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Preface
California has been considering the intriguing possibiliti es presented by its water-energy nexus since 
2005.   Most of the body of water-energy work conducted to-date has focused on electricity.  This 
paper focuses on the role of natural gas.

In order to tell the natural gas story, we fi rst need to tell the story of electricity because the two are 
intertwined.  In fact, as this paper will show, the most important role of natural gas may lie in bol-
stering electric reliability while providing a transiti onal pathway for California’s clean energy future.

The 2005 California Energy Commission white paper, California’s Water-Energy Relati onship, 
launched the state’s water-energy initi ati ve.  Through that paper, we learned that water-related 
uses may account for as much as 19% of the state’s electricity requirements, and 30% of non-pow-
er plant natural gas consumpti on.  Through Embedded Energy in Water studies conducted during 
2009-2010 by the California Public Uti liti es Commission, we further learned that electric use by 
the water sector itself, including both water and wastewater agencies, likely accounts for 8% of the 
state’s electric requirements – nearly two ti mes the Energy Commission’s initi al esti mate.  None 
of these prior studies evaluated the amount of natural gas usage by the water sector because that 
data could not be easily identi fi ed, nor was it believed to be signifi cant.

In February 2013, Southern California Gas Company (SCG) conducted a preliminary evaluati on of 
the amount of natural gas being used by water and wastewater agencies within its service area.  
Aft er excluding natural gas purchases for electric (co)generati on, SCG found that 18 of its largest 
water sector customers used nearly 17 million therms in 2010.  The reason the true amount of 
water sector natural gas usage has been diffi  cult to identi fy is that 40% of that amount – 7 million 
therms – was purchased on a wholesale basis from other suppliers.  One of SCG’s major fi ndings, 
therefore, was that natural gas is, in fact, being used by the water sector in fairly large quanti ti es, 
primarily for water pumping.  When used during peak periods, natural gas water pumping reduces 
statewide peak electric demand.

Water and wastewater agencies that parti cipated in the SCG study about Natural Gas Embedded in 
Water pointed out that the natural gas story would not be complete without providing a compre-
hensive context.  In additi on to using natural gas for pumping:

• Many water and wastewater agencies use natural gas for distributed generati on of electricity – 
both conventi onal natural gas combined heat and power (CHP) and dual fuel (biogas and natural 
gas) systems.

• Natural gas and biogas are also used by some water and wastewater agencies to produce zero-
to-low emissions electricity using fuel cells and advanced microturbines.

• Substanti al research and development is presently underway to develop cost-eff ecti ve means 
for converti ng wastewater biogas to bio-methane, an important renewable source of pipeline 
quality gas.

• Water and wastewater agencies are also helping to advance new technologies that are driving 
emissions to near-zero levels.
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Whether through use of natural gas for water pumping or for self-producti on of electricity, Califor-
nia’s water sector already reduces its electricity requirements during peak demand periods.  Just 
how much peak electric demand is being reduced through the water sector’s eff orts is not yet 
known; however, it is clear that more can be done.

When asked about challenges to using natural gas, water and wastewater agencies cited emis-
sions – both criteria pollutants and greenhouse gases – as signifi cant and potenti ally expensive 
risks.  Some also cited operati onal challenges, including additi onal staff  ti me and training, since gas 
engines need more frequent maintenance than electric motors.

The story of the role of natural gas in California’s water-energy nexus thus has many facets.  This pa-
per will frame the value propositi on for natural gas pumping by California’s water and wastewater 
agencies, describe the opportuniti es and challenges, and identi fy next steps that can increase both 
electric and water reliability.

Notably, the opportunity for increasing electric reliability through natural gas applicati ons is not 
limited to the water sector.  However, as explained in the author’s prior paper, California’s Wa-
ter-Energy Nexus: Pathways to Implementati on, the state’s water and wastewater agencies have a 
unique ability to substanti ally change the amount, ti ming and place of their energy consumpti on.  
The water sector is therefore well situated to help the state achieve its vision of a clean, economic 
and reliable energy future.  In that context, developing an understanding of the role of natural gas 
in the water sector’s energy portf olio is essenti al.
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Important Concepts
AB32, or Assembly Bill 32 – The California Global Warming Soluti ons Act of 2006 that prescribed a 
portf olio of acti ons for reducing greenhouse gas emissions to 1990 levels by the year 2020.

Air Basini – A land area with generally similar meteorological and geographic conditi ons through-
out.  To the extent possible, air basin boundaries are defi ned along politi cal boundary lines and 
include both the source and receptor areas of air emissions.  California is currently divided into 15 
air basins.

Att ainment – An area that meets the nati onal primary or secondary ambient air quality standards 
for a parti cular pollutant established by the U.S. Environmental Protecti on Agency pursuant to the 
federal Clean Air Act [as amended].ii

Avoided Cost – The value of a parti cular acti on that produces an economic cost or benefi t.  Avoid-
ed costs are used for many purposes.  In California, avoided costs are used to evaluate the relati ve 
costs and benefi ts of a wide variety of policies, programs and practi ces.  In the energy sector, avoid-
ed costs are used as a benchmark for the level of incenti ves that could be provided to encourage 
parti cipati on in energy effi  ciency, demand response, and producti on of renewable and other clean 
and/or distributed energy resources.  Avoided costs are used for similar purposes by the water 
sector.

Best Available Control Technology (BACT) – A case-by-case decision that considers energy, envi-
ronmental and economic impacts in establishing an emissions limitati on based on the maximum 
degree of control that can be achieved.  BACT can be add-on control equipment, or modifi cati on of 
producti on processes or methods.  BACT may be a design, equipment, work practi ce, or operati onal 
standard if impositi on of an emissions standard is infeasible.iii

California Carbon Allowance (CCA) – One CCA is a permit to emit one metric ton of carbon dioxide 
equivalents (MTCO2e), a measurement of greenhouse gases.

