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Message From CCST

CCST is pleased to present the results of the California’s Energy Future (CEF) project, a study designed 

to help inform the decisions California state and local governments must make in order to achieve 

decades.

This report is a summary of the CEF project and as such presents an overview of the project, the 

produce a series of reports which give the details of the analysis.

standards for the state to meet. In order to comply, California needs to reduce its greenhouse gas 

and population. 

The goal of the CEF project is to help California develop sound and realistic strategies for meeting 

these standards, by providing an authoritative, non-partisan analysis of the potential of energy 

This study includes a set of energy system “portraits” which are descriptions of the set of energy 

demands, the portfolio of energy supply to meet these demands, and the associated emissions for 

each supply. Each portrait focuses on a different combination of energy strategies California might 

choose to provide the energy needed for future growth while aiming to reduce greenhouse gas 

emissions to the target amount. Each portrait incorporates strict accounting standards to ensure that 

associated with various choices are counted.

emissions by implementing technology we largely know about now. However, a combination of 

target, and the state will need aggressive policies, both near term and sustained over time, in order 

to make this possible.

We believe that the CEF project represents a valuable insight into the possibilities and realities of 

meeting California’s electricity needs and emissions standards over the decades to come, and hope 

Jane C.S. Long 

California’s Energy Future Committee 

Co-chair

Miriam John

California’s Energy Future Committee 

Co-chair
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Figure 1. Per capita emissions.

Introduction 

by the California Council on Science and Technology. The study was funded by the California Energy 

Commission and the S.D. Bechtel Foundation, and was completed by a committee of volunteers 

from major energy research institutions in California. 

of this analysis, assumptions and data are to be found in forthcoming reports, including a detailed 

By 2050, California’s population is expected to grow from the 2005 level of 37 million to 

gains, we will need roughly twice as much energy in 2050 as we use today. 

2 2 2
e/

2
e/yr) coming from the energy sector. 

2
e per capita in 2005 to 

2
e per capita in 2050 (Figure 1). 
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This study has developed a set of energy system “portraits”, each of which meets the challenge of 

gas emissions reductions.  We use the term energy system portrait to mean a set of energy sources, 

carriers and end-use technologies that meet all the energy needs of Californians projected for 2050.  

An energy system portrait describes an end-state or target energy system that could be a goal for 

California.  This study connects related sectors of the energy system in order to account for trade-

emissions, we also have to account for the emissions produced by the generation of the additional 

electricity needed for the vehicles. 
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Key Findings and Messages 

The following four key actions can feasibly reduce California greenhouse gas emissions to roughly 

2
e/yr by 2050:

 

1. 

dramatically reduce per capita energy demand.

2. 

3. 

wind and solar.

4. 

not feasible. 

The state will need aggressive policies, both near term and sustained over time, to 
 While innovation can 

The most robust, and thus most desirable, electricity system will not rely exclusively 
on a single generation technology. We cannot predict with certainty the rate of 

technology or cost evolution of various approaches to generate low-carbon electricity. 

Moreover, each approach offsets the drawbacks of the others, and increases resiliency. 

It is imperative to pursue a suite of generation technologies, to keep options open as 

well as obtain the desired reliability in the full energy generation system: 

 Nuclear power provides reliable baseload power with very low 

emissions and can offset variability issues incurred by renewables, 

but faces obstacles with current public policy and public opinion. 

By law, new nuclear power in California is currently predicated on 

a solution for nuclear waste. Present electricity costs are expected 

in Japan, which led to a number of reactor explosions and radioactivity 

releases, will force a re-evaluation of nuclear power safety. 

 California has ample in-state renewable resources that can provide 

emission-free power and protect us from international energy politics 

that might affect fossil or nuclear power, but a high proportion of 

California can achieve emissions roughly 60% below 1990 levels with technology 
we largely know about today if such technology is rapidly deployed at rates that are 

aggressive but feasible. 
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becomes available. 

 

an existing electricity pathway to provide a transition to the future, 

but relies on the large-scale development of a system of underground 

2
 storage. 

accommodate ramping, ensure grid reliability, and address resource intermittency. 

Currently, this is mostly accomplished through the dispatch of natural gas turbines to 

respond to rapid changes in supply or demand for electricity. Load balancing with 

If electric generation is predominantly 

result in greenhouse gas emissions that would alone exceed the 2050 target for the 
entire economy.  Thus, development of a high percentage of intermittent resources 

avoid these emissions and maintain system reliability.

with a combination of energy storage devices and smart-grid technology.

heat, some stationary uses and some load balancing.   In 2050, even after aggressive 

and gaseous fuel as we use today.   Current mean supply estimates of available, 

sustainable biofuels in 2050 are about 13 bgge/yr, or about half of the projected 

needed to produce electricity for load balancing.  

of the estimated residual fuel demand in 2050 is still supplied by fossil fuel, the 
resulting emissions alone will exceed the 2050 target.

1  

The energy used to charge storage devices may incur emissions, but the storage device itself should have none if it 

2 Hydrogen may be a viable substitute for some of these end uses; see discussions later in this report.

3  Exclusive of gas used for load balancing 

4

We could further reduce 2050 greenhouse gas emissions to 80% below 1990 levels 

emissions from fuels. All of these solutions would require intensive and sustained 
investment in new technologies plus innovation to bridge from the laboratory to 

reliable operating systems in relatively short timeframes.
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Key Findings and Messages

The supply of renewable biomass, decisions regarding its use, and possibilities to 
import biofuels into the state will have a large impact on additional GHG reductions 
from fuels.

or biofuel becomes an energy commodity, ancillary impacts on food, water and 

There are many additional technologies that reduce emissions from fuels.  In 
combination these could achieve the required additional emission cuts from 
60% to 80% below 1990. Many require multiple simultaneous strategies, some 
are industrially complex and costly and  some are actually offsets, but all of them 
require research and innovation.

CCS is likely to be an important part of several possible schemes to provide hydrogen, 

low-carbon fuels or offsets that allow continued fossil fuel use.  For California, the 
utility of CCS in achieving a low carbon fuel portfolio could be as important as the 
the utility of CCS for electricity production per se. 

Possible breakthrough technologies such as carbon neutral fuel from sunlight 

or advances in nuclear power could be game changers. These would allow us to 
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Methodology
To arrive at these conclusions, the committee took a two step approach. First, we conducted a “stress 

these “stress tests,” following considerable analysis, is “no single approach can solve the problem.” 

Secondly, the committee systematically examined various combinations of energy processes and

available today, i.e., either deployed or at least demonstrated at scale. These system combinations 

are referred to as “energy system portraits.”

Assuming that California’s population and economy grow as expected, we addressed four key 

Table 1.

1.   How much can we control de-

in buildings, transportation and 

industry by 2050?

This measure will decrease the need for electricity and 

transportation and industry.

2.   How much can we electrify (or 

convert to hydrogen fuel) for 

transportation and heat by 2050?

This measure will increase the demand for electricity (or 

hydrogen fuel produced with little or no emissions), but 

decrease the need for fuels that cause emissions.

3.  
electricity to meet the resulting 

electricity demand and satisfy the 

need for load balancing with what 

remaining emissions?

We examine nuclear power, fossil fuel (both coal and 

natural gas) with carbon capture and storage (CCS) and 

renewable energy. We look at two ways to avoid the use 

of natural gas for load balancing:  electricity storage and 

4.  
fuel (hydrocarbons or hydrogen) to 

meet the remaining demand and 

with what remaining emissions?

