity, hydrogen and biofuels in transportation a 62% reduction in emissions 
from 1990 level is seen in the primary GHG scenarios. 

• Availability of nuclear power plants, CCS, and/or additional biomass and renewable electricity 
resources all help to further reduce emissions.   

• Among all GHG scenarios, emissions in 2035 range from 270 to 340 MMTCO2e, though many 
of these scenarios do not meet the 2050 target. 

 
Electric sector: 

• Generation from solar and wind are prevalent in the GHG scenarios, producing 66% to 80% of 
generation in 2050 in most GHG scenarios.  This level of wind and solar penetration requires 
very large investments and ramp up of capacity in California and neighboring states. 

• If nuclear power and/or natural gas with CCS is available then the reliance on intermittent 
renewables is lessened.   

• In all GHG scenarios the carbon intensity of electricity falls dramatically (from around 360 
g/kWh to between 3 and 57 g/kWh) by 2050. 

 
Transportation sector: 

• Even with travel demand growth, transportation fuel demand drops in all GHG scenarios (around 
26% in most scenarios from 2010 to 2050 to around 20 billion GGE) due to significant efficiency 
improvements in all transport sectors.   

• Battery and fuel cell powered vehicles make up between 50% and 96% of light duty vehicles fleet 
in most scenarios and the LDV fuel economy climbs as high as 115 MPGGE in many scenarios. 
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• The mix of fuels changes dramatically from 95% petroleum based fuels in 2050 to around 40-
50% in 2050.  The remaining fuels are biomass, electricity and hydrogen. 

• Biomass is almost exclusively used to make biofuels, though the expected quantity available for 
California is only around 7-8 billion GGE.   

• Coupled with CCS, biofuels production can provide significant offsets to petroleum usage (or 
other hard to mitigate emissions). 

 
Residential and commercial sectors: 

• Residential and commercial sectors will increasingly rely on low carbon electricity sources under 
the GHG scenarios. Electricity use in 2050 makes up between 69 to 75% of sector final energy 
use in the GHG scenarios compared to 40-50% in the Reference scenario.   

• Sector-wide weighted efficiency is a factor of 2.4x higher in 2050 than 2010 for the commercial 
sector and 2.6x higher in the residential sector.   

 
Energy system and GHG mitigation costs: 

• Achieving a 62% reduction in GHG emissions in 2050, as seen in the two primary GHG 
scenarios requires cumulative additional annual expenditures (above spending in the BAU 
scenarios) of between $390 billion to $1.6 trillion between 2010 and 2050.  2013 gross state 
product is $2 trillion.   

• The cost of emissions reduction in GHG scenarios will vary depending on which BAU scenario is 
being compared.  The average costs of cumulative GHG reduction from the BAU scenario varies 
from -$110/tonneCO2e to $220/tonneCO2e.  The average costs of cumulative GHG reduction 
from the BAU-LoVMT scenario varies from $100/tonneCO2e to $615/tonneCO2e. 

• Making more low cost, low carbon resources available for use in California will lower mitigation 
costs (as seen by GHG-S-CCS, GHG-S-Nuclear, GHG-S-HiRenGrowth, GHG-S-HiBio 
scenarios).   

• Electricity sector costs account for the biggest cost differential between the BAU and GHG 
scenarios.  These costs ramp up after 2020 to nearly $30 billion/yr in 2050.   

• The difference in fuel supply costs between the GHG and BAU scenarios is relatively low (only 
$6 billion/yr in 2050) since high efficiency and alternative fuels leads to displacement of high 
priced petroleum fuels.   

 

9.2 Future work  
The CA-TIMES model is a continually evolving model and there are many areas where the model could 
be improved.  Future model improvements are already being planned but implementation will depend on 
funding and resource availability. Some high-priority research areas include: 

Near-term (Next year) 
• Criteria pollutant emissions and concentration changes from climate policies: PhD candidate 

Christina Zapata is working on determining emission changes from regulations and energy 
models for both transport and upstream emissions to access complimentary heath benefits from 
air quality concentrations changes and spatially resolve exposure changes.  

• Water use impacts of future transport fuels: role of California’s climate policy & national biofuel 
policies: using scenarios projected from CA-TIMES to analyze lifecycle water use of current and 
future transport fuel consumptions and evaluate impacts & formulate mitigation strategies for the 
state at the watershed scale 

 
Medium-term (1-3 years) 
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• Incorporate some spatiality for certain parts of the model (i.e. transportation) to account for the 
locations of criteria emissions and/or fuel infrastructure requirements 

• Natural gas in transportation (technology characterization, NG infrastructure, NG costs in 
demand sectors) 

• Apply the model to support great number of more detailed policy analysis, particularly tangible 
policies implemented/considered by CARB and CEC 

• Model the industrial sector endogenously 

Long-term (1-5 years) 
• Better represent consumers’ behaviors and business investment decisions in a non-linear 

optimization model. We plan to incorporate the insights we learn from the consumer vehicle 
choice model (COCHIN-TIMES) into the core CA-TIMES model. But more research is still 
critically needed to better understand and implement consumers’ behaviors and business 
investment decisions to improve model  

• Continue to explore geographic/spatial modeling within the integrated assessment framework to 
improve critical infrastructure investment decisions such as hydrogen infrastructure, CCS, 
renewable penetration, etc. 

• Expand the (electricity) model to include the Western Electricity Coordinating Council (WECC) 
region in order to better model electricity imports and exports and the reliability and pricing of 
the electricity system under the BAU and GHG scenarios 

• Incorporate sustainability constraints such as water availability, siting restrictions related to land 
use or environmental impacts, etc into the model.   

• Incorporate the XLRM decision analysis framework to conduct more formalized uncertainty and 
decision analysis: 

o X: exogenous factors or uncertainties that are outside the control of managers; 
o L: management responses or levers that can be implemented by managers; 
o R: models that describe the relationships between uncertainties and levers; producing 
o M: metrics of performance that can be used to evaluate various management options. 
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APPENDIX A. COST OF ELECTRICITY GENERATION TECHNOLOGIES 

A number of cost analyses and modeling studies from well-known and respected sources have different 
assumptions about the current and future costs of electricity generation technologies. These cost assumptions were 
compiled as a point of comparison to better understand the range of potential future costs. Given that CA-TIMES 
chooses the generation mix based upon minimizing system cost, these ranges can also provide reasonable set of 
assumptions for sensitivity analyses of electricity mix under uncertainty about future plant capital costs. 

The major studies/sources that are used are a 2012 Black and Veatch study for NREL (which is used as input to 
the NREL ReEDs and UC Berkeley SWITCH model), NREL’s Renewable Energy Future’s study, NEMS/AEO 
for 2012 and 2013. 

Each power plant type is compared in a graph of future capital costs projections. It is important to note that costs 
are all in 2010$ and cost in CA-TIMES are inflated with capital cost multipliers for the California region based 
upon cost multipliers from NEMS (2013).   