Cap and Trade – An environmental policy tool that controls large amounts of emissions from a 
group of sources.  Cap and trade programs set a cap, or limit, on emissions. Allowances for emis-
sions are then traded among sources.  The intent is to create economic market forces that drive 
cost-eff ecti ve reducti ons of emissions. California’s Cap and Trade regulati on became eff ecti ve Janu-
ary 1, 2012 for power plants and other large emitt ers within certain sectors that reported annualiv 
emissions of 25,000 MTCO2e or more.  The program expands in 2015 to include fuel distributors 
(natural gas and propane fuel providers and transportati on fuel providers) to address emissions 
from transportati on fuels, and from combusti on of other fossil fuels not directly covered at large 
sources during the program’s initi al phase.v

Capacityvi – The rated conti nuous load-carrying ability, expressed in megawatt s of generati on, trans-
mission, or other electrical equipment. Other types of capacity are defi ned below.

• Base Load Capacity – Power generati on capacity used to serve an essenti ally constant level of 
customer demand.  Base Load generati ng units typically operate whenever they are available, 
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and they generally have a capacity factor that is above 60%.  Base Load Capacity is oft en served 
by nuclear, coal or effi  cient combined cycle power plants.

• Peaking Capacity – Power generati on capacity used to serve peak demand.  Peaking generati ng 
units operate a limited number of hours per year, and their capacity factor is normally less than 
20%.  Peaking capacity is oft en served by simple cycle combusti on turbines.

Capacity Factorvii –  The amount of energy that a power generati on asset produces as a fracti on of 
the amount of energy that could have been produced if the asset were operated at its rated capaci-
ty 24 hours per day, 365 days per year.

Carbon Content Coeffi  cient (for Combusted Fossil Fuels) – The esti mated carbon content of com-
busted fossil fuels representi ng the maximum potenti al emissions to the atmosphere if all carbon in 
the fuel were to be oxidized during combusti on.viii

Cogenerati on – The simultaneous producti on of electricity and waste heat that can be recovered 
for useful purposes.

Cost-Eff ecti veness – A benchmark applied to determine whether or not a parti cular acti on is eco-
nomically benefi cial.  Typically, a cost-eff ecti ve acti on is one in which the benefi ts are deemed to 
at least equal or to exceed the acti on’s costs.  The specifi c factors and criteria used to determine 
cost-eff ecti veness vary by industry and by program-specifi c goals and objecti ves.  Avoided costs are 
one of the key inputs to the cost-eff ecti veness evaluati on.

Covered Enti ty – An enti ty within California that has one or more of the processes or operati ons 
and has a compliance obligati on as specifi ed in subarti cle 7 of California’s Cap and Trade Regulati on; 
and that has emitt ed, produced, imported, manufactured, or delivered in 2008 or any subsequent 
year more than the applicable greenhouse gas threshold level specifi ed in secti on 95812 (a) of the 
rule.ix Currently covered enti ti es include major greenhouse gas emitti  ng sources such as electricity 
generati on (including imports) and large stati onary sources (e.g., refi neries, cement producti on 
faciliti es, oil and gas producti on faciliti es, glass manufacturing faciliti es, and food processing plants). 
Covered enti ti es that emit 25,000 MTCO2e or more per year will have compliance obligati ons under 
California’s Cap-and-Trade regulati on.x

Criteria Pollutant – A pollutant determined to be hazardous to human health and regulated under 
EPA’s Nati onal Ambient Air Quality Standards.xi

Demandxii – The rate at which energy is used by the customer, or the rate at which energy is fl owing 
through a parti cular system element, usually expressed in kilowatt s or megawatt s.  Demand may be 
quoted on an instantaneous basis or may be averaged over a designated period of ti me. Types of 
demand are defi ned below.

• Instantaneous demand:  The rate of energy delivered at a given instant in ti me.

• Demand interval:  The ti me period during which electric energy is measured (e.g., in 15-, 30-, or 
60-minute increments).

• Peak demand:  The highest electric requirement occurring in a given period (e.g., an hour, a day, 
month, season, or year). 

• Coincident demand:  The sum of two or more demands that occur within the same demand 
interval. 

• Non-coincident demand:  The sum of two or more demands that occur in diff erent demand 
intervals.
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Demand Response – Reducti on of electricity usage by customers within a given ti me period, or 
shift ing that usage to another ti me period in response to a price signal, a fi nancial incenti ve, an 
environmental conditi on, or a reliability signal.xiii

Distributed Generati on – Electric generati on that is interconnected to the electric distributi on sys-
tem (rather than the bulk transmission grid), whether on the uti lity side or on the customer side of 
the meter.xiv

Dual Fuel – Simply means that two types of fuels can be used to perform work.  For purposes of this 
paper, we have used “dual fuel” to refer to installati ons that off er the choice of using electricity or 
natural gas at any point in ti me.  Several confi gurati ons are possible:

• One pump connected to a gas engine and an electric motor using a combinati on drive;

• A natural gas engine and an electric motor connected to individual pumps but drawing from the 
same sump or water source; or

• One engine with both diesel and natural gas fl owing into the same engine.xv

Economic Dispatch – The ability to select the most economic of two or more diff erent energy sourc-
es at any point in ti me for the purpose of minimizing costs.

Electric Reliabilityxvi – Electric system reliability has two components: adequacy and security.  

• Adequacy is the ability to meet the total aggregated electric demand and energy requirements 
of customers at all ti mes, irrespecti ve of scheduled and unscheduled outages of electric genera-
ti on faciliti es. 

• Security is the ability of the electric system to withstand sudden disturbances, such as electric 
short circuits or unanti cipated loss of system faciliti es.  

Electric System Losses – Total electric energy losses in the electric system, comprised of transmis-
sion, transformati on, and distributi on losses between supply sources and delivery points.xvii

Emissions Control Technology – A process, equipment and/or system that reduces emissions.

Energy Drivers – Factors that drive, or determine, the energy requirements of any parti cular re-
source, technology, system, sub-system (functi onal component), or operati ons protocol.