We examine the future of biomass to either make 

biofuels, or to produce electricity with CCS and 

therefore create offsets that allow continued use of fossil 

fuels, and examine the use of hydrogen produced with 

methane and CCS or other emerging technologies.
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proof” – to see if we could identify energy systems that will meet our needs, including economic and 

population growth –while attempting not to violate very aggressive emission standards or demanding 

very large, obvious increases in cost.  

for energy can be illustrated in Figure 2a-e.  The width of the box represents the demand for energy 

energy system (a). We are reducing the 2050 BAU (business-as-usual) footprint into a smaller 2050 

target footprint. We decrease the width of the box from both sides (b) by using less energy to do 

where it makes sense energetically

sources (“low-carb” energy).

5 For example, boiling water with fuel to make steam, which is then used to make electricity, which is then used to 

homes, however, does make sense.
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Figure 2. Schematic illustrating strategies for meeting our energy needs while eliminating 

emissions.
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The California’s Energy Future Spreadsheet 

The CEF spreadsheet insures that our portraits of the 2050 energy system have:

1. 

2. Matched each of these demands with a source of energy (e.g., sunlight, coal, etc.) and the 

carrier for that energy (e.g., electricity, or various fuels).

3. 

4. 

The user can also modify the technology used for load balancing and the spreadsheet will modify 

energy demands associated with this choice.  In some cases, the choice of energy supply technology 

consumes some energy) and this calculation is also included. Resource limitations, such as the total 

Figure 1 illustrates the way the spreadsheet calculates the set of energy end-use demands separated 

to calculate the total emissions.

and group them for plotting in various ways. The adjustable input parameters that determine each 

While portraits describe the energy system for a single year (2050), the spreadsheet also makes some 

simple calculations concerning the build-out of various technologies from 2005 to 2050, using input 

parameters from selected portraits.

The spreadsheet tool offers the opportunity to explore the effects of different assumptions and policies 

on the outcomes for 2050.  For example, the CEF study only used one value of population growth 

and economic growth.  It would be useful to know how given choices would be affected by a range 

in these values. As well, we have made assumptions about the amount of available biomass and the 

carbon intensity of various technologies.  These will surely be updated over time and the effect of 

new information can be calculated.  Most importantly, various advocates present one idea or another 

as important for our energy future.  The CEF spreadsheet is a tool that can be used to see just how 

important each of these ideas actually is.

choosing a single median value for population and economic growth. There are other choices where 

data is limited so we selected a median estimate from a very wide range of possibilities. The value 

of the observations and conclusions below are as good as the estimates we have made, but the tools 

and methodology we have produced are robust and can be used to examine different assumptions 

or incorporate new data as this becomes available.  These tools and study methodology should be 

considered a major contribution of the CEF project.
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Calculation of emissions associated with the energy supply technologies needed to meet the end-use demands.
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Table 2. Technology readiness bins.

-

onstrated (almost entirely bins 1 and 2). Deployment of this technology was able to reduce emissions 

committee members thought implementation of this technology would in fact happen by 2050. 

draw on technology that was not currently available at scale (bins 3 and 4). Thus our assessments in-

dicate where energy innovation will be needed to create energy systems that meet our needs without 

exceeding 2050 emission limitations.  

We assumed that scaling up energy technology in California would be performed in the context of 

scaling up the same technologies throughout the world.  Thus California can only command its share 

with these sources of energy are counted in our inventory.  We do not allow “leakage” of emissions.  

We did not perform our own economic projection analysis, as such an analysis was beyond the scope 

some of which show that prices estimated for 2050 (A study by E3 on California,  a European 2050 

study,  and The National Academy of Sciences’ America’s Energy Future study.

differentiator of the major supply technologies. As well, escalating world-wide demand for fossil fuels 

might make low carbon energy relatively less expensive. We attempted to rule out choices that were 

clearly too expensive to consider based on economic information in other studies, and we asked our 

investigators to provide information on why prices might go down from where they are today (e.g., 

economies of scale) or why they might go up (e.g., resource limitations).  We remain concerned 

economic issues deserve further study.  The technology analysis presented in this study provides strong 

whether technology alone could solve the problem. At the end, we evaluated behavioral change as an 

added factor in reducing energy demand and making the problem easier to solve. 

Finally, we evaluated how California’s research institutions are contributing to the development of 

energy technology in Bins 3 and 4 and thus could contribute to new energy systems -- for California 

and for the world as well.

6

Novembver 2009: http://www.ethree.com/documents/2050revised.pdf,
7 http://www.roadmap2050.eu/.
8 National Academies Press, America’s Energy Future: Technology and Transformation: Summary Edition 2009: http://

www.nap.edu/catalog.php?record_id=12710.

Technology Bin Description

Bin 1 Deployed and available at scale now

Bin 2 Demonstrated, but not available at scale or not economical now

Bin 3 In development, not yet available

Bin 4 Research concepts
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Stress Tests

enough emissions-free biomass to fuel our entire economy?  

the impacts and obstacles are so large, the concept does not appear rational”: 

-

plementation is likely prohibitively expensive; in other sectors they are thermodynamically 

impossible.

Solving the whole electricity problem with renewable energy creates extremely large problems 

2

Nuclear power has perhaps the best technical chance to meet all our electricity needs, but the 

nuclear waste and safety.

The stress test indicates that even highly optimistic single solutions are most likely untenable and this 
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Having determined that there are no simple solutions, the CEF committee searched for solutions that 

involved many components.

-

to provide the desired end use service to using electricity-powered systems. For instance, replacing 

gasoline-powered cars to plug-in hybrid or all-electric vehicles.

 

Projected advances in 2050 are largely limited by turnover rates.  We assumed aggressive turnover 

rates that are nonetheless within the range of historical precedents. These measures include:

All new buildings built to new energy standards starting in 2015. These standards result in 

Seventy percent of building space and water heating shifts from natural gas to using electricity.

miles in the average gives 87 mpgge9

mpgge.

either currently commercial or in demonstration.  Technologies in demonstration or development 

9

Energy System Component Analysis
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Table 3. Projected energy demands in 2050.  (Note that 1 gge of gaseous fuel is 1.15 Therms)

* See Appendix A for explanation of energy units. 

** Some portfolios include additional gas for electricity generation (load balancing and/or CCS).

The resulting demands, compared to 2005 and BAU estimates, are given in Table 3.  These demands 

2
e/yr to comply with the 2050 

target.

The net effect is that electricity demand nearly doubles from 270 TWh/yr today to 510 TWh/yr in 

2050 at the same time emissions from electricity must be largely eliminated.

of the fuel we use today.

If hydrogen were readily available, its use as a fuel would decrease the need for gaseous fuels by 

cost.

buildings range from $40,000 to $100,000 per building. 