Cost multipliers for California Power Plants 
Power Plant Cost Adjustment 
Coal w/ CCS 1.12 
Conv. NGCT 1.24 
Adv. NGCT 1.29 
Conv. NGCC 1.25 
Adv. NGCC 1.24 
Adv. NGCC w/CCS 1.15 
Fuel Cell 1.03 
Nuclear 1 
Biomass 1.08 
MSW 1.06 
On-shore Wind 1.12 
Off-shore Wind 1.05 
Solar Thermal 1.13 
Solar PV 1.11 

 

Cost multipliers for wind, solar PV and solar thermal in other regions 
 Solar PV Solar Thermal Wind 
Southwest (AZ/NW) 0.99 0.99 1.03 
Northwest (BC/ID,NV, OR,UT,WA,WY) 0.99 0.99 1.05 
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Thermal Power Plants 
Nuclear 

 

Figure A6. Cost comparison for Nuclear Light Water Reactor (LWR) Power Plants for CA-TIMES and other 
studies 

Natural Gas Power Plants 

 

Figure A7. Cost comparison for Natural Gas Combined Cycle (NGCC) Power Plants for CA-TIMES and other 
studies 

 

Figure A8. Cost comparison for Natural Gas Combined Cycle Power Plants with CCS (NGCC w/ CCS) for CA-
TIMES and other studies 
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Figure A9. Cost comparison for Natural Gas Combustion Turbine (NGCT) Power Plants for CA-TIMES and 
other studies 

 
Renewable Power Plants 
Biogas Power Plants 

 

Figure A10. Cost comparison for Biogas Power Plants for CA-TIMES and other studies 

 

Biomass Combined Cycle Power Plants 

 

Figure A11. Cost comparison for Biomass Integrated Gasification Combined Cycle (Biomass IGCC) Power 
Plants for CA-TIMES and other studies 
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Hydroelectric Power Plants 

 

Figure A12. Cost comparison for Hydropower Power Plants for CA-TIMES and other studies 

 

Ocean Tidal Power Plants 

 

Figure A13. Cost comparison for Ocean Tidal Power Plants for CA-TIMES and other studies 

Geothermal Power Plants 

 

Figure A14. Cost comparison for Geothermal Power Plants for CA-TIMES and other studies 
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Wind Power Plants 

 

Figure A15. Cost comparison for Onshore Wind Turbines for CA-TIMES and other studies 

 
Solar Power Plants 

 

Figure A16. Cost comparison for Concentrating Solar Thermal Power Plants for CA-TIMES and other studies 

 

Figure A17. Cost comparison for Utility Scale Solar Photovoltaic Power Plants for CA-TIMES and other studies 
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Figure A18. Cost comparison for Distributed (Residential and Commercial) Solar Photovoltaic Installations for 
CA-TIMES and other studies 

 

Hurdle Rates and Growth Constraints 

Electric power plants also have hurdle rates associated with them to represent the monetary and non-monetary 
effects of risk, uncertainty and other barriers to adoption of new technologies.  The base hurdle rate for all mature 
technologies is 15%.  Hurdle rates are assumed to decline for some advanced technologies in 2030.  Hurdle rates 
are taken from EPA’s 9-region MARKAL model (U.S. EPA 2008).  Electric power plant capacity additions are 
limited by the absolute amount of capacity that can be added in each five-year time period.   
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Natural Gas Combined Cycle with CCS  30% 25% None 
Biomass Gasification Combined Cycle (IGCC) 25% 15% 0.3 to 0.5 
Coal Steam 15% 15% None 
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Coal Gasification Combined Cycle (IGCC) w CCS 30% 25% None 
Nuclear Conventional Light Water Reactor 25% 25% 0.4 to 0.6* 
Nuclear Pebble Bed Modular Reactor 44% 30% 0.4 to 0.6* 
Nuclear Modular Helium Reactor 44% 30% 0.4 to 0.6* 
Geothermal 15% 15% 0.3 to 0.5 
Hydropower 15% 15% None 
Solar Photovoltaic (Residential) 15% 15% 1 to 1.2 
Biogas 25% 15% 0.6 
Molten Carbonate Fuel Cell 25% 20% 0.2 to 0.4 
Tidal  45% 30% 0.2 to 0.4 
Wind Turbine 15% 15% 3 to 4.4 
Utility Solar Thermal 25% 15% 2.4 to 3* 
Utility Solar Photovoltaic  25% 15% 2.4 to 3* 
Electricity Transmission Line 15% 15% None 
*Limits on capacity additions of nuclear and utility solar apply to all types collectively not individually 
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APPENDIX B. ASSUMPTIONS OF TRANSPORTATION TECHNOLOGY COSTS, EFFICIENCIES, HURDLE 
RATES, ELASTICITIES, AND GROWTH/CAPACITY CONSTRAINTS 

The costs and efficiencies of vehicle technologies are mainly taken from the Annual Energy Outlook (AEO 2012; AEO 
2013). The major criteria for the data source being: (a) they should have both light-duty car and light-duty truck data for 
consistency, as the model analysis involves both, (b) the data source should have a base year gasoline price, so that the 
incremental cost comparison is done between different studies, as an example shown in this Appendix for electric vehicle 
with 100 mile range. The cost values are compared between different scenarios, and only if, the vehicle cost is 
significantly away from the range of the incremental cost values, it is adjusted. Annual Energy Outlook does not have all 
the vehicle technologies present in the CA-TIMES model. So, the following table presents the cost and efficiency 
assumptions for those. The fuel cell vehicle technology cost specified in the AEO lies outside of the cost comparison 
study range, so it is adjusted, as an exception. 

Technology Cost Assumptions  Efficiency Assumptions 
Moderate midsize 
fuel efficient vehicle 
technology 

The cost of the vehicle is 
assumed to be approximately 
20% higher than their standard 
midsize vehicle technology. 

Typically assumed to be about 15% higher than their standard midsize 
vehicle technology. 

Advanced midsize 
fuel efficient vehicle 
technology 

The cost of the vehicle is 
assumed to be approximately 
20% higher than their standard 
midsize vehicle technology. 

Typically assumed to be about 30% higher than their standard midsize 
vehicle technology. 

Plug-in vehicles Obtained from Annual Energy 
Outlook data. 

The fuel efficiencies are specified separately for the charge-sustaining 
and charge-depleting modes. For the charge-sustaining modes, the 
efficiency is assumed to be equal to the comparable hybrid vehicles 
(gasoline/diesel/ethanol). The charge-depleting (CD) efficiency of the 
plug-in vehicle is calculated based on the ‘utility factors’ assigned for 
different mile ranges. Utility factor is the fraction of total annual VMT 
that is performed by electricity (CD mode). The utility factor is assumed 
to be 0.20 for 10-mile range vehicles, 0.40 for 20-mile range vehicles, 
0.59 for 40-mile range vehicles, and 0.72 for 60-mile range vehicles. 

Fuel Cell Vehicle From the incremental cost comparison, the AEO cost data for fuel cell vehicles seem to be significantly higher 
than most studies. So, it is adjusted to be in line with the rest of the cost studies. The detailed cost data is 
summarized in the CA-TIMES cost assumptions table.  