Energy Embedded in Water – The sum of energy inputs along the segments of the water use cycle.  
Whether and how the value of energy embedded in water is measured and recognized depends 
upon the goals and objecti ves of specifi c policies and programs.  

Energy Intensity – The amount of energy used to produce a parti cular product, or to perform a 
specifi c unit of work.  In context of the water-energy nexus, energy intensity is used to compare the 
relati ve energy values of diff erent types of water supply resources, typically expressed in kilowatt  
hours per acre-foot (kWh/AF) or per million gallons (kWh/MG).  Energy intensity can also be used 
to express the amount of energy used to perform a specifi c unit of work, such as the number of 
kilowatt  hours used to treat a unit of raw water to potable standards.

Environmental Water – Water that is used for environmental purposes, such as to support sensi-
ti ve ecosystems, to restore habitat for endangered species, or to provide stream fl ows for diff erent 
species of fi sh.
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First Costs – The total initi al costs for acquiring an asset, or to permit, design, procure and install 
equipment, and to develop and construct a facility.

Flexible Capacity and Local Reliability Resource Retenti on (FLRR) – A tariff  mechanism developed 
by the CAISO to provide supplemental compensati on to designated generati on assets that are 
deemed essenti al to statewide electric reliability.  The FLRR was designed as a stop-gap measure, 
enabling uneconomic generati on units that would otherwise be reti red to conti nue operati ng unti l 
they are no longer needed.xviii On March 29, 2013, the Federal Energy Regulatory Commission re-
jected the CAISO’s proposed FLRR mechanism and directed staff  to convene a technical conference 
to resolve the CAISO’s reliability concerns with the CPUC, industry parti cipants, and other stake-
holders.  FERC encouraged the CAISO and its stakeholders to “… focus on the development of a du-
rable, market-based mechanism that provides incenti ves to ensure that resources with the adequacy 
and operati onal needs CAISO requires are available to meet system needs.”xix

Flexible Power – Electric power that can be quickly ramped up and down as needed to maintain 
electric grid stability.xx

Greenhouse Gases (GHGs) – Emissions that trap heat in the atmosphere, causing global warming.  
The main greenhouse gases are carbon dioxide (CO2), Methane (CH4), Nitrous Oxide (N2O), and 
fl uorinated gases (syntheti c greenhouse gases emitt ed from industrial processes, including hydro-
fl uorocarbons, perfl uorocarbons, and surfur hexafl uoride).xxi The Climate Registry’s GHG reporti ng 
protocol now also includes NF3 (nitrogen trifl uoride) for consistency with updates to the Kyoto 
Protocol.xxii

Hybrid Pump – A single pump that can switch 
between electricity and natural gas.  

Lean Burn – A “lean burn” engine uses a 
relati vely lean amount of fuel in the engine’s 
combusti on chamber.  On a comparati ve ba-
sis, lean burn engines use less fuel than “rich 
burn” engines, thereby producing fewer emis-
sions per unit of output.  (The Code of Federal 
Regulati ons, Title 40, Part 63.6675, defi nes 
“lean burn” engines as any engine that is not 
a “rich burn” engine.)

Load – When used in an energy context, 
“load” can have multi ple meanings.

• From an energy consumpti on perspecti ve, “load” can be used to refer to demand by any parti c-
ular equipment unit, system, facility, customer, or other grouping of energy users for electricity, 
natural gas, or other energy resources.

• From an energy supply perspecti ve, “load” can also refer to the producti on capacity or output of 
an electric generator, a natural gas pipeline, or other energy producti on facility.

Load Durati on Curve – A non-chronological, graphical summary of demand levels with correspond-
ing ti me durati ons using a curve, which plots demand magnitude (power) on one axis and percent 
of ti me that the magnitude occurs on the other axis. 

photograph of hybrid pump, courtesy of Southern 
California Gas Co.
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Load Factor – In context of electricity, the “load factor” refers to the percentage of electricity need-
ed, used or produced over a period of ti me, relati ve to the peak (maximum) electric demand or 
capacity over the same period of ti me.

Load Following – The ramping capability of a resource to match the maximum megawatt s by which 
the net load is expected to change in either an upward or a downward directi on within a certain 
ti meframe.xxiii

Load Profi le – In context of electricity, the load profi le refers to the general shape of electric use on 
a ti me-of-use (e.g., 24 hour, monthly, seasonal, etc.) basis.

Marginal Cost – The cost to produce the next increment of a product or service.  When used in 
water and energy resource planning, it is typically expressed as the incremental cost in $/unit to 
produce and/or deliver the next (marginal) resource, whether a gallon of water supply, a kilowatt  or 
kilowatt -hour of electricity, or a therm of natural gas.  In regulatory policy, marginal costs are oft en 
used to evaluate the relati ve costs vs. benefi ts of various resource, infrastructure or operati onal 
choices. 

Marginal Supply – The last unit of supply needed to meet demand for a product or service.  On a 
short-run basis, the marginal supply is typically the last unit of resource – whether a water supply 
resource, a kilowatt  hour, or a therm - used to meet demand.  On a long-run basis, the marginal 
supply is typically the next unit of resource that will need to be acquired or produced to meet fu-
ture demand.

MTCO2e – One metric ton of carbon dioxide equivalents (a unit used to measure greenhouse gas-
es).

Nonatt ainment – An area that does not meet (or that contributes to ambient air quality in a nearby 
area that does not meet) the nati onal primary or secondary ambient air quality standard for the 
pollutant established by the U.S. Environmental Protecti on Agency pursuant to the federal Clean Air 
Act [as amended].xxiv

Once Through Cooling Policy – State policy establishing technology-based standards to implement 
federal Clean Water Act secti on 316(b) and reduce the harmful eff ects associated with cooling wa-
ter intake structures on marine and estuarine life.xxv

Peak Demand – The maximum amount of electricity needed, used or produced within a given ti me 
frame (see defi niti on for “Demand”). 

Permanent Load Shift ing (PLS) – The ability to shift  the ti ming of electric demand at the facility or 
system level.