For industry, the ACEEE

this would translate to $1.5-2.2 billion per year, assuming the state maintains a constant share of 

10 Walker I (2009), Personal communication, Lawrence Berkeley National Laboratory.

11

Energy Carrier *

2005 BAU 2050 2050 

only

2050 2050 

and Hydrogen

Electricity (TWh/yr) 270 470 330 510 460

12 24 13 9 6

24 44 22 16 12
Hydrogen (bgge/yr = 

TgH
2
/yr)

8
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Estimates are that advanced light-duty vehicles such as PHEVs and FCVs could become cost-

competitive with conventional gasoline vehicles on a life-cycle basis as the price for conventional 

down the vehicle costs.  Transitions to Alternative Transportation Technologies – Plug-in Hybrid 

Electric Vehicles.  An important challenge for adoption of these vehicles is that consumers are 

sensitive to initial cost and tend to discount future savings on fuel expenditures when considering 

vehicle purchases.

with carbon capture and storage (CCS), and renewable energy.  The stress test analysis  indicated 

that, although we could not expect to solve the whole energy problem with any given electricity 

generation technology, we could theoretically meet the 2050 electricity demand given in the above 

table with any of the three sources of electricity (nuclear, fossil with CCS, or renewables).  Further, 

our existing hydropower resources.  Therefore nuclear power or fossil with CCS would be asked to 

  

12 Committee on Alternatives and Strategies for Future Hydrogen Production and Use, National Research Council, 

National Academies Press, 2004. (http://www.nap.edu/catalog.php?record_id=10922#toc)

13 Committee on Assessment of Resource Needs for Fuel Cell and Hydrogen Technologies, National Research Council. 

Transitions to Alternative Transportation Technologies – Plug-in Hybrid Electric Vehicles. National Academies Press, 

2010. (http://www.nap.edu/catalog.php?record_id=12826#toc)

14

2050 demand.

UC Santa Barbara, UC Davis, and Lawrence Berkeley National Laboratory (LBNL) conduct 

These capabilities can help California companies become leaders in these areas.

Fuels cells can be used in both vehicles and buildings, and California has major hydrogen 

capabilities at UC Davis, UC Irvine, Sandia National Laboratory - California, Lawrence 

Livermore National Laboratory, and elsewhere. The “father” of the plug-in hybrid electric 

vehicle is at UC Davis.
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1. What are the emissions associated with meeting the increased demand for electricity in 2050 

with either nuclear power, fossil with CCS, or renewables? 

2. 

3. What are the ancillary impacts?

2

2 2

3 or 4 technology which may not be available by 2050.

through coal with CCS would produce about one third of the allowed 2050 emissions, leaving 

Nuclear Power

1. Either licensing a national nuclear waste repository or changing the California law which 

2. Building about one new plant per year starting in about 2020; 

3.  reactors;

4. Reducing costs, which are currently high (if the nuclear industry were reinvigorated, costs 

might be reduced to about $60-80/MWh.);

5. 

with costs exceeding $10 billion; and

6. Reassessing the safety of nuclear power, especially given the recent events in Japan.

We would have to build approximately one new power plant a year from 2020 to 2050 in order 

construction cost reductions observed in Japan, Korea, and China also occur in the U.S.  

The potential ancillary impacts of expanding the use of nuclear power in California include pub-

lic opinion and nuclear waste. The waste issue is currently being examined by a Presidential Blue 

Ribbon Commission that is likely to recommend changes to the Nuclear Waste Policy Act. The 

issue of nuclear waste disposal remains unresolved, but is deemed technically solvable, as it has 

been solved in Sweden and Finland.  New nuclear power is currently banned in California until 

a geologic disposal facility for nuclear wastes is licensed by the federal government. Proliferation 

15 This assumption is consistent with estimates used in the Intergovernmental Panel on Climate Change Special 

Report on Carbon Dioxide Capture and Storage (2005), http://www.ipcc.ch/pdf/special-reports/srccs/srccs_

summaryforpolicymakers.pdf, and the National Academies Summit on America’s Energy Future (2008), http://www.

16

17 “Nuclear Power in Sweden.” Feb. 2011. World Nuclear Association. 3 May 2011. (http://www.world-nuclear.org/

info/inf42.html)
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concerns are not an issue for expanding nuclear power in California, but would be an issue for the 

federal government if the whole world expands nuclear power.

Water for cooling nuclear reactors can be a sustainability concern. However, progress in the use 

of waste water, sea water, and air-cooled systems can reduce freshwater impacts. Air cooling is an 

feasible, as demonstrated with the State’s two existing sites.  However, additional concerns about 

available through 2050 and beyond, and fuel reprocessing technologies exist in the event uranium 

fuel supplies were to run short.  

Power Station has resulted in the worst nuclear accident since the Chernobyl reactor disaster a 

containment, and has resulted in radiation leakage and loss of life. It is too early to completely 

understand the full impact and importance of this accident, as events are still unfolding. We will 

need to evaluate exactly what happened and why, and interpret these events in a variety of relevant 

contexts to determine what it is we should learn from them.  However, what is clear even now is that 

this event will have a major impact on the way we think about nuclear power and will be a factor in 

considering the future of nuclear power in California.  

Fossil with Carbon Capture and Storage (CCS)

2
 emissions.  

demonstration phase (bin 2).  

Natural gas with CCS is a better choice than coal with CCS from an emissions standpoint (e.g. fewer 

2 
molecules overall to capture and store), but natural gas availability and costs are volatile.  It is 

electricity produced this way and thus have to count the emissions.  As a result, any imported 

electricity from coal would have to be produced with CCS.  Environmental issues with gas and coal 

mining and issues with water used for hydrofracking  tight gas reservoirs in the production process.

Based on assessments from the U.S. Department of Energy and others, it is estimated that California 

2

18 Planning for cooling without using water is likely to be the norm. Recently, the State Water Resources Control Board 

nuclear plants are in excess of $2 billion each, casting doubt on those plants’ continued operations.  

19

Energy Agency (NEA) and the International Atomic Energy Agency (IAEA)

20 Hydraulic fracturing (hydrofracking) is a process of fracturing rock in reservoir rock formations in order to increase 

the rate and recovery of oil and natural gas.



California’s Energy Future - The View to 2050

20

reservoirs in California, perhaps enough to last through the 21st century

their safety and suitability for CCS.  

The capacity factor

2

2
 capture research 

2

The build rate would be similar to nuclear power, about one plant per year (China builds one 

per mile for electricity transmission.  

Renewable Electricity 

California has a wide variety of renewable resources – wind, solar, biomass, geothermal, hydro, and 

marine energy offshore.  As estimated in several California Energy Commission studies, the total 

2050 and beyond.  

Because renewable resources (particularly wind and solar) tend to have a lower capacity factor than 

other generation resources, much more renewable generation capacity would need to be built than 

energy generation would need to increase by an order of magnitude,

geothermal power and the assumption that California’s large hydro resources remain in operation.  

Most of the renewable generation technology is commercially available and much innovation is 

underway to improve performance or decrease generation cost.  Most renewables will become 

2
 of about $30/t.  In some recent power purchase agreements, larger 

solar photovoltaic (PV) facilities were priced at or below the price of new natural gas facilities 

(thanks to Federal and State tax incentives), enabling them to compete with grid power. Wind energy 

in areas of good wind resource can be cost-competitive given this same favorable tax treatment, 

and conventional geothermal and hydropower resources are already among some of the lowest-cost 

resources in California.   

21

System-Based Matching. California Energy Commission, PIER Energy-Related Environmental Research Program. 

CEC-500-2007-053.

22 The net capacity factor of a power plant is ratio of the actual output of a power plant over a period of time and its 

output if it had operated at full nameplate capacity the entire time.
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However, most renewable energy resources must be located near the resource rather than near the 

for transmission. Another key issue for renewable electricity is that only hydropower and biomass 

are “dispatchable” (e.g. they can be adjusted to meet available load).  The other types of renew-

able generation are either baseload (marine and geothermal) or intermittent and variable (wind and 

for reliable grid operations).  