Motorcycles The fuel economies and costs vary widely by motorcycle type and model. The averages were obtained from 
the CEC IEPR and Caltrans MVSTAFF data. 

Bus  The costs and efficiencies of the 
bus technologies, such as diesel, 
hybrid and natural gas buses are 
obtained from various sources 
(U.S. EPA 2003; EESI 2007; 
INFORM 2007; UCS 2007). 

 

Passenger rail The costs are obtained from the 
EPA US9r model database for the 
year 2005 and they are then 
converted to 2010 dollars (U.S. 
EPA 2006).  

The efficiencies of the passenger rail are obtained from the National 
Transit Database (NTD 2005; NTD 2010). It is assumed to be the same 
for the year 2010. For the future years, they are scaled by the externally 
calculated growth rates. 

 
Cost assumptions for midsize cars in CA-TIMES v1.5:  
2010$/vehicle 2010 2015 2020 2025 2030 2035 2040 2045 2050 
Gasoline Car  23,661   23,732   24,423   25,789   25,897   25,910   25,910   25,910   25,910  
Diesel Car  27,274   25,711   25,966   26,627   26,686   26,701   26,701   26,701   26,701  
Gasoline Hybrid Car  27,823   26,912   27,214   28,069   28,014   27,950   27,950   27,950   27,950  
Ethanol Flex Fuel Car  23,759   23,829   24,523   25,898   26,005   26,018   26,018   26,018   26,018  
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Gasoline Plugin 10-mile range  28,480   28,480   28,415   29,041   28,892   28,828   28,828   28,828   28,828  
Gasoline Plugin 30-mile range  33,512   33,512   32,274   32,162   31,712   31,647   31,647   31,647   31,647  
Gasoline Plugin 40-mile range  36,029   36,029   34,203   33,722   33,121   33,057   33,057   33,057   33,057  
Diesel Hybrid Car 

 
 30,830   30,830   29,306   29,208   29,145   29,145   29,145   29,145  

Diesel Plugin 10-mile range  32,031   32,031   32,031   30,278   30,086   30,023   30,023   30,023   30,023  
Diesel Plugin 40-mile range  37,819   37,819   37,819   34,959   34,315   34,252   34,252   34,252   34,252  
Fuel Cell Car 

  
 62,641   40,453   35,532   31,616   31,616   31,616   31,616  

Electric Vehicle  (100 mile range) 
 

 35,617   35,617   33,223   31,954   31,095   31,095   31,095   31,095  
Electric Vehicle  (200 mile range) 

  
 54,798   54,798   50,114   46,934   46,934   46,934   46,934  

 
Cost assumptions for midsize cars from the AEO (U.S. EIA 2013), Kromer and Heywood (Matthew Kromer 2007), 
and Argonne study (Argonne 2009), $2010/Vehicle:  

Vehicle Technologies 

AEO 2013  Kromer and Heywood Argonne's Multi-path Study  

2015 2030 2040 
BAU (2030) Optimistic 

(2030) 2015 2030 2045 
Gasoline Car 23,732  25,897  25,923   23,112   23,112   26,036   27,040   26,993  
Diesel Car 25,711  26,686  26,714   24,931     29,148   29,663   29,498  
Gasoline Hybrid Car 26,912  28,014  27,913   25,145   24,931   28,458   28,889   28,555  
Ethanol Flex Fuel Car 23,829  26,005  26,031            
Gasoline Plugin 10-mile range   28,892  28,695   26,322   26,001   29,971   29,998   29,361  
Gasoline Plugin 30-mile range     27,713   27,071     
Gasoline Plugin 40-mile range 36,741  33,121  32,259       36,497   34,347   32,665  
Diesel Hybrid Car   29,208  29,109     31,340   31,255   31,005  
Diesel Plugin 10-mile range            32,544   31,991   31,474  
Diesel Plugin 40-mile range            39,177   36,504   34,921  
Fuel Cell Car   50,532  43,533   28,569   26,964   36,269   33,471   32,366  
Fuel Cell Plugin 10-mile range            35,713   33,107   31,614  
Fuel Cell Plugin 40-mile range           44,554   38,612   35,582  
Electric Vehicle  (100 mile range)   31,954  30,662   34,026  30,495  55,552   44,746   39,020  
 

Cost assumptions for midsize cars from the NAS study (2013): 

 
NAS (Expected) NAS (Optimistic) 

 
2015 2020 2025 2030 2040 2050 2015 2020 2025 2030 2040 2050 

Gasoline Car 28,976  29,504  30,395  31,440  32,143   3,078  28,880  29,344  30,155  31,120  31,813  32,737  
Gasoline Hybrid 
Car 32,734  32,182  32,220  32,572  33,051  33,998  32,329  31,508  31,649  31,883  32,554  33,482  

Gasoline Plugin 
40-mile range 37,491  36,356  35,749  35,536  35,162  35,513  36,883  35,342  34,655  33,997  34,047  34,718  

Fuel Cell Car 37,059  35,347  34,271  33,196  32,662  32,573  35,989  33,565  32,301  31,038  30,635  30,807  
Electric Vehicle  
(100 mile range) 43,249  39,045  37,107  35,408  33,396  32,444  41,971  36,914  34,686  32,092  30,865  30,927  

 
 
Incremental cost assumptions for midsize cars from the AEO (U.S. EIA 2013), Kromer and Heywood (Matthew 
Kromer 2007), and Argonne study (Argonne 2009), $2010/Vehicle:  

Vehicle Technologies 
AEO 2013 Argonne's Multi-path Study 

Kromer & Heywood 
BAU Optimistic 

2015 2030 2040 2015 2030 2045 2030 2030 
Gasoline Car - - - - - - - - 
Diesel Car $1,979 $790 $791 $3,112 $2,624 $2,505 $1,819 - 
Gasoline Hybrid Car $3,181 $2,117 $1,990 $2,422 $1,849 $1,562 $2,033 $1,819 
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Ethanol Flex Fuel Car $98 $109 $108 - - - - - 
Gasoline Plugin 10-mile range - $2,996 $2,772 $3,935 $2,958 $2,368 $3,210 $2,889 
Gasoline Plugin 20-mile range - - - - - - - - 
Gasoline Plugin 30-mile range - - - - - - $4,601 $3,959 
Gasoline Plugin 40-mile range $13,009 $7,225 $6,336 $10,461 $7,308 $5,672 - - 
Diesel Hybrid Car - $3,311 $3,186 $5,304 $4,215 $4,012 - - 
Diesel Plugin 10-mile range - - - $6,508 $4,952 $4,481 - - 
Diesel Plugin 40-mile range - - - $13,142 $9,464 $7,928 - - 
Fuel Cell Car - $24,636 $17,610 $10,234 $6,431 $5,373 $5,457 $3,852 
Fuel Cell Plugin 10-mile range - - - $9,677 $6,067 $4,622 - - 
Fuel Cell Plugin 40-mile range - - - $18,518 $11,572 $8,589 - - 
Electric Vehicle  (100 mile range) - $6,057 $4,739 $29,516 $17,706 $12,027 $10,914 $7,383 
Electric Vehicle  (200 mile range) - - - - - - - - 
 