Proved or Proven Reserves – In context of natural gas, refers to the esti mated quanti ti es that are 
believed recoverable in future years from known reservoirs under existi ng economic and operati ng 
conditi ons.  Volumes of natural gas placed in underground storage are not considered to be “proved 
reserves.”xxvi

Ramp Time – The amount of ti me for a generati on unit to reach a targeted level of producti on 
capacity.
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Regulati on – The capability of a generati ng unit to automati cally respond to the CAISO’s four-sec-
ond automati c generati on control signal to adjust its output as may be needed to maintain system 
frequency and reduce risks of outages.xxvii

Renewables Integrati on – Deploying and operati ng enough fl exible, controllable resources to 
ensure grid reliability given the variability and uncertainty associated with intermitt ent renewable 
power generati on.xxviii

Rich Burn – Spark ignited engine where the manufacturer’s recommended operati ng air/fuel rati o 
divided by the theoreti cal air-to-fuel rati o required for complete combusti on at full load conditi ons 
is less than or equal to 1.1.xxix

Water-Energy Nexus – The interdependencies among water and energy resources and infrastruc-
ture.  The comprehensive scope of the water-energy nexus encompasses:

• Water impacts on energy, 

• Energy impacts on water, and 

• Producti on of renewable and other energy resources by the water sector.  

It also includes considerati on of the net societal and economic costs and benefi ts of both resourc-
es when selecti ng any parti cular water or energy opti on.  At a policy level, California considers the 
scope of its water-energy nexus to include climate and environmental impacts.

Water Use Cycle – A descripti on of the movement of water from its source through to conveyance, 
treatment, distributi on, end-use, discharge, re-treatment, re-use and ulti mate discharge. 
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AF  Acre Feet
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BACT  Best Available Control Technology
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CAISO  California Independent System Operator
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CCA  California Carbon Allowance

CEC  California Energy Commission
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CHP  Combined Heat and Power

CO2e  Carbon Dioxide Equivalents
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DOE  U.S. Department of Energy
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EIA  U.S. Energy Informati on Administrati on

EPA  U.S. Environmental Protecti on Agency

ESP  Energy Service Provider

FERC  Federal Energy Regulatory Commission

FLRR  Flexible Capacity and Local Reliability Resource Retenti on

GHG  Greenhouse Gas

GWh  One Gigawatt  Hour

IEPR  Integrated Energy Policy Report

IOU  Investor Owned Uti lity

kWh  One Kilowatt  Hour

LSE  Load Serving Enti ty
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NREL  Nati onal Renewable Energy Laboratory
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OTC  Once Through Cooling

PG&E  Pacifi c Gas & Electric Company
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PLS  Permanent Load Shift ing
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ROI  Return on Investment

RPS  Renewable Portf olio Standard

SCADA  Supervisory Control And Data Acquisiti on

SCAQMD  South Coast Air Quality Management District

SCE  Southern California Edison

SCG  Southern California Gas Company

SCR  Selecti ve Catalyti c Reducti on

SDG&E  San Diego Gas & Electric Company

SJVUAPCD  San Joaquin Valley Unifi ed Air Polluti on Control District

SWP  State Water Project

therm  100,000 Briti sh Thermal Units

UWMP  Urban Water Management Plan
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Executi ve Summary
California envisions a world of clean, distributed renewable energy, replete with smart grids, plug in 
electric vehicles (PEVs), and self-healing transmission systems.  New technologies have yet to catch 
up; but as history has shown, perseverance and commitment eventually yield results.

Our biggest current obstacle to achieving our long-term energy vision is energy storage.  Electricity 
cannot be stored in adequate quanti ti es or for suffi  cient durati ons of ti me.  As a result, supply and 
demand must constantly be matched on a real-ti me basis.  New technologies are on the horizon; 
but at least at present, other than pumped storage and other techniques for converti ng electric 
energy to potenti al mechanical power, there is not yet a technically viable, cost-eff ecti ve way to 
store large quanti ti es of electricity for hours or days, and then to call upon it instantaneously when 
needed.

Transiti onal Pathways
Last year, the California Independent System Operator (CAISO) identi fi ed a need for substanti al 
quanti ti es of new, effi  cient gas-fi red turbines providing “fl exible power” that can ramp up and 
down, hundreds of megawatt s at a ti me upon very short noti ce, to integrate the large quanti ti es of 
intermitt ent renewable energy expected on-line by 2020.  Unfortunately, the CAISO’s need for more 
fl exible power is coinciding with the potenti al loss of 12,000 MW of existi ng fl exible capacity from 
power plants that are expected to reti re within the next eight years.1

In response to this challenge, the CAISO fi led a tariff  with the Federal Energy Regulatory Commis-
sion requesti ng authorizati on to provide supplemental compensati on to certain generati on assets 
deemed essenti al for electric reliability.  The CAISO’s Flexible Capacity and Local Reliability Resource 
Retenti on (FLRR) tariff  was intended as a temporary measure to assure that the large quanti ti es 
of fl exible power needed to realize California’s renewable future can conti nue to operate without 
disrupti on while new, effi  cient generati on assets are developed to replace them.  Concurrently, 
the CAISO is developing “Flexible Capacity” products and markets to att ract development of new, 
effi  cient generati on assets.

Paying old, ineffi  cient power plants to stay on-line is by no means anyone’s fi rst choice.  Concerns 
have been expressed by load serving enti ti es, power producers and their industry associati ons.  No 
one disputes that some quanti ty of fl exible power is needed.  However, many parti es questi oned 
whether the FLRR is the best approach to achieving the CAISO’s goal.  There are also diff erences 
of opinion as to how compensati on for “uneconomic costs” should be determined.  Further, the 
California Public Uti liti es Commission (CPUC) asserted that the CAISO’s FLRR mechanism is not 
needed because the CPUC is appropriately addressing the state’s need for fl exible capacity through 
its Resource Adequacy and Long-Term Procurement Planning proceedings.
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On March 29, 2013, the Federal Energy Regulatory Commission rejected the CAISO’s proposed FLRR 
tariff , directi ng staff  to convene a technical workshop with the CPUC and other stakeholders to “… 
focus on the development of a durable, market-based mechanism that provides incenti ves to ensure 
that resources with the adequacy and operati onal needs CAISO requires are available to meet sys-
tem needs.” 2

The CAISO’s grid management challenges highlight two high priority opportuniti es:

1. The near-term need for substanti al quanti ti es of new, clean, effi  cient, fl exible power for renew-
able energy integrati on and electric reliability; and

2. The need to expedite development of new energy resources that can displace old, ineffi  cient, 
uneconomic generati on assets as quickly as possible.