Harvesting of energy from the natural environment at such a scale will have obvious land use impacts.  

land areas, with the rest available for other activities (e.g., ranching); distributed (rooftop) PV does 

not displace new land; and virtually all California biomass is assumed to come from municipal, 

agricultural and forest waste streams, and marginal lands not currently in agricultural production.  

California.

adverse impacts on birds and other avian species, turbine noise effects on nearby communities, and 

downstream impacts on local weather and climate.  For solar thermal systems (concentrating solar 

or diversions are not employed.  

Load Balancing

generation mix, certain assets are operated in “baseload” mode, i.e. at a constant power output over 

the expected, predictable daytime increase in electricity demand associated with air conditioning 

use.  Finally, additional resources are operated in “peaking” mode to close the residual gap between 

what baseload and intermediate assets are scheduled to provide, and the actual demand for electricity 

at any given time.  If such “peaking” resources are not available or too expensive, imports of excess 

power from nearby regions can be used.  Emerging technology approaches, such as energy storage 

operations and planning.  Finally, if no other resources are available to meet demand, electric loads 

are curtailed either voluntarily as part of a utility-offered rate program, or, as an absolute last resort, 

involuntarily through rotating “blackouts” (loss of service).  

In each portrait considered here, we must make the assumption that “the lights stay on”, i.e. the supply 
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and demand are balanced at every point.  We use the term “load balancing” to include all aspects of 

to estimate.  To do so, we would need to match the output shapes of the various resources (nuclear, 

fossil with CCS, renewables) with the expected demand curves of consumers in 2050 after all of 

estimate of additional generation resources needed for load balancing. This is a very large chain of 

poorly understood factors. 

(and incorporate all of the uncertainty that would entail), we chose instead here to look at two 

as energy storage, or smart grid-connected controllable loads.  For renewables, this would include 

ramping and storage to counter the variability in wind and solar resource availability due to wind 

gusts, clouds, storms, etc.  For nuclear or fossil with CCS, this would include load-following dispatch 

of additional resources to meet peak demand that the baseload nuclear or fossil units could not or 

would not meet alone.

energy and a wide range of estimates in the literature. However, we are beginning to see the 

grid now faces instability because of very rapid growth of intermittent solar power as a result of laws 

 

half this power in 2050 to maintain system reliability.  This estimate does not have a strong basis 

however and the topic is worthy of further study. 

emissions from the three possible sources of electricity have mostly to do with assumptions about 

load balancing. Figure 3 shows the total energy system emissions for the major ways of generating 

2
 

23 

24

emission reductions for electricity by using biomass for load balancing simply result in higher emissions for 

transportation.
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natural gas or even coal plus CCS has fewer emissions than renewables. 

portfolio would have about the same emissions as nuclear power. No electricity portfolio does better 

than nuclear power from an emissions standpoint, but renewable energy can have as few emissions 

load power available through either nuclear or fossil with CCS.

Figure 3.  

renewable energy (i.e. the difference between the light and dark bars for the renewable case) alone almost 

exceed the target emissions.
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hydro, compressed air energy storage (CAES),

kWh and commercial batteries being from 4 to 10 times that value.  Pumped hydro and CAES are more 

in demonstration (Na/S, advanced Pb/Acid, Ni/Cd, Li ion as found in electric vehicles) and more 

are under development. It remains a concern that few or none of these energy storage technologies 

hydrogen production could do this as well, although there are economic penalties associated with 

part-load operation of these plants.

Although some demand-side management is currently in place for commercial scale critical peak 

demand response, the technology for widespread residential time-of-use demand side management 

is only in development.  System management technology is not yet available that would allow us 

to shift the business model from one in which the consumer buys and the utility supplies, to one in 

which the consumer is more in control of how much electricity is used, where it comes from and 

possible, so that the load can be balanced over a larger group. Smart-grid pilot studies and projects 

currently ongoing in California and nationally will improve our understanding of the potential for 

-- and barriers to -- use of smart grid-connected demand response as a load balancing approach.

shift in the electricity delivery system to having the load adjust to the supply, rather than vice versa. If 

-

Alternatively, if the smart grid allows successful emission–free load balancing this would transform 

the consumer to make more decisions about when to use power and from whom to buy the power.  

balancing or a loss of energy reliability.

 

25

proposed (bin 3), and it is possible to use biomass-based natural gas or even hydrogen to provide the fuel.

26
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 Therefore 

and thus the only possible way to eliminate emissions from this fuel use is to use low-carbon fuels.  

We can meet this demand partly from biofuels made from biomass, with some associated emissions.  

associated emissions.  This creates negative emissions which could then be used to offset some 

continued use of fossil fuels.

State resources alone could provide between 3 and 10 bgge/yr of biofuels from waste products, 

crop residues, and marginal lands not usable for agriculture. These sources are chosen because they 

would have minimal impact.  It is possible that our “fair share” of likely world-wide production 

could make up the difference between the state’s needs and in-state supplies. As this is uncertain, we 

chose a median estimate of 7.5 bgge/yr in-state production, of which 2.0 bgge/yr would be burned 

directly as biomass for electricity, and 5.5 bgge/yr would be available for fuel production. A similar 

amount of 7.5 bgge/yr as California’s “fair share” of imported biofuel was included, for a total of 13 

might be available to California could be much smaller or much larger.

Currently, biofuel is produced from food crops such as corn, sugarcane and soybean with about 

fuel standard (RFS2) has set caps on the production of corn ethanol and conventional biodiesel, 

thus bin 2 and bin 3 technologies such as cellulosic ethanol, renewable diesel and production of 

technology) does.  These renewable gasoline and diesel replacement fuels can be made by several 

routes from biomass.  

In addition, some biomass and wastewater will likely be used to produce methane through anaerobic 

fermentation followed by clean-up to prevent the release of nitrous oxide or sulfur compounds 

during combustion.  

production should be weighed to determine the best use of the biomass.

this depends on how much low-carbon biofuel is sustainably available to displace fossil fuel use. 

Thus the amount of biomass supply, either in-state or in the form of sustainable imported fuel, is 

below fossil fuel (see Figure 4).  Thus the ability of biofuels to solve the problem of emissions from 

development stage. 

27
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Figure 4. Total greenhouse gas emissions vs. increasing biomass supply curves for constant 

levels of carbon intensity in fuel.  

Mgge/yr capacity at a cost of $300-$500 million for a total investment of about $33 to $55 billion 

over 40 years.  

to low-impact biomass sources. Seventy percent of the biomass in our estimates is from waste, with 

precluding the use of land in current agricultural production.  We look to newly-emerging energy 

crops that could tolerate arid conditions and poor soils, such as agaves and salt-tolerant grasses and 

trees, to avoid possible impacts on current agricultural or silvicultural land use.  

Worldwide, we will not only need about twice as much energy by 2050, but in this same time period 

we are expected to need twice as much food we produce now. Thus, care will have to be taken to 

insure that we account for unwanted impacts resulting from importing biofuel and international 

scale-up of this technology.  Efforts to increase the biomass supply to meet the emissions targets 

must be approached carefully with attention to all life-cycle issues and in accordance with emerging 
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Fuel Supply Research

The Energy Biosciences Institute (lead by UC Berkeley and LBNL in partnership with BP 

and the University of Illinois), the Joint BioEnergy Institute, and UC Davis’ partnership with 

Chevron on fuels from biomass all illustrate how deep California’s strengths are in biofuels 

technology and the development of new energy crops to increase sustainable biomass 

to industry.  UC Merced works to produce county-level maps of lands availability for biofuels 

production and algae biofuels.  

standpoint than using biomass for biofuels. However, siting could be a challenge. Biomass has a 

relatively low energy density and high moisture content, making it expensive to transport.  Thus, 

the utility of this approach may be limited by the proximity of the biomass to potential electric 

2

Hydrogen

were freely available.   To meet this demand we examined various sources for hydrogen. Hydrogen 

2 2
 as well.  