 
Incremental cost comparisons of electric vehicles (100-mile range), $2010/vehicle: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Efficiency assumptions for midsize cars from the AEO (U.S. EIA 2013), MIT study (2007) , and Argonne study 
(Argonne 2009), MVMT/PJ:  

Vehicle Technology 

AEO 2013 Argonne’s Multipath Study  Kromer & Heywood 

2015 2030 2040 2015 2030 2045 2030 
Gasoline Car 276.6 403.1 401.8 199.1 205.2 228.7 369.8 
Diesel Car 343.9 427.4 426.2 253.6 264.0 302.3 431.5 
Ethanol Flex Fuel Car 274.6 407.9 407.1   

 
    

Gasoline Hybrid Car 393.8 561.0   339.5 388.3 438.7 661.0 
Gasoline Plugin 10-mile Range 441.5 629.1 627.4 896.9 1035.9 1107.7 786.5 
Gasoline Plugin 30-mile Range   

 
    

 
  927.3 

Gasoline Plugin 40-mile Range 531.0 747.7 745.3 914.2 1040.5 1144.1   
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Gasoline Plugin 60-mile Range   
 

    
 

  1018.5 
Natural Gas Car 286.7 433.5 433.4   

 
    

Natural Gas Bi-Fuel Car 264.8 401.0 401.1   
 

    
Diesel Hybrid Car   

 
  361.5 404.9 465.2   

Diesel Plugin 10-mile Range   
 

  934.1 1024.3 1141.4   
Diesel Plugin 40-mile Range   

 
  913.9 1060.4 1135.5   

Fuel Cell Car 363.2 420.9 420.7 407.6 460.6 545.9 839.6 
Fuel Cell Plugin 10-mile Range   

 
  800.6 930.1 1049.3   

Fuel Cell Plugin 40-mile Range   
 

  797.7 932.2 1050.9   
Battery Electric Vehicle (100 mile) 1293.0 1418.1 1441.7 739.9 862.9 990.2 1150.6 
Battery Electric Vehicle (200 mile) 662.3 1093.5 1127.7         
 

Efficiency assumptions for midsize cars from UCD Study for different drive cycles (Burke et al, 2011), MVMT/PJ: 

Vehicle Technology 

UCD Study (Burke) 
2015 2030 2045 

FUDS FHWDS US06 FUDS FHWDS US06 FUDS FHWDS US06 
Gasoline Car 318.5 479.2 288.5 364.6 563.8 338.5 376.2 593.1 354.6 
Gasoline Hybrid Car 563.8 570.0 357.7 659.2 646.2 413.1 676.2 686.2 429.2 
Fuel Cell Car 635.4 698.5 471.5 790.8 857.7 586.2 837.7 919.2 633.1 

*FUDS: Federal Urban Driving Schedule 
**FHWDS: Federal Highway Driving Schedule 
+US06: US06 Driving Schedule 
 

Technology-specific hurdle rates: transportation sector 

Vehicle Technology Hurdle Rate Vehicle Technology Hurdle Rate Vehicle Technology Hurdle Rate 
Gasoline Car 18% Gasoline Hybrid 25% Diesel Plug-in 30 mile 47% 
Diesel Car 30% Hydrogen Fuel Cell  45% E85 Plug-in 30 mile 35% 
Gasoline Plug-in 10 mile 35% Adv. Gasoline Car 25% Gasoline Plug-in 40 mile 35% 
E85 Flex Fuel Car 18% Adv. Flex Fuel Car 25% Diesel Plug-in 40 mile 47% 
Natural Gas Car 45% E85 Hybrid Car 25% E85 Plug-in 40 mile 35% 
Natural Gas Bi-Fuel Car 45% E85 Plug-in 10 mile 35% Gasoline Plug-in 60 mile 35% 
LPG Bi-Fuel Car 45% Diesel Plug-in 10 mile 47% Diesel Plug-in 60 mile 47% 
Battery Electric Car 45% Gasoline Plug-in 30 mile 35% E85 Plug-in 60 mile 35% 
Diesel Hybrid 37%     

   

Energy service demand elasticity for the transport sector 

Energy service demand 
Low 
(inelastic) 

High 
(elastic) Representative  Source 

Light-duty Passenger 
Travel -0.034 -0.213 -0.1 

Low from Hughes et al. (Jonathan Hughes 2008), High from 
Barker et al. (Terry Barker 2009), Rep. is a mid value that is a 
little higher than Hughes et al.'s high value. 

Motorcycles and 
Motorscooters Travel -0.034 -0.213 -0.1 

Low from Hughes et al. (Jonathan Hughes 2008), High from 
Barker et al. (Terry Barker 2009), Rep. is a mid value that is a 
little higher than Hughes et al.'s high value. Assume 
motorcycles are similar to light-duty vehicles. 

Light-duty Truck Travel -0.034 -0.213 -0.1 

Low from Hughes et al. (Jonathan Hughes 2008), High from 
Barker et al. (Terry Barker 2009), Rep. is a mid value that is a 
little higher than Hughes et al.'s high value. 

Heavy-duty Truck Travel -- -- -0.213 Only one value found in Barker et al.  Road transport category 
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Medium-duty Travel -- -- -0.213 is used. 
Transit Bus Travel -- -- -0.213 
School Bus Travel -- -- -0.213 
Intercity and Other Buses 
Travel -- -- -0.213 
Commuter Rail Travel -- -- -0.311 

Only one value found in Barker et al.  Rail transport category is 
used. 

Heavy Rail Travel -- -- -0.311 
Light Rail Travel -- -- -0.311 
Intercity Rail Travel -- -- -0.311 
Freight Rail Travel -- -- -0.311 
 

Market growth rate constraint 

The equation for the capacity investment in the model, for a given time-period ‘t’, and growth rate ‘r’ is, 

CAP(t) = CAP(t-1) * r  + CAPSTART 

For any new investment, CAP(t-1) is zero. If the starting capacity, CAPSTART, were not specified, then there would be no 
increase in the capacity of the commodity.  

All growth rates are annual and they are 1.50 from the year 2010 till 2030, and 1.10 for the year 2030 and beyond. 

Capacity constraints 

Starting value for capacity build-up for light-duty cars (LDC) and light-duty trucks (LDT)(thousands of vehicles) 
Vehicle Technology LDC  LDT Source 

Diesel   100 175 
There were roughly 275,000 diesel ICE vehicles in CA in 2005.  LD Cars made up less 
than half of this quantity, while LD Trucks made up a bit more than half. 