Clearly, natural gas has an important role in the state’s current and future planned inventory of fl ex-
ible power.  Customer-side resources such as energy effi  ciency, demand response, and distributed 
generati on can, and should, also play an important role in the CAISO’s electric reliability portf olio. 

Another potenti al opti on that does not yet seem to be on anyone’s radar is the opportunity to in-
clude distributed natural gas engines in the state’s portf olio of fl exible energy opti ons.

Distributed Natural Gas Engines
Using a natural gas engine instead of an electric motor has the same eff ect on the electric system 
as demand response.  When used in “dual fuel” mode – in this case, electricity and natural gas – 
natural gas engines can reduce electric demand during on-peak periods and when called upon to 
avert a power outage.  Outf itt ed with supervisory controls and telemetry, natural gas engines can 
be dispatched on a real-ti me basis, just as combined cycle and combusti on turbine generators, or 
called upon by the customer’s electric uti lity as an automated or semi-automated demand response 
measure.  Using natural gas to meet all or a porti on of a customer’s electricity requirements at any 
point in ti me reduces the amount of power that needs to be provided by the grid, relieving pres-
sure on both electric supplies and high voltage transmission systems during periods of high electric 
demand.

Distributed natural gas engines installed on customer sites to reduce electric demand present an 
interesti ng opti on vis-à-vis natural gas-fi red power plants:

• Typically quicker to permit and install;

• Usually less costly to site, design, procure, permit and install;

• In dual fuel mode (electric and natural gas), enables miti gati on of energy price volati lity and risk; 
and

• Reduces risks of adverse ratepayer impacts due to stranded investments in large, central genera-
ti on stati ons and/or high voltage transmission systems that may otherwise have been avoided.
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The Natural Gas Water Pumping Value Propositi on
For many water and wastewater systems, displacing on-peak electric use with natural gas is tech-
nically feasible now.  Many water and wastewater agencies already use some natural gas in their 
operati ons, primarily for water pumping.  Many also have sophisti cated SCADA systems that allow 
them to control their operati ons on a real-ti me basis.

While these types of “fuel switching” strategies may not change the amount of energy used, they 
can reduce demand on existi ng electric infrastructure in electric reliability challenged areas.  There 
may also be associated reducti ons in greenhouse gas (GHG) emissions when new, customer-side 
natural gas engines help to reti re old, ineffi  cient power plants.

Presently, fuel switching does not qualify for parti cipati on in California’s customer energy incenti ve 
programs.  It is not considered “energy effi  ciency,” “demand response,” or “distributed generati on.”  
New mechanisms will need to be developed to encourage development of dual fuel faciliti es that 
enable water agencies and others to reduce their electric demand through distributed natural gas 
measures.

There are many reasons why natural gas water pumping is smart for water agencies and smart for 
the state.  Key among these is the ti ming and magnitude of electric demand for water pumping in 
relati on to hydrology and water demand.

• Water deliveries are seasonal.  Much more water is pumped during 
periods of high water demand (late spring through early fall), 
and much less water is pumped during the rainy season (late fall 
through early spring).  As a consequence, the amount of electric 
capacity built by the state to support water pumping is not needed 
during some parts of the year. 

• Water supplies fl uctuate with hydrology.  The amount of water 
pumped, and the associated electric demand, varies from one year 

Distributed Gas Engines vs. Gas-Fired Power Plants

Diff erence
• Dispatching a natural gas engine serving cus-

tomer load reduces electric demand at that site, 
the same effect on the electric grid as any cus-
tomer-side demand-response measure. 

• A natural gas power plant puts power into the 
grid at the point of interconnection.

• “Distributed generation” could serve customer 
loads and/or export power to the grid, depending 
on the interconnection.

Similariti es 
New gas engines larger than 4MW are similar to, 

or identical to those used in generator sets.

• Both can be outfi tted with controls systems 
and telemetry for real-time dispatch;

• Both can ramp up and down quickly to follow 
load; and

• Both have comparable fuel effi ciencies (heat 
rates) at different levels of output.

One water 
district’s 

annual electric 
requirements 
ranges from

200 kW to
15,000 kW 
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to the next with changes in hydrology.  For some water systems, these fl uctuati ons can be very 
high.  The extent to which annual pumping loads vary depends on each agency’s unique mix of 
water supplies and demand.

From a customer perspecti ve, natural gas is an economic choice - prices are lower than they have 
been in over a decade.  Further, since natural gas prices are lower during summer months and 
highest during the winter (inverse to both water and electric demand that are highest during the 
summer and lowest during the winter), integrati ng natural gas into water sector energy portf olios 
can increase operati onal fl exibility and water delivery reliability while also reducing energy costs.

From the state’s perspecti ve, fuel diversity increases energy security, and reducing peak electric 
demand reduces the amount and costs of electric generati on capacity and infrastructure needed for 
electric reliability.  This is parti cularly important as the CAISO and market parti cipants grapple with 
the issue of just how much fl exible power is needed in California, and how quickly new, effi  cient 
sources of fl exible peaking power can be developed.