Hydrogen can be made by reforming natural gas or gasifying coal and using CCS to take care of the 

emissions produced in the process, or by electrolysis using low-carbon electricity. The latter option, 

28
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cells of the table indicate the technology invoked in our 2050 energy system portraits (mostly bins 1 

power appears to be the most technically certain way of providing reliable baseload electricity if 

issues with cost, safety and waste can be dealt with. Fossil with CCS remains the most technically 

challenging way of producing baseload.  A renewable energy portfolio made of mostly intermittent 

while meeting our energy needs. 

Table 4A. Summary of technology readiness for nuclear and CCS.  The technologies in the highlighted rows 

were invoked to develop a feasible energy system portrait for 2050.

Bin Nuclear Technology Coal or Natural Gas CO2 Capture CO2 Storage

1

reactors natural gas combined cycle, ultra-supercritical 

Injection into oil/

gas reservoirs

2 Small modular 

reactors (LWR)
2
 capture technologies with 

systems with CCS, amine solvent separation

injection

3

(including small 

modular Na-cooled 

reactors)

2
 capture technologies of all kinds, 

metal-organic framework separations, membrane 

separation

Coal bed 

injection

4 None None Shale injection
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Table 4B. Summary of technology readiness for renewable energy supply.  The technologies in the highlighted 

rows were invoked to develop a feasible energy system portrait for 2050.

Bin Wind
Concentrated 
Solar Power 
(CSP)

Solar 
Photovoltaic 
(PV)

Geothermal Hydro and 
Ocean

Biomass

1

shallow 

offshore tur-

bines

Parabolic 

trough, central 

receiver

Silicon PV, 

Concentrating 

PV

Conventional 

geothermal

Conventional 

hydro

Coal/biomass 

biomass

2 Dish Stirling Biomass 

3 Floating 

(deepwater) 

offshore tur-

bines

”Third 

generation” PV 

Wave, tidal 

and river tur-

bines

4 High-altitude 

wind

Enhanced 

geothermal 

Table 4C. Summary of technology readiness for supply-demand balancing technologies.  The technologies in 

the highlighted rows were invoked to develop a feasible energy system portrait for 2050.

Bin Natural Gas Storage
Demand Side 
Management

1 Combustion 

turbine

Pumped hydro Commercial-scale critical 

peak demand response

2 “First generation” compressed air energy 

storage (CAES), battery technologies (Na/S, 

advanced Pb/Acid, Ni/Cd, Li ion as found in 

electric vehicles)

Commercial time-of-use 

demand-side management

3 Combustion 

with CCS in load 

following mode

Battery technologies (some advanced Pb/ Residential time-of-use 

demand-side management
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Table 4D. Fuel technology readiness.  The technologies in the highlighted rows were invoked to develop a 

feasible energy system portrait for 2050.

Bin Biofuel Technology Hydrogen

1 Ethanol from sugar and starch (e.g., corn, sugar cane, 

sugar beet, wheat)

Biodiesel from oil crops (e.g., FAME=Fatty Acid Methyl 

Ester)

Natural gas reforming, H
2
 

electrolysis, H
2
 pipeline network

2 Cellulosic ethanol

Fischer-Tropsch diesel 

Hydrogen-treated biomass

Improved lignocellulosic and oil-crop feedstocks 

(Miscanthus, Jatropha, etc.)

2
 capture for H

2
 

2
 storage in 

3 Advanced biofuels (sugar to hydrocarbons)

Algal biodiesel

4 Fuel from sunlight

Table 5.

**Includes geothermal and hydropower not included in this table

Strategy Assumed Plant Size
Total Plant Capacity 

Needed in 2050
Build Rate 2011-2050

(Plants/Year)

Nuclear 0.73

Fossil/CCS 0.90

Renewables Mix total

- Wind 500 MW 3.0

- Central Solar (CSP 

and PV)
500 MW 3.3

- Distributed Solar 

PV
5 kW 110,000

Biomass/CCS 500 MW 0.77

CA Biofuels 50 Mgge/yr 5.5 bgge/yr 2.8

Hydrogen 8.0 bgge/yr

Reforming
0.5 Mgge/yr 0.8 bgge/yr 40

- Central Plant 440 Mgge/yr 7.2 bgge/yr 0.41
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We assembled the energy system components into a series of energy system portraits that met our 

demand for energy and lowered emissions by a feasible amount .  In each case we tracked the total 

power, CCS and renewable energy, assumes that we have solved about half the load balancing 

problem without emissions and the other half is done with natural gas, and assumes we can meet 

2

Figure 5 shows emission reductions associated with the four major strategies.  The left side of the 

chart shows 1990 emissions (targeted by AB32 in 2020), 2005 emissions, and the projected BAU 

2
e/yr.  The vast majority of these emissions come from residual 

a series of energy portraits that each use only one of the four key approaches to reducing future 

However, no single measure can reach the emission limits.  Neither can any two measures, any 

three measures, or even all four.  The lowest 2050 emissions would be obtained by using all four 

29 The determination of what is “feasible” was based on a combination of historical precedent and judgments about 

The 2050 Energy System Portraits
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Another way to think about this four-strategy portrait is illustrated in the diagram shown in Figure 6.  

reduce the carbon content of the energy we use (yellow and green arrows). The carbon emitted 

per unit energy can be reduced much further for electricity than for fuels, mainly because biomass 

Figure 5.

(BAU) emissions are shown on the left, the next group of bars shows emissions from deploying only one key 

strategy, then any two, any three and all four. Emissions from carbon fuels and electricity are depicted with 

different colored bars. Note that fuel use (green) accounts for the vast majority of emissions in almost every 

case. 



The 2050 Energy System Portraits

33

Figure 6.
of the box outlined in purple represents BAU emissions, while the smaller area of the darker colored boxes 

(including retirements of older units) and 1 fossil plant with CCS every 2.5 years. These are likely to 

these build rates. 
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What does getting to 60% below 1990 levels look like?

2
/yr

Approximately double today’s electricity use

Low-carbon electricity: 522 TWh/yr

Low-carbon fuels for transportation, heat and electricity load balancing

11.7 bgge/yr gaseous fuel (not including 10.0 bgge/yr for natural gas 

with CCS)

Biomass supply that can be burned directly or made into fuel: 94 mdt/yr, 

to 2.0 bgge/yr), and an additional 7.5 bgge/yr imported biofuel. Total biofuels: 
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Figure 7.
of the 2050 target.  Note that remaining fossil fuel use is primarily for heavy duty transportation and heat. The 

contributions. The area surrounded by purple indicates median portrait emissions, while the area of the red 

box represents 2050 target emissions.

Getting to the 80% Target (and Beyond)

1990 level.  In order to concentrate on the remaining problem of emissions from fuels, we assumed 

fossil with CCS and renewables and we assumed that half the load balancing was accomplished 

is likely to exceed the emission target if load balancing is accomplished with natural gas.  So, the 

methods of producing electricity, and to allow us to explore the fuel problem.  As shown in Figure 

footprint of the 2050 goal.  Nearly all these emissions are coming from remaining fossil fuel use for 

transportation and heat.