Diesel Hybrid 20 20   

Plug-in vehicle 20 20 

 Initial roll-out of the Volt (a LD Car) will start in 2012 and will be about 45,000 units 
spread over several states, including CA.  (Source:  
http://en.wikipedia.org/wiki/Chevrolet_Volt)  California will likely get a large share of 
these vehicles.  By the 2016 time period, there should be quite a bit more PHEVs in CA.  
Thus, I give a non-trivial start-up value here.  There have not yet been any announcements 
as to the initial roll-out of any PHEV LD Trucks.  But presumably, they could also be 
introduced in the same quantity as LD Cars. 

Battery electric 20 20 Assumed same as the PHEVs. 
Fuel Cell 10 10   

Flex Fuel (E85) 300 300 
There were 107,789 ethanol FFVs in CA in 2005.  In 2010, there are roughly 299,146. 
(source: Wayne's 80in50 PATH stock turnover model)   

Flex Fuel Hybrid (E85) 200 200   

Gasoline Hybrid 200 200 

There were 103,193 gasoline HEVs in CA in 2005.   In 2010, there are roughly 348,495.  
New LD Car and Truck sales in California are about 1 million each annually.  If 
automakers had to, they could ramp up production pretty quickly and supply a substantial 
fraction of these 1 million vehicles (in each class) with gasoline HEVs. 

Moderate Gasoline Car 750 750 There were 11,289,000 gasoline ICE light trucks in CA in 2005.  Assume that moderate 
and advanced gasoline vehicles start at a capacity level that is a reasonable fraction of this 
number.  New LD Car and Truck sales in California are about 1 million each annually.  If 
automakers had to, they could ramp up production pretty quickly and supply a substantial 
fraction of these 1 million vehicles (in each class) with gasoline HEVs. Advanced Gasoline Car 750 750 

Advanced E85 200 200 

There were 156,585 ethanol FFVs in CA in 2005.  In 2010, there are roughly 303,203. 
(source: Wayne's 80in50 PATH stock turnover model)  Assume that moderate and 
advanced E85 vehicles start at a capacity level that is a reasonable fraction of this number. 

Natural Gas Car 1 0.5 There were roughly 1,358 natural gas vehicles in CA in 2005. 



APPENDIX C. ASSUMPTIONS OF RESIDENTIAL AND COMMERCIAL TECHNOLOGY COSTS, 
HURDLE RATES, ELASTICITIES, AND GROWTH/CAPACITY CONSTRAINTS 

 

Levelized cost 

1. Residential space heating 
 
 
 

          

          

Levelized cost of residential space heating in 2010 (top) and 2050 (bottom) using fuel costs of 2010.  
NGA: natural gas; LPG: liquid petroleum gas. 
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Figures above show the levelized cost of space heating technology in 2010 and 2050. Note that technology cost 
and efficiency improvement of each equipment over time is determined exogenously, though most of the changes 
over time are small compared to the variations between technologies. The overall efficiency of an end-use across 
technologies is determined endogenously by the model based on the investment decisions on the mix of 
technologies and fuel types to meet the overall demand each year.   

Within the same type of technology (e.g. electric heat pump a-d), the capital costs of more efficient technologies 
are higher. The technology-specific hurdle rate for space heating technology range from 15-25% (U.S. EIA 2011).  

Note that fuel costs shown below are the annual average fuel costs for 2010 from (EIA 2013). The actual fuel 
costs of fuel use are projected endogenously by the model, which can vary significantly based on the time of use 
(e.g. peak vs. off-peak or summer vs. winter) and scenarios. 

2. Residential space cooling 

 

 

 
 

Levelized cost of residential space cooling in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 
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Figures above show the levelized cost of space cooling for 2010 and 2050. Higher capital costs also translate into 
higher levelized cost within the same type of technology (e.g. electric heat pump a-d) due to the fact that fuel use 
cost is a much smaller portion of total levelized costs. Room ACs have the lowest investment cost but higher 
annual fuel cost, but overall they still have the lowest levelized cost among all cooling technologies. 

3. Residential lighting 

 

 

 

Levelized cost of residential lighting in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 

Compact fluorescent lighting (CLF) already has very favorable levelized cost today. Other more advanced 
lighting technologies are very expensive today, but become cost-effective in the future. In the following the 
levelized costs of other residential and commercial technologies can be seen. 

4. Other residential end uses 
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Levelized cost of residential water heating in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 
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Levelized cost of residential cooking in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 

 

 

 
 

Levelized cost of residential clothes drying in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 

 

 

 
Levelized cost of residential clothes washing in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 
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Levelized cost of residential dish washing in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 

 

 

 

Levelized cost of residential refrigeration in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 
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Levelized cost of residential freezer in 2010 (top) and 2050 (bottom) using fuel costs of 2010. 

5. Commercial heating 

 

Levelized cost of commercial heating in 2010  

6. Commercial cooling 
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Levelized cost of commercial cooling in 2010 

7. Commercial water heating 

 

Levelized cost of commercial water heating in 2010 

8. Commercial ventilation 
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Levelized cost of commercial ventilation in 2010 

 

9. Commercial cooking 

 

Levelized cost of commercial cooking in 2010 

10. Commercial lighting 
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Levelized cost of commercial lighting in 2010 

 

11. Commercial refrigeration 
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Levelized cost of commercial refrigeration in 2010 
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Hurdle rate 

Residential 

End-use Technology Hurdle rate 

Space Heating 

Electric radiator 15% 
Electric Heat Pump 25% 
Natural Gas Furnace 15% 
Natural Gas Radiator 15% 
LPG Furnace 15% 
Distilate Furnace 15% 
Distiliate Radiator 15% 
Wood Heater 15% 
Geothermal Heat Pump 15% 
NG Heat Pump 15% 

Space Cooling 

Room AC 42% 
Central AC 25% 
Electric Heat Pump 25% 
NG Heat Pump 15% 

Water Heating 

NG Water heater 30% 
Electric Water heater 50% 
Distilate Water heater 15% 
LPG Water heater 30% 
Solar Water heater 30% 

Cooking 
NG Cooking 83% 
LPG Cooking 83% 
Electric Cooking 83% 

Clothes Drying NG Clothes Dryer 47% 
Electric Clothes Dryer 90% 

Dish Washing Dish Washer 15% 
Freezing Freezer 37% 
Refrigeration Refrigerators 10% 
Cloth Washing Cloth washer 30% 

 

Commercial  

End-use Hurdle rate 
Typical and mid range technologies 0.18 
High efficiency technologies 0.24 

 

 

Elasticity 

Energy Service Demand UP LO 
Commercial-Space Cooling -0.15 -0.05 
Commercial-Cooking -0.05 0 
Commercial-Space Heating -0.1 0 
Commercial-Hot Water Heating -0.1 0 
Commercial-Lighting -0.15 0 
Commercial-Electric Equipment -0.05 0 
Commercial-Refrigeration 0 0 
Residential-Space Cooling -0.15 -0.05 
Residential-Clothes Dryers -0.05 0 
Residential-Clothes Washers -0.05 0 
Residential-Dish Washers -0.05 -0.03 
Residential-Electric Appliances -0.2 -0.05 
Residential-Space Heating -0.05 0 
Residential-Hot Water Heating -0.05 0 
Residential-Cooking 0 0 
Residential-Lighting -0.1 0 
Residential-Refrigeration -0.05 -0.03 
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Growth constraints 