The Natural Gas Water Pumping Value Propositi on

Natural Gas 
Engines

State
Prioriti es State Perspecti ve Water Sector 

Perspecti ve

Increase Fuel 
Diversity Energy Security Reduce economic impacts of electric 

market volatility
Increase water delivery 

reliability

Reduce Peak 
Demand

Energy Resource 
Loading Order

Increasing the state’s average load factor 
reduces need for peaking capacity

Reduce purchases 
of expensive peak 

electricity

Provide Flexible 
Power

Electric Reliability Reliability promotes economic stability and 
growth

Increase operational 
fl exibility by enabling 

pumping at any time of 
the day 

Clean, Renewable 
Distributed Energy

Increasing fl exible capacity increases 
ability to integrate renewable resources

Reduce GHGs AB32 and Cap & 
Trade

Convert compliance obligations to eco-
nomic development opportunities

Reduce water sector’s 
carbon footprint 

Reduce Costs Ratepayer Protec-
tion

Reduce amount of fl exible capacity need-
ed and defer new investment in long-lived 
electric assets that may become stranded

Reduce energy costs

Natural Gas is an Important Transiti onal Resource for 
California
Widely referred to as “the cleanest of the fossil fuels,” natural gas has the lowest carbon content 
and greenhouse gas emissions of all combusted fuels.  There is no questi on that natural gas has a 
pivotal role in California to power new, effi  cient, fl exible gas turbines.  In this role, natural gas will 
be vital to successfully integrati ng the large quanti ti es of intermitt ent renewable resources being 
developed to help meet the state’s aggressive Renewable Portf olio Standard.

Natural gas soluti ons have another important dimension that presently does not fi t within any 
existi ng customer energy program – and that is its role as a permanent load shift ing measure when 
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used to provide mechanical power at customer sites.  When used to reduce peak electric demand, 
natural gas will also help the state shut down thousands of megawatt s of old, ineffi  cient, polluti ng 
power plants that have already exceeded their useful lives.  

On-site mechanical power applicati ons such as water pumping are ideal candidates for natural gas 
distributed engines.  Feasibility will need to be determined on a case-by-case basis.  Water pumping 
loads within electrically-challenged areas should be prioriti zed for potenti al conversion to natural 
gas. 

Talking about transiti onal strategies is not as exciti ng as envisioning a clean, distributed energy 
future.  Nevertheless, it is only by tackling these complex implementati on realiti es that 
California’s vision can ulti mately be realized.
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1 Introducti on
California has the most ambiti ous clean energy goals in the nati on.  Very importantly, California has 
not just established loft y goals – it has shored up its vision with a robust set of policies and pro-
grams that includes fi nancial incenti ves and extensive marketi ng, educati on, outreach and engage-
ment of all of the stakeholder groups whose support and parti cipati on is needed for successful im-
plementati on.  However, despite the state’s aggressive eff orts and multi -billion dollar investments, 
substanti al barriers conti nue to inhibit progress.

A culture of transparency and openness has helped bring stakeholders together with policymakers 
and regulators to collaborati vely tackle implementati on impediments as they are identi fi ed.  Reg-
ulatory policy compliance milestones oft en drive the ti ming of stakeholder processes.  One case in 
point is California’s drive towards a 33% Renewable Portf olio Standard (RPS) by 2020.

The Relati onship of 
California’s Renewable 

Resources to the
CAISO’s Flexible Power 

Projecti ons 3

The California Independent System 
Operator (CAISO), a nonprofi t pub-
lic benefi t corporation charged with 
managing 80% of the state’s electric 
power grid, is preparing for the daunt-
ing task of integrating an unprece-
dented level of intermittent renewable 
resources into the state’s energy re-
source mix.  In order to do that with-
out impairing electric reliability, the 
CAISO has identifi ed a need for ad-
ditional “fl exible” capacity – genera-
tion facilities that can quickly start up, 
ramp up and ramp down – to man-
age the irregular real-time production 
characteristics of wind and solar.
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California’s Need for Flexible Power
Flexible power is not only used for integrati ng intermitt ent resources – it is also used to follow 
real-ti me changes in electric demand, known as “load following.”  In order to follow variati ons in 
electric demand on a real-ti me basis, fl exible generati on assets need to be very agile.  Simple cycle 
combusti on turbines with very quick response ti mes are usually used for this purpose.  These types 
of units, also known as “peakers,” are fi red up when additi onal capacity is needed to meet the 
highest periods of peak electric demand that may occur only a few hours each year.  Flexible power 
thus wears three hats, but all are related to electric reliability: “keeping the lights on” to protect life, 
safety, the economy, and quality of life.

Stakeholders disagree about just how much fl exible power is needed in California, the best mech-
anisms for assuring that suffi  cient fl exible power is available when needed, and the appropriate 
methodology for determining compensati on.  The CAISO focuses on transmission level assets.  
Some stakeholders argue for a more holisti c approach to the state’s electric reliability planning 
that includes considerati on of distributi on level investments that are occurring in parallel through 
customer-side energy effi  ciency, demand response, combined heat and power, and distributed 
generati on programs.  While the CAISO acknowledges that these types of customer programs may 
decrease system peaks, the CAISO has expressed concern that many “… small-scale and largely in-
fl exible resources connected to uti lity distributi on systems and located close to load” could actually 
add to the overall energy variability of the grid, exacerbati ng the CAISO’s challenges.4

The CAISO’s primary concern is that the customer-side distributed energy resources targeted by 
electric uti lity customer programs are not dispatched by them, so they have litt le to no real-ti me 
control over these types of resources.  Further, customer energy resources are smaller, widely dis-
tributed, and very diverse, complicati ng management and making real-ti me control more diffi  cult.

Despite these concerns, some things are irrefutable:  California is retaining a large fl eet of old, inef-
fi cient power generati on faciliti es just to be able to meet periods of high electric demand that occur 
only a few hours each year.  
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During 2006:
• Electric demand 

exceeded 45,000 MW 
during only 57 hours of 
the year.

• Electric demand exceed-
ed 40,000 MW during 
only 279 hours during 
the year.

 California’s Load Durati on Curve (CAISO Control Area, 2006)
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The Role of Permanent Load Shift ing
As the height of the load durati on curve shortens, less peaking 
capacity is needed and more electricity can be provided by more 
effi  cient base-loaded combined cycle power plants.  Reducing 
statewide peak electric demand thus reduces both energy ratepay-
er costs and greenhouse gas emissions.