California’s Energy Future - The View to 2050

36

To illustrate how we might go beyond the median case, we looked at a few possible strategies. These 

they illustrate some possible pathways with combinations of technologies that are more or less 

available:

1.  
2. Eliminate fossil fuels with CCS from the electricity mix.

6. Burn all domestic biomass supplies with natural gas and use CCS to make electricity with 

electricity demand. Imported biofuels would still be used.

7. The hydrogen case: reform hydrogen fuel from natural gas with CCS and use it to reduce fuel 

and electricity use.

8. Increase the supply of sustainable biomass twofold, and use it to make low-carbon biofuels, 

strategies follow.

30

be the only way to make low-carbon hydrogen.

Figure 8
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1. 
2
 removal would likely be through the use of fuel cells for 

2 

2
/yr and likely involves a substantial cost or power penalty and additional fundamental 

2 
capture research. 

2. 
2
/

emissions from the production of natural gas. However, the use of fossil fuels with CCS for 

electricity would likely be very useful, provided CCS were successfully developed on a large 

3. 
2
e/yr compared 

with the median scenario. It might be accomplished with advanced batteries or smart grid 

solutions, load-following fossil generation with CCS, hydrogen generation with off-peak or 

renewable electricity, or carbon-neutral fuels from sunlight. However, all of these strategies 

4. 
2
e/yr, but as already 

discussed above in Figure 4, the amount of biomass supply has a larger effect on statewide 

5. Behavioral change including smaller houses and cars, less miles traveled, more use of public 

transportation, smaller industry footprints, etc., might reduce demand and lower emissions 

2

the household sector.

6. 
2
e/

2
 can be captured 

during biomass combustion for electricity than is saved by using biomass-derived fuels in 

place of fossil fuels. It is an interesting option  that deserves further examination.

7. Producing 8 bgge/yr of hydrogen and using it to run parts of the California economy would 

2
e/yr. However, it is challenging both from an infrastructure as well 

as a technology perspective, particularly for mobile uses that will consume the majority of 

the hydrogen in the portrait, because low-cost, high-density on-board hydrogen storage is not 

yet technically feasible, and fuel cell technology, while progressing, is still very expensive.

8. Doubling biofuel supply (by 188 mdt/yr or 15 bgge/yr, presumably through imports), 

2
/yr. This solution 

seems technically possible, but the impacts on food, water and mineral nutrients must be 

considered. 

illustrated. These are: burn domestic biomass (with CCS) for electricity rather than making biofuels; 

31

emissions.” Sept. 2009. Proceedings of the National Academy of Sciences. 11 May 2011. (http://www.pnas.org/

content/106/44/18452)
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As well, combining the same amount of domestic biomass as in the other portraits (94 mdt/yr) with 

appears worthy of further examination.

2

similar to those encountered for biomass or fossil fuel electricity with CCS; the process for making 

fuels from syngas, known as Fischer-Tropsch, is well understood. It was not possible to estimate the 

It is clear that the availability of sustainable biomass is an important factor in reaching the State’s 

bioenergy, and proximity to meet end-use needs should be carefully considered to make the best use 

of available biomass. Reducing the carbon footprint of using biomass for energy is also important. 

Care must be taken to ensure that implementation and expansion of biomass for energy does not 

result in unwanted social, economic, or environmental impacts.  It is possible to conceive of biomass 

derived energy without disastrous impacts on food supply if the biomass for energy production is 

limited to marginal lands, wastes and off-season cover crops, but this is not something to take 

for granted.  Additional study of the sustainable biomass potential for energy use in California, in 

the context of bioenergy potential in the U.S. and globally, will be needed to thoroughly assess 

our options.  Having alternatives to biomass for low-carbon fuel is an important hedge against the 

probability that there will not be enough biomass to provide all the fuel we would like. Carbon 

capture and storage (CCS) is likely to play a role in at least some of these alternative strategies for 

low-carbon fuel.

32

Tropsch Fuels and Electricity from Coal and Biomass: Performance and Cost Analysis. Energy Fuels, Article ASAP 

doi: 10.1021/ef101184e.
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Figure 9.
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Breakthrough Technology?

Breakthrough technologies -- game changers -- will undoubtedly surprise us in the next decades.  

These could allow us to produce fuel without emissions or provide very inexpensive carbon-free 

production from electricity. These technologies are unlikely to be fully deployed by 2050, although 

the next century. 

Energy technology for 2050 will come from around the world, but just within California institutions 

there is ongoing research on important breakthrough energy technologies with the potential for 

offering game-changing solutions to the energy problem. Most funding for this research comes from 

the Federal government and deserves support from the California delegation.  The California Energy 

Commission funds critical research through the Public Interest Energy Research program for work 

should expect our State to lead in energy technology as well.

hub on this topic. The goal of JCAP is to develop an integrated solar energy-to-chemical 

fuel conversion system and move this system from the bench-top discovery phase to a 

light absorbers, catalysts, molecular linkers, and separation membranes. JCAP will then 

integrate those components into an operational solar fuel system and develop scale-up 

strategies to move from the laboratory toward commercial viability. The objective is to drive 

applied research and technology development, thereby setting the stage for the creation of 

a direct solar fuels industry.
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Laser Fusion Energy a Potential Game Changer

California is the world leader in laser fusion energy—a potential game changer for supplying 

$5 billion has been invested in the National Ignition Facility (NIF) and its associated research 

and development programs, which are poised to demonstrate ignition and energy gain 

(producing more energy than the amount of energy used) in the laboratory by the end of 

2012. When harnessed for electricity production, a Laser Inertial Fusion Energy (LIFE) power 

plant would be capable of supplying between 500 and 1500 MW net electricity to the 

grid, at very high energy density (> 1000 MWe/km2). LIFE power production would meet 

include the absence of any long-lived radioactive waste (obviating the need for geological 

repositories) and the inherently safe mode of operation (since there is no stored energy in 

the fusion system). It is also important to note that the high-‐temperature operation of a LIFE 

power plant will allow for co-generation of synthetic fuels, the production of hydrogen, and 

the potential for using the low grade waste heat for other industrial uses, given the ability to 

site these plants near load centers.



43

Conclusions

Overview

implementation plus research, development and innovation.  However, no single technological 

is largely in use today or in a demonstration phase.  From a technical perspective, we know how 

to do this much, but the existing policy framework of AB32 related laws and rules would need to 

implement technology that we know how to construct and deploy today.

sustained and substantial capital investment and policy interventions.  However, neither economic 

analysis of such interventions nor examination of alternative policies were within the scope of this 

study and should be the focus of follow-up work.

development and innovation. To get this job done, we would have to bring technologies that are 

currently in the development and research stages into widespread implementation.  

California can continue to be a leader in cutting GHG emissions

: 

reduce per capita energy demand.

variability in loads as well as in supply.

We have to electrify the majority of end-uses that currently use fossil fuel in transportation and heat, 

in order to avoid emissions from that part of the energy system. If we do not at the same time institute 

double current levels, while still supplanting fossil fuel use for transportation and heat.
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intermittent power. Today, we largely provide load balancing service with natural gas, which produces 

emissions.  But solutions that would reduce emissions are in development, including energy storage 

and smart grid solutions which include demand response, as well as the possibility of load-following 

fossil generation with CCS.

solar, we will need a lot of innovation and systems management changes to deal with intermittent 

reliability and concomitantly eliminate emissions, we would need some combination of energy 

2

grid technology to modify the demand to match load. Also, because of intermittency, we would have 

to build about 3 times the capacity we would need with non-intermittent power. 