Residential end-use Technology Growth rate constraint 
Space heating  Electric radiator, natural gas furnace, natural gas radiator, LPG 

furnace, wood heater 
5% 

Distillate furnace, distillate radiator 20% 
Heat pump Electric heat pump, natural gas heat pump 5% 

Geothermal heat pump 20% 
Space cooling Room AC, Central AC 5% 
Water heating Natural gas water heater, electric water heater, LPG water heater 5% 
 Distillate oil water heater 20% 
Cooking Natural gas stove, LPG stove, electric stove 5% 
Clothes washing Electric clothes washing 5% 
Clothes drying Natural gas clothes drying, electric cloth drying 5% 
Dish washing Electric dish washer 5% 
Freezing Electric freezer 5% 
 Electric up freezer 20% 
Refrigeration  TFA, SFA, BFA refrigerator 5% 
Lighting Incandescent, compact fluorescent, torchieres, solid state lighting 5% 
Pool pump Electric pool pump, solar pool pump 5% 
 

Commercial end-use Technology Growth rate constraint 
Space heating  Electric boiler, natural gas furnace, natural gas boiler, oil furnace, oil 

boiler 
5% 

Heat pump Air source heat pump, natural gas heat pump, geothermal source heat 
pump 

5% 

Space cooling Wall window AC, central AC, electric rooftop, natural gas rooftop, 
reciprocating chiller, centrifugal chiller, gas fired chiller (typical) 
Scroll chiller, screw chiller, gas fired chiller (engine driven) 

5% 
 

20% 
Water heating Electric water heater, natural gas water heater, solar water heater, heat 

pump water heater 
5% 

 Electric booster water heater, gas booster water heater, gas 
instantaneous water heater, oil water heater  

20% 

Cooking Electric induction range, electric range, gas range 5% 
Ventilation Constant air volume ventilation (CAV), variable air volume 

ventilation (VAV) 
5% 

Lighting Incandescent (100W), compact fluorescent (23W), metal halide, 
PAR38 halogen (90W), Fluorescent lamps, high pressure sodium 
lamps 150 (HPS 150), LED 100 HPS 

5% 

 Incandescent (72W), incandescent halogen, HIR PAR, LED Edison, 
LED HPS 

20% 

Refrigeration  Supermarket rack, walk-in refrigerator, reach-in refrigerator, ice 
machine, beverage merchandiser refrigerator, vending machine, walk-
in freezer, reach-in freezer 

5% 

 

Share constraints 

Residential  

End-use Technology 
Share 
Constraint 
Type 

Year Share Constraint 

Residential space cooling* Room AC Up 2010-2050 20% 
Central AC Up 2010-2050 75% 
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Residential lighting Torchieres Up 2010-2050 35% 
Residential cooking** Electric stove cooking Lo 2010-2050 49% 
* We assume the share of room AC and central AC remains the same in all years. 
** Share of electric cooking will be at least the same as in 2010. 
 

Commercial  
End-use Technology Share Constraint Type Year Share constraint 
Commercial space cooling* Wall window AC Up 2010-2050 12% 

Central AC Up 2010-2050 85% 
Commercial miscellaneous Natural gas Up 2010 65% 

2012-2050 50% 
Commercial cooking** Electric cooking Up 2010-2050 24% 
Commercial lighting*** Incandescent Lo 2012 17% 

Lo 2015 10% 
Lo 2017 7% 
Lo 2020 4% 

* We assume the share of room AC and central AC remains the same in all years. 
** Share of electric cooking will be at least the same as in 2010. 
*** Incandescent light bulbs will gradually phase out.  
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APPENDIX D.  POLICY DESCRIPTIONS FOR CA-TIMES SCENARIOS 

Policies Descriptions 

Biofuel Subsidies 

- Corn ethanol:  Federal Volumetric Ethanol Excise Tax Credit (i.e., “blender’s credit”) of $0.45/gal.  
Assumed to expire in 2015. 

- Sugar cane ethanol:  Same as corn ethanol. 
- Cellulosic ethanol:  Federal tax credit of $1.01/gal.  Based on the Food, Conservation and Energy 

Act of 2008 (i.e., the “farm bill”).  Assumed to expire in 2020. 
- Biodiesel:  Federal tax credit of $1.00/gal for biodiesel from soy and animal tallow, $0.50/gal for 

biodiesel from yellow grease.  Based on American Jobs Creation Act of 2004.  Assumed to expire 
in 2015. 

Biofuel Import Tariffs - Sugar cane and other types of imported ethanol:  Import duty of $0.54/gal. 

Transportation Fuel Taxes18 

- Gasoline:  California state tax of $0.49/gal (includes excise tax and state, county, and local sales 
taxes).  Federal excise tax of $0.184/gal.  Assumed to always be the same. 

- Diesel:  California state tax of $0.49/gal (includes excise tax and state, county, and local sales 
taxes).  Federal excise tax of $0.244/gal.  Assumed to always be the same. 

- Ethanol and E-85:  No additional taxes other than those for gasoline. 
- Jet Fuel (kerosene-type):  Federal excise tax of $0.044/gal for commercial aviation. 
- Aviation gasoline:  Federal excise tax of $0.194/gal.  Assumed to always be the same. 
- Liquid Petroleum Gases (LPG):  Federal excise tax of $0.183/gal.  Assumed to always be the same. 
- Compressed Natural Gas (CNG):  Federal excise tax of $0.044/gal.  Assumed to be the same as jet 

fuel.  Assumed to always be the same. 
- Liquefied Natural Gas (LNG):  Federal excise tax of $0.243/gal.  Assumed to always be the same. 
- Liquefied H2:  Federal excise tax of $0.184/gal.  Assumed to be the same as conventional gasoline.  

Assumed to always be the same. 
- FT liquid fuels from coal:  Federal excise tax of $0.244/gal.  Assumed to be the same as 

conventional diesel.  Assumed to always be the same. 
- FT liquid fuels from biomass:  Federal excise tax of $0.244/gal.  Assumed to be the same as 

conventional diesel.  Assumed to always be the same. 

CA Pavley I and Corporate 
Average Fuel Economy 
(CAFE) Standards 

- Light-duty passenger cars:  New model-year vehicle fleet must achieve 263 gCO2/mile (33.8 mpg) 
in 2012, strengthening to 225 gCO2/mile (39.5 mpg) in 2016, assumed to remain constant 
thereafter.   

- Light-duty passenger trucks:  New model-year vehicle fleet must achieve 346 gCO2/mile (25.7 
mpg) in 2012, strengthening to 298 gCO2/mile (29.8 mpg) in 2016, assumed to remain constant 
thereafter. 