Of the distributed energy resource opti ons, permanent load 
shift ing measures – i.e., equipment or faciliti es that enable cus-
tomers to get off  electricity during the highest electric demand 
hours of the year – are more reliable than operati onal responses 
that depend on customer behavior.  One such reliable measure is 
distributed generati on (combined heat and power, fuel cells, ad-
vanced microturbines, etc.) – customer-side power generati on faciliti es that are sized to meet all or 
a porti on of a customer’s real ti me electricity requirements.  These types of systems have the ability 
to reliably reduce a customer’s electric demand. 5

Another reliable measure for reducing electric demand is fuel switching – i.e., the ability to switch 
from electricity to another fuel when needed for electric reliability. 

Distributed Natural Gas Applicati ons
Using a natural gas engine to provide mechanical power instead of using an electric motor has the 
same eff ect on the electric system as demand response.  When used in “dual fuel” mode – in this 
case, electricity and natural gas – natural gas engines can reduce electric demand during peak de-
mand periods and/or when called upon to avert a power outage. 

Some California water and wastewater agencies already use natural gas for water pumping, both 
in “solo” mode (i.e., natural gas exclusively) and “dual” mode (i.e., the ability to switch between 
electricity and natural gas).   Water and wastewater agencies that use natural gas for pumping have 
demonstrated corresponding reducti ons in peak electric demand.

Dispatchable dual fuel resources have the highest economic, operati onal and reliability benefi ts for 
both water and wastewater agencies, and for the state overall.  However, dual fuel equipment and 
infrastructure are expensive.  Further, regulatory compliance with air quality permits and green-
house gas caps add costs and risks that must be addressed.  

The great news is that compliance is possible now, with existi ng technologies – it is only a matt er 
of cost.  Even more exciti ng is the fact that new technologies are being demonstrated now that de-
crease emissions from natural gas-fi red internal combusti on engines to near-zero levels, producing 
an emissions profi le similar to that of fuel cells.

Reducing peak 
electric demand 

can accelerate the 
shut down of old, 
inefficient power 

plants
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Why is this a water-energy nexus opportunity?
A prior paper, California’s Water-Energy Nexus: Pathways to Implementati on, highlighted the unique 
ability of water agencies to signifi cantly change their electric profi le by changing their seasonal 
portf olios of water supplies.  One high potenti al opportunity lies in reducing groundwater pumping, 
one of the largest uses of electricity by the water sector, that tends to coincide with periods of high 
electric demand.  Not surprisingly, most groundwater pumping occurs during hot summer months 
when both water and electric demand are at their highest.  Consequently, any measure that reduc-
es summer electric use for groundwater pumping would create an electric reliability benefi t to the 
state.

California’s water managers are savvy operators; they know their resources and their systems.  
Many pressures require water and wastewater managers to remain constantly vigilant:

• Reducti ons of traditi onal water supplies due to environmental 
challenges

• Potenti al loss of water storage and supplies as a result of climate 
change

• The need to comply with evolving policies, laws and regulati ons 
that conti nually set the water quality and environmental responsi-
bility bar higher

These and other challenges propel water and wastewater managers to constantly seek new, cost-ef-
fecti ve practi ces and technologies that enable balancing regulatory compliance with mission-criti cal 
prioriti es.  

Much is already being done in the water sector to increase energy effi  ciency, demand response, and 
clean distributed generati on.  Many California water and wastewater agencies are early adopters of 
emerging best practi ces and new technologies.  Some support research and development of new 
technologies needed to help them meet their challenges, oft en providing demonstrati on sites, tech-
nical assistance, and even some direct funding.

This paper will focus on the potenti al role of natural gas pumping in reducing water sector electric 
demand.

The next chapter of this paper presents an overview of natural gas characteristi cs, markets 
and prices.  This discussion is followed by a descripti on of energy use, both electric and 
natural gas, by water and wastewater agencies.  Chapter 4 describes challenges to natural 
gas pumping and potenti al means of addressing those challenges.  Finally, in Chapter 5, 
the natural gas water pumping value propositi on is presented, along with some next steps 
for increasing use of natural gas water pumps where benefi cial for both electric and water 
reliability.

California’s water 
managers are 

savvy operators
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2 A Natural Gas Primer
Lower fuel prices, combined with effi  cient gas turbine technologies, have made natural gas power plants 
economically att racti ve when compared to most other types of electric generati on.   In fact, a new, effi  -
cient natural gas power plant – in combined cycle mode for base load operati ons, and combusti on tur-
bines for peaking – has been the marginal energy resource of choice for both California and the nati on 
for the past two decades and is expected to conti nue through 2035.6

New, effi  cient natural gas-fi red power plants have a pivotal role in the nati on’s long-term energy security.

An Important Domesti c Energy Resource
The U.S. Energy Informati on Administra-
ti on (EIA) predicts there will be suffi  cient 
domesti c producti on of natural gas to 
comfortably meet growth in U.S. demand 
for more than 80 years.7  In fact, the EIA 
predicts that while natural gas demand will 
increase over the next 25 years, producti on 
will increase by a faster rate, with the result 
that by the year 2020, the U.S. will become 
a net exporter of natural gas.  As natural 
gas demand increases, demand for import-
ed oil is expected to decrease.8

Natural gas thus has an important role in 
the nati on’s long-term energy security, in-
sulati ng the U.S. economy, at least in part, 
from global politi cal risks.

At one ti me, it was believed that the U.S. 
supply of natural gas would be exhausted 
within our lifeti mes.  Since 1998, however, 
the EIA increased its esti mate of “proved” 
natural gas reserves by nearly 85%.  A 
signifi cant porti on of the increase since 
2004 is att ributable to expanded horizontal 
drilling and hydraulic fracturing in shale 
formati ons.10

Higher projecti ons of supply have resulted 
in natural gas prices dropping to the lowest 
levels in the past decade, making natural 
gas this decade’s fuel of choice. 