We would have to build and permit a few tens of nuclear generation facilities, but we will have to 

deal with nuclear waste issues including California law which prohibits new nuclear power until a 

waste repository is licensed, as well as public opinion and new considerations of nuclear safety as a 

result of recent events in Japan.  

2
 storage. Moreover, we would need to provide 

of biomass to make carbon-neutral fuel is promising and is a critical component for eliminating 

biomass from low impact sources (wastes, residues, and crops grown on marginal lands without 

the high end estimate of the availability of biofuels. 
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If we use a median estimate for the amount of biomass that could be used for energy – including 

some imports—we can thus displace about half of the remaining the fossil fuel demand.  

research and development as well as deployment of the resulting technologies.

It is the remaining fossil fuel use that provides almost all of the remaining emissions. 

  If we had all of the biomass that we wanted for energy, we could address all of our fuel needs 

in this way, including load balancing.  This scenario is not completely outside the range of the 

possible, as there are several novel bioenergy feedstocks that could increase the potential for in-state 

biomass production that is economically, socially, and environmentally sustainable over the long 

term. However, we will want to plan for a limited use of biomass because of uncertainties around 

land-use and interactions with current and future agricultural and silvicultural practice. So, robust 

biomass for low-carbon fuel.

There are a large number of possible technologies, including some possible breakthrough 

2,

technology which could theoretically reduce most of the remaining emissions involves burning 

some of the biomass to make electricity with CCS, thereby creating negative emissions. Again, with 

will reduce more emissions, and if applied in combination, could bring us below the target 2050 

level.  In the long run, we may learn to make fuels directly from sunlight and solve many of the 

emission problems this way. 

California needs a set of analytical tools to support strategic planning and inform strategic decision 

and investments.  This report developed one such approach and analytical tool, which is capable 

of interrogating a wide range of outcomes from a variety of assumptions about our energy future. 
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uses of energy and all associated emissions.  Such tools could then be used to examine the impact 

of various energy choices, and most importantly, the tool should be capable of informing policy 

choices.

Although this report has shown that a number of low emission energy systems are technically 

feasible, the study team’s analysis did not explicitly examine which of these portraits is likely to be 

the most advantageous and least costly for California, nor did it draw time-based roadmaps to reach 

the desired end state.  A more detailed analysis which includes economic, strategic, and policy 

analyses would be the next step.

In pursuit of the 2050 target, California is capable of leading the world in energy innovation with 

and should, be done in California. The state needs to be aggressive in competing for Federal funds. 

It should also be attentive to the California investment community to insure that existing leadership 

is not lost by California companies, and to insure that we attract private capital to support this 

endeavor.



47

Recommendations 

California is an international leader in the reinvention of energy systems and is poised to expand that 

leadership. AB32 and a suite of other legislation, regulations, and executive orders have provided 

of regulations and complementary laws forms a policy framework for accelerating the development 

standards. The policies include carbon cap and trade; performance standards on vehicles and 

Recommendation #1: Achieving more than a 20% GHG emissions reduction fron the current 
level 

Strengthen existing AB32-related laws and rules to accelerate innovation and advance 

policies would be needed.  What will be needed is a continual tightening of carbon caps and 

they are well aligned.  For example, it will be necessary to:

1. Ensure that aggressive performance standards are aligned with price signals to customers (for 

instance, with pricing of vehicle use, feebates for purchased vehicles and appliances, higher 

prices for high-carbon electricity and fossil fuels, etc);

2. Ensure that the electricity infrastructure (e.g. vehicle recharging facilities and distribution 

for vehicles as well as for heat; and

potential impacts on water, land, food, biodiversity, and perhaps social impacts (especially for 

biofuels imports).  

Recommendation #2: Getting to a 60% GHG emissions reduction from the 1990 level

The following 7 items represent potential policy gaps that need to be considered in order to achieve 
the technically feasible 60% reduction outlined in the report:
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have today from sources that all have extremely low life-cycle emissions.

To replace this amount of nuclear power with renewable energy, the state will need to build 

renewable portfolio standard) to allow for intermittency and will have to clearly commit to a 

5. Fill the low-carbon fuel gap with multiple strategies, including, but not exclusively, those based 

on biomass. Work with agriculture to assess, increase and delineate sustainable amounts of 

biomass for energy. Support the development of biofuel technology to reduce the life-cycle 

emissions from these fuels and to reduce the land and water use associated with them. Develop 

import standards to prevent leakage of emissions and ancillary impacts of using biomass.  

Develop carbon-neutral alternatives to biofuel.

6. Advance carbon capture and storage, especially as a technology that supports low-carbon fuel 

production. A number of possible methods for solving the low-carbon fuel problem involve 

CCS, including producing hydrogen from methane with CCS, and combing CCS with biomass 

combustion for electricity, to achieve emission credits.  

7. Develop a plan for emission-free reliable electric load balancing, including some combination 

of energy storage, smart grid, bio-electricity, load-following fossil generation with CCS, use of 

renewable hydrogen in load-following turbines for ramp-up generation, etc. 

Recommendation #3: Monitor the implementation rate: actual versus what is needed

and de-carbonized fuel production, and provide an annual report of progress against plan, with a 

fuel use while we substitute low carbon fuel for fossil fuel. A standard part of the Integrated Energy 

Policy Report (IEPR) should look at the rate of new construction and implementation compared to 

the needed rate and remove barriers that can be eliminated without risk to public health and safety.

Recommendation #4: Support the innovation needed to achieve an 80% GHG emissions 
reduction from the 1990 level

should foster, support and promote an innovation ecosystem in energy including universities, national 
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laboratories, small business, innovation hubs, regional clusters, etc.  The California delegation 

should support federal funding for this activity and the CEC should work with California institutions 

of the state. 

Recommendation #5: Put in place the structure needed to inform future portraits

Consider the potential utility of the energy system-wide analytical tools in strategic planning and 
evaluate how to manage the future use of such tools to inform strategic decisions and investments.  
Analytic tools and methodologies such as those developed for this report should keep track of all 

The assumptions used in this report are very likely to change over time as conditions evolve and 

some new technologies become more realistic, and the tool can be used to examine the impact 

of these changes.  Most importantly, the tool can help to show the system-wide effects of policy 

or does it in fact set us on a path to reduce emissions and provide for our energy needs overall?

Recommendation #6: Maintain a long-term plan

wide analyses, such as the approach used in this study, as the basis for creating the long-term 

plans and near-term priorities for securing California’s energy future as well as viable infrastructure 
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Appendix A: Units and Conversion Factors and Acronyms 

The following table shows the conversion between the most commonly used units in this report. 

Conversion was performed in order to compare different types of energy use, and in particular for 

From Units

Electricity 
(kWh)

Gaseous fuel 
(therms)

Liquid fuel 
(gge)

Hydrogen 
(kg H2)

Thermal 
(million Btu)

Biomass (dry 
tons)

Electricity 
(kWh)

1. 0.03412 0.029567 0.030016 0.0034120

0.00036958

Gaseous fuel 
(therms)

29.308 1. 0.86655 0.87973 0.1

0.010832

Liquid fuel 
(gge)

33.822 1.1540 1.0 1.0152 0.1154 0.012500

Hydrogen (kg 
H2)

33.315 1.1367 0.98502 1. 0.11367 0.012313

Thermal 
(million Btu)

293.08 10. 8.6655 8.7973 1. 0.10832

Biomass (dry 
tons)

2,705.7 92.320 80 81.21 9.2320 1.