LEV III Light-Duty Vehicle 
GHG Emission Standards and 
CAFE for 2017-2025  

- GHG emissions rate of new model-year light-duty cars and trucks declines 4.5% per annum (on a 
gCO2-eq per mile basis) between 2017 and 2025.  Based on notices of intent and an interim 
technical assessment by DOT-NHTSA, EPA-OTAQ, and CARB, which analyzes the feasibility of 
an annual rate of improvement of 3 to 6% (EPA-DOT-CARB 2010). 

- Light-duty passenger cars:  New model-year vehicle fleet must achieve 215 gCO2/mile (41.4 mpg) 
in 2017, strengthening to 149 gCO2/mile (59.8 mpg) in 2025, assumed to remain constant 
thereafter.   

- Light-duty passenger trucks:  New model-year vehicle fleet must achieve 285 gCO2/mile (31.2 
mpg) in 2017, strengthening to 197 gCO2/mile (45.1 mpg) in 2025, assumed to remain constant 
thereafter. 

Electric Vehicle Subsidies 

- Light-duty plug-in hybrid electric vehicles (PHEVs) and BEVs:  Tax credit for new plug-in electric 
vehicles is worth $2,500 plus $417 for each kWh of battery capacity over 5 kWh.  The portion of 
the credit determined by battery capacity cannot exceed $5,000; therefore, the total amount of the 
credit allowed for a new plug-in electric vehicle is $7,500.  Based on the Energy Improvement and 
Extension Act of 2008, and later the American Clean Energy and Security Act of 2009.  Credit is 
supposed to expire for each manufacturer soon after it has sold 200,000 cumulative PHEV/BEVs 
for use in the U.S, but in the model it is assumed to expire in 2018.  

-  Additionally, California’s Clean Vehicle Rebate Program (CVRP) is assumed to provide $2500 per 
BEV and $1500 per PHEV until 2023.     

                                                        
 
18  For current federal fuel tax information, see the following U.S. Internal Revenue Service (IRS) webpage:  

http://www.irs.gov/publications/p510/ch01.html#d0e2009.  For current state gasoline and diesel tax information, see the following API 
webpage:  http://www.api.org/statistics/fueltaxes/. 
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GHG Emission Performance 
Standard for New Power Plants 

- Establishes a greenhouse gases emission performance standard for all baseload generation of local 
publicly owned electric utilities at a rate of emissions of greenhouse gases that is no higher than the 
rate of emissions of greenhouse gases for combined-cycle natural gas baseload generation 
[California Senate Bill (SB) 1368].  This essentially equates to “no new coal plants in California”.  
In CA-TIMES, the law is applied to coal steam, coal IGCC, and coal-to-H2 plants. 

Low Carbon Fuel Standard 
(LCFS) biofuels scenario 

- This is a scenario based upon one particular mix of fuel production that could meet the LCFS out to 
2020.  It is one means of satisfying the LCFS policy but other fuel mixes could as well.  In 
California, the LCFS is a more stringent requirement than the RFS2, and the different incentives 
will likely result in a different fuel mix and CI values compared to the volume mandates in the 
federal RFS2 requirement (Yeh and Sperling 2013). We combined the latest ICF scenarios 
projecting the necessary biofuel volumes to meet California’s LCFS by 2020 across three possible 
scenarios, and use our expert judgment to derive at minimum energy requirement of different types 
of biofuels (See Figure D.1). We keep the volume constant 2020-2022 to reflect the minimum 
constraint of the RFS2 requirement till 2022. Work is ongoing to incorporate a more flexible policy 
representation of the LCFS.  

Renewable Portfolio Standard 
(RPS) 

- By 2020 and each year subsequent, 33% of California electricity generation must come from 
renewable sources (excluding hydro).  Assumed to remain constant thereafter.  Based on Executive 
Order S-14-08 and Executive Order S-21-09. 

Renewable Electricity 
Incentives 

- Renewable electricity production tax credit (PTC):  Credit of 2.2 cents/kWh for Wind, Geothermal, 
and Closed-loop biomass; and 1.1 cents/kWh for all other renewables (Open-loop biomass, 
Landfill gas, Hydroelectric, Municipal Solid Waste, Hydrokinetic “Flowing Water” Power, Small 
Hydroelectric, Tidal Energy, Wave Energy, and Ocean Thermal).  Duration of credit is 10 years for 
facilities placed in service by the end of 2012 (wind) or 2013 (all others).  Thus, all credits assumed 
to expire by 2022/2023.  Note that Solar is excluded from the production tax credit because it 
receives the investment tax credit. 

- Business energy investment tax credit (ITC) for renewables:  Credit equal to 30% of capital 
expenditures for Solar and Fuel cells.  No maximum credit for solar; a maximum of $3,000/kW for 
fuel cells.  In general, credits are available for eligible systems placed in service before the end of 
2016.  In CA-TIMES, credits are assumed to expire in 2016.  Note that as of 2009, other types of 
renewable generation are allowed to take the ITC; however, they would then have to forfeit the 
PTC.  In CA-TIMES, it is assumed that only solar and fuel cells can take the ITC. 

Zero Emissions Vehicle (ZEV) 
Mandate vehicle scenario - See description below 

80% GHG Reduction Goal by 
2050 

- Reduce GHG emissions to 1990 levels by 2020, and 80% below 1990 levels by 2050.  Based on a 
California Executive Order S-3-05.  Only applies to fuel combustion emissions in CA-TIMES.  
Interim emission targets between 2020 and 2050 are linearly interpolated. 

Energy Efficiency Standards 
for ICRA Sector Technologies 

- Average annual efficiency improvement of generic end-use sector technologies in the Industrial, 
Commercial, Residential, and Agricultural sectors.  Efficiency gains are over and above those 
assumed in the Reference Case, and are technically feasible with today’s technologies.  Industrial 
(0.41% per year); Commercial (0.50% per year); Residential (0.68% per year); Agricultural (0% 
per year).  Based on the Baseline – high efficiency scenario of McCarthy et al. (McCarthy, Yang et 
al. 2008) compared to the Baseline demand scenario. 

 
Zero Emissions Vehicle (ZEV) Mandate vehicle Policy constraint 
 
The ZEV constraint is a linear constraint where a certain percentage of the total car and light truck mix must 
qualify as ZEVs or TZEVs.  Each type of vehicle is given a weighting factor (depending on the year), which 
enhances or reduces its ability to contribute to the ZEV percentage. 
 
The overall constraint can be written as: 

!!,!!!,! ≥ !"#%! 
where ai,t is the weighting factor for a given vehicle type i in year t 
and Xi,t is the percentage of all cars and trucks sold that is of type i in year t 
and ZEV% is the target ZEV percentage in year t 
 
There are 7 types of cars/trucks that can contribute to meeting the ZEV requirement:  

1. BEV100 (Battery Electric Vehicle with 100 mile range),  
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2. BEV200 (200 mile range),  
3. FCV (Hydrogen Fuel Cell Vehicle),  
4. PHEV10 (Plug-in Hybrid Vehicles with 10 mile all electric range),  
5. PHEV30 (Plug-in Hybrid Vehicles with 30 mile all electric range),  
6. PHEV40 (Plug-in Hybrid Vehicles with 40 mile all electric range), and  
7. PHEV60 (Plug-in Hybrid Vehicles with 60 mile all electric range) 

 
In CA-TIMES, we have multiple technologies that for each PHEV type since the PHEV’s alternative power 
source could run on gasoline, diesel or biofuel, and each vehicle also comes in a car or light-truck version. 
 