To Units

 

1,000 W or more. Power plants are typically measured in millions of watts (megawatts or MW) or 

kWh is the energy consumed by 1,000 W in an hour. California’s current demand is roughly 300 

billion kWh (terawatt-hours or TWh) per year. This is the output of roughly 40 one-gigawatt nuclear 

2005, California consumed approximately 15,000 million therms (Mtherms) of natural gas.

of gasoline, or approximately 0.9 gallons of diesel, 1.4 gallons of ethanol, or 1.15 therms of natural 
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Hydrogen (kg H
2
, MtH

2 2

H
2 2

 (MtH
2
).

demand in 2005 from all sources was approximately 5,000 trillion Btu (TBtu).

biofuels or biogas. California’s biomass supply is estimated at approximately 40-120 million dry tons 

(mdt) per year. 

Acronyms
AB  Assembly bill

BAU  Business-as-usual

CAES  Compressed air energy storage

CARB  California Air Resources Board

CCST  California Council on Science and Technology

CEC   California Energy Commission

CEF  California’s Energy Future

CPUC  California Public Utilities Commission

CSP  Concentrating solar power

FCV  Fuel cell vehicle

IEPR  Integrated Energy Policy Report

LBNL  Lawrence Berkeley National Laboratory

LLNL  Lawrence Livermore National Laboratory

LDV  Light-duty vehicles

LED  light emitting diode

LWR  Light water reactor

NIF  National Ignition Facility

PHEV  Plug-in hybrid electric vehicles

PV  Photovoltaic

UC   University of California
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Appendix B: California’s Energy Future Full Committee

Jane C.S. Long (Co-chair), CCST Senior Fellow, and Associate Director at Large, and Fellow, Center 

Miriam John (Co-chair), CCST Council Chair and Board Member, and Former Vice President, Sandia 

National Laboratories

Lead Authors

Jeffery Greenblatt
Technologies Division, Lawrence Berkeley National Lab

Max Wei, Researcher, Lawrence Berkeley National Laboratory and University of California, Berkeley

Chris Yang
University of California, Davis

Burton Richter, CCST Senior Fellow and Paul Pigott Professor in the Physical Sciences Emeritus, 

Director Emeritus, Stanford Linear Accelerator Center, Stanford University

Bryan Hannegan, CCST Council Member and Vice President, Environment and Renewables for the 

Electric Power Research Institute

Heather Youngs, Bioenergy Analysis Team, Energy Biosciences Institute, University of California, 

Berkeley

Working Committee

Robert Budnitz, Staff Scientist, Earth Sciences Division, Lawrence Berkeley National Laboratory

Linda Cohen
of Economics, University of California, Irvine

Bill Durgin

Bob Epstein, Founder, E2 Environmental Entrepreneurs

Chris Field

Susan Hackwood, Executive Director, California Council on Science and Technology

Roland Hwang, Transportation Program Director, Natural Resources Defense Council

Nalu Kaahaaina
Principal Directorate, Lawrence Livermore National Lab
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Daniel Kammen

Nathan Lewis

Bill McLean, CCST Senior Fellow and Emeritus Director, Combustion Research Facility, Sandia 

National Laboratories

James McMahon, Department Head, Energy Analysis, Lawrence Berkeley National Lab

Joan Ogden, Professor, Department of Environmental Science and Policy and Director, Sustainable 

Transportation Energy Pathways Program, Institute of Transportation Studies, University of 

California, Davis

Lynn Orr

Larry Papay

Per Peterson, Professor and Chair, Department of Nuclear Engineer, University of California, Berkeley

Maxine Savitz, CCST Senior Fellow and Vice President, National Academy of Engineering; Appointed 

Member of the President’s Council of Advisors on Science and Technology (PCAST), Retired 

Jan Schori, Former Director, Sacramento Municipal Utility District

George Schultz, Distinguished Fellow, Hoover Institution, Stanford University

Chris R. Somerville, Director, Energy Biosciences Institute, University of California, Berkeley

Daniel Sperling, Director, Institute of Transportation Studies, University of California, Davis

Jim Sweeney
Professor of Management Science and Engineering, Stanford University

Margaret Taylor
of California, Berkeley

Carl Weinberg, CCST Senior Fellow and Principal, Weinberg and Associates

John Weyant, Professor of Management Science and Engineering and Senior Fellow at the Precourt 

Institute for Energy, Stanford University

Mason Willrich

Patrick Windham, Consultant
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Appendix C: California Council on Science and Technology 
Board and Council members

2011 Board Members

Karl S. Pister, Board Chair
and Roy W. Carlson Professor of Engineering Emeritus, University of California, Berkeley

Bruce M. Alberts
Biophysics, UC San Francisco

Ann Arvin, Vice Provost and Dean of Research, Lucile Salter Packard Professor of Pediatrics and 

Professor of Microbiology and Immunology, Stanford University

Warren J. Baker,

Peter Cowhey
University of California, San Diego

Bruce B. Darling, Executive Vice President, University of California

Mory Gharib, Vice Provost, California Institute of Technology

Susan Hackwood, Executive Director, California Council on Science and Technology

Randolph Hall, Vice Provost for Research Advancement, University of Southern California

Charles E. Harper, Executive Chairman, Sierra Monolithics, Inc.

Miriam E. John, Council Chair and Emeritus Vice President, Sandia National Laboratories, California

Bruce Margon

Tina Nova

Lawrence T. Papay

Patrick Perry, Vice Chancellor of Technology, Research and Information Systems, California 

Community Colleges

Rollin Richmond, President, Humboldt State University

Sam Traina, Vice Chancellor of Research, University of California, Merced
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2011 Council Members

Miriam E. John, Council Chair and Emeritus Vice President, Sandia National Laboratories, California

Peter Cowhey, Council Vice Chair 
University of California, San Diego

Wanda Austin
Sally Benson
Julian Betts, Professor of Economics, University of California, San Diego

George Blumenthal,
Susan Bryant, Former Vice Chancellor for Research, University of California, Irvine

Charles Elachi, Director, Jet Propulsion Laboratory

David Gollaher
Corey Goodman
Susan Hackwood, Executive Director, California Council on Science and Technology

Bryan Hannegan, Vice President of Environment and Renewables, Electric Power Research Institute

Sung-Mo “Steve” Kang, Chancellor, University of California, Merced

Charles Kennedy, Vice President for Health Information Technology, WellPoint, Inc.

Jude Laspa
Richard Levy, Chairman of the Board, Varian Medical Systems

William Madia
David W. Martin, Jr., M.D.
Fariborz Maseeh, Founder and Managing Principal, Picoco LLC

George H. Miller, Director, Lawrence Livermore National Laboratory

Michael Nacht
Stephen D. Rockwood, Former Executive Vice President, Science Applications International 

Corporation

Jeffrey Rudolph
Shankar Sastry, Dean, College of Engineering, University of California, Berkeley

Soroosh Sorooshian
Sensing (CHRS), University of California, Irvine

James L. Sweeney,
Science and Engineering, Stanford University

S. Pete Worden, Director, NASA Ames Research Center

Julie Meier Wright
Kathy Yelick,

Berkeley National Laboratory
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