In the equation above, the coefficients will differ by year and for each vehicle type.   

 
BEV100 BEV200 FCV PHEV10 PHEV30 PHEV40 PHEV60 

2012-2017 3 4 9 1.1 2* 2.5 2.75* 
2018-2025 1.5 2.5 4 0.4 0.6 0.7 0.9 

* these values are estimated from other values 
 
The ZEV percentage target changes each year.  

year ZEV Credit % 
2012 3% 
2013 3% 
2014 3% 
2015 6% 
2016 6% 
2017 6% 
2018 5% 
2019 7% 
2020 10% 
2021 12% 
2022 15% 
2023 17% 
2024 20% 
2025 22% 

 
The equation is rewriten to get rid of sales percentages and use actual numbers of cars and light trucks sold 
instead.  Since Xi,t and ZEV%t are percentages of total cars sold, can multiple by the total number of cars and light 
trucks sold in year t to get the numbers of cars sold of type i (Yi,t). 
Xi,t = Yi,t / Total LDVs soldt 
 

!!,!!!,! !"#$%&'()"%*! ≥ !"#%! !"#$%&'()"%*!  

!!,!!!,! ≥ !"#%! !"#$%&'()"%*!  

!!,!!!,! − !"#%! !"#$%&'()"%*!   ≥ 0 

where ai,t is the weighting factor for a given vehicle type i in year t 
Yi,t is the number of cars sold of type i in year t 
and ZEV%t is the target ZEV percentage in year t 
 



California TIMES (CA-TIMES) Modeling of California Energy and Climate Policies (Draft Final Report for Review 
and Comments) 

 155 

This formulation gives the CA-TIMES model full flexibility as to how to meet the ZEV mandate.  However, there 
is an additional constraint where full ZEVs (i.e. BEV100, BEV200 and FCVs) must comprise a given fraction of 
total ZEV mandate compliance.  This is set up in the exact same way: 

!!,!!!,! ≥!"#$%&%! 
 
except now the set of Zi,t only comprises BEVs and FCVs and the MinZEV%t target is another set of targets for 
each year.   
 
References 
California Air Resources Board.  2012 Proposed Amendments To The California Zero Emission Vehicle Program 
Regulations.   
 

Low Carbon Fuel Standard Policy constraint 
The LCFS sets a performance standard on the average fuel carbon intensity of on-road transportation fuel mix in 
California before 2020. LCFS can be met with a wide range of low-carbon transportation fuels, such as electricity, 
natural gas, biogas, and hydrogen; though the main source of compliance is biofuels. The California LCFS is 
more stringent than the RFS2, and the different incentives will likely result in a different fuel mix and CI values 
compared to the volume mandates in the federal RFS2 requirement (Yeh and Sperling 2013). We combined the 
latest ICF scenarios projecting the necessary biofuel volumes to meet California’s LCFS by 2020 across three 
possible scenarios, and use our expert judgment to derive at minimum energy requirement of different types of 
biofuels (See Figure D.1). Work is ongoing to incorporate a more flexible policy representation of the LCFS. 

 
Figure D.1. Minimum energy requirements for biofuels to meet the California’s LCFS (and the RFS2) before 2022. 
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APPENDIX E.  MORE DETAILED SCENARIO RESULTS  

 

 

Figure E.1. Light-duty vehicle VMT by vehicle type in the 80% GHG Linear Reduction Scenario (GHG-Line). 

 
Figure E.2. Final energy (fuel) demands for commercial, residential, industrial and agricultural sectors in the GHG-
Line scenario. 
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Figure E.3.  Electricity generation by resource type in the 80% GHG Linear Reduction Scenario (GHG-Line). 

 
Figure E.4. Electricity generation by resource type and timeslice in the 80% GHG Linear Reduction Scenario (GHG-
Line). 
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Figure E.44. Annual biofuel production by category for the 80% GHG-Step Reduction Scenario (GHG-Line). 

 

 
Figure E.6.  Annual share of primary energy resources for the 80% linear GHG emissions reduction (GHG-Line) 
scenario. 
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Table E.1. Annualized Total Costs by Category (Million 2010$, undiscounted), BAU scenario 

 
Energy Supply End Use Sectors 

 

Year Electricity 

Fuels & 
Energy 
Supply Total Transportation Residential Commercial Total Total 

2010 2,525 1,853 4,378 14,559 13,921 6,607 35,087 39,465 
2015 3,567 1,913 5,480 63,410 21,614 7,059 92,084 97,564 
2020 6,319 3,793 10,113 113,476 25,724 8,807 148,007 158,119 
2025 8,283 7,308 15,591 161,548 25,472 10,401 197,421 213,012 
2030 9,251 8,355 17,606 195,385 24,180 10,973 230,538 248,143 
2035 9,894 10,949 20,843 213,249 24,523 11,209 248,981 269,824 
2040 9,134 12,688 21,822 231,555 26,612 12,059 270,226 292,048 
2045 9,560 14,381 23,941 240,896 27,990 12,819 281,705 305,646 
2050 8,782 15,123 23,905 252,066 29,764 13,504 295,334 319,239 
Total 

(undiscounted) 314,680 346,891 661,572 6,887,358 1,017,301 427,173 8,331,831 8,993,403 
 

Table E.2. Annualized Total Costs by Category (Million 2010$, undiscounted), GHG-Step scenario 

  Energy Supply End Use Sectors 
 

Year Electricity 

Fuels & 
Energy 
Supply Total Transportation Residential Commercial Total Total 

2010 2,842 1,851 4,693 14,559 14,359 6,211 35,129 39,822 
2015 3,784 1,955 5,739 57,616 21,926 7,012 86,554 92,293 
2020 8,315 4,503 12,818 119,119 26,364 9,396 154,879 167,697 
2025 12,185 7,836 20,021 154,520 26,351 11,776 192,647 212,669 
2030 15,686 9,710 25,396 179,964 25,610 13,953 219,527 244,923 
2035 21,792 12,010 33,802 196,186 26,351 16,029 238,566 272,368 
2040 26,095 13,548 39,643 214,364 30,586 18,977 263,926 303,570 
2045 32,586 15,002 47,587 224,286 39,334 23,015 286,635 334,223 
2050 37,850 21,759 59,609 231,452 58,344 28,697 318,493 378,102 
Total 

(undiscounted) 720,596 392,196 1,112,792 6,460,762 1,205,201 606,062 8,272,025 9,384,817 
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Figure E.745.  Annual cost difference between GHG-Line and BAU scenarios broken down by sector. 

 

 

Figure E.8.  Annual cost difference between GHG-Line and BAU-LoVMT scenarios broken down by sector. 
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