Figure 2-1 Projected Additions to U.S. Electric 
Generating Capacity by Fuel Type 
(Gigawatts)

Figure 2-2 U.S. Natural Gas Production vs. 
Consumption9

G
ig

aw
at

ts

1985

60

40

20

0
1995 2010

2010 ProjectionsHistory

2025 2035

Other/renewables
Natural gas/oil
Nuclear
Hydropower
Coal

Fi 2 2 U S N l G P d i

Year

M
ill

io
n 

C
ub

ic
 F

ee
t

20

22

24

30

32

34

28

26

2025 20402010 2015 2020 2030 2035

Net Imports

Net Exports

Production
Consumption
PP
CC
P



The Role of Natural Gas in California’s Water-Energy Nexus2-2     Water Energy Innovati ons, Inc.

The opti misti c outlook for domesti c 
natural gas supplies comes at a welcome 
ti me.  Global politi cal unrest and economic 
instability is very high.  It is comforti ng to 
know that the U.S. can increase reliance 
on its own resources for the foreseeable 
future, while new resources and technol-
ogies are being developed to achieve the 
nati on’s vision for a long-term reliable and 
economic energy future.  

Cleanest of the 
Combusted Fuels
The U.S. Environmental Protecti on Agency 
(EPA) applies a carbon intensity of 11.7 
pounds of carbon dioxide equivalents 
(CO2e) per therm of combusted natu-
ral gas.13 This compares favorably to all 
other fossil fuels, as well as to combusted 
non-fossil fuels.

An Effi  cient Fuel Resource
In additi on to being a lower carbon inten-
sity fuel, natural gas combusti on technol-
ogy has become much more effi  cient over 
the last three decades.  In 2011, the CEC 
reported that the effi  ciency gain in Califor-
nia’s gas-fi red power plant fl eet since 2001 
was more than 24 percent.15

The heat rate of electricity producti on – 
the amount of energy expressed in Briti sh 
Thermal Units (BTUs)16 needed to produce 
one kilowatt  hour of energy - is an im-
portant metric of electric generati on fuel 
effi  ciency.  Higher heat rates mean that 
more fuel is needed to produce one unit 
of output – e.g., one kilowatt  hour (kWh) - 
than lower heat rates.  In additi on to being 
an indicator of both higher effi  ciency and 
lower fuel costs, lower heat rates typically 
also result in fewer emissions, both criteria 
pollutants and greenhouse gases (GHGs), 
per unit of output.

Carbon Intensity Expressed in Pounds of GHGs per MMBTU 
of Energy Produced by Combusting Various Fuels14

Figure 2-4 EIA Henry Hub Natural Gas Spot Prices 
(Monthly, 1997-2012)12

Figure 2-5 Gas-Fired Heat Rates for Electric 
Generation19

Figure 2-3 EIA Forecasts of Proved Natural Gas 
Reserves (1980-2010)11
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During 2008, 26 California power plants totaling 4,700 MW in capacity experienced 
average heat rates greater than 12,000 BTU/kWhr.18  As can be seen from the below 

table, some of these power plants are more than 60 years old.
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26 4,697 3,818,275 9.3% 1952-1978 12,130-23,750 13,375 25.51% 271,037

• If the electricity produced by these 26 power plants could have been replaced by new, effi  -
cient natural gas combined cycle power plants at an average heat rate of 7,176 BTU/kWhr, 
California would have used 23.7 million fewer MMBTUs of natural gas in 2008, and the 
state’s GHGs would have been lower by 125,600 MTCO2e in that year, a reducti on in GHGs 
of 46% for the same amount of electric producti on.  

• Effi  ciency gains are less for new combusti on turbines operated in peaker mode.  Using the 
CEC study’s average of 11,202 BTU/kWhr for new peaker plants, California would have used 
8.3 million fewer MMBTUs of natural gas, and the state’s GHGs would have been lower by 
44,040 MTCO2e, a reducti on in GHGs of 16.2% for the same amount of electric producti on.

Another study conducted in 2010 by the California Energy Commission (CEC) reported that new gas-
fi red peaker plants in California that were operated at an average capacity of 2.2% (less than 200 
hours per year) experienced an average heat rate of 11,202 BTU/kWhr, an effi  ciency of 30.46%.  The 
same study reported that new natural gas power plants operated in combined cycle mode operat-
ed at an average capacity factor of 50.3% experienced an average heat rate of 7,176 BTU/kWhr, an 
effi  ciency of 47.5%.17

As California replaces aged, uneconomic power plants with new, effi  cient natural gas combined 
cycle and combusti on turbines, the statewide average heat rate and accompanying GHGs of the 
state’s power plant fl eet will further decrease.
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A Complementary Resource for Renewable Energy
Natural gas is uniquely situated to help integrate the real-ti me volati lity of intermitt ent renewable 
energy.  Large and frequent spikes and dips in intermitt ent renewable generati on cause voltage and 
frequency deviati ons that increase electric reliability risks.  

Energy service providers (ESPs) – i.e., sellers of electric service – are required to provide balanced 
schedules to the CAISO that indicate who they are buying power from and where the power is to be 
delivered.  On a transacti onal basis, the ESPs provide balanced schedules.  However, power fl ows 
wherever it can – popularly, “along the path of least resistance.”

The physical path of electricity is therefore 
not necessarily the same as the contractu-
al path.  The CAISO manages imbalances 
between supply and demand on a real-ti me 
physical level, dispatching power as needed 
in certain areas to increase voltage, and 
turning power supplies off  as needed when 
there is too much power fl owing along a 
parti cular path.  

New, effi  cient natural gas turbines can 
start-up quickly, and they can ramp elec-
tric producti on up and down very quickly.  
These characteristi cs positi on natural gas as 
an important renewable energy integrati on 
resource.  For these reasons, every grid 
operator throughout the U.S. is targeti ng 
higher levels of “fl exible” power in its elec-
tric reliability portf olio.

In testi mony to the Federal Energy Regulatory Commission (FERC), the CAISO explained that during 
calendar year 2011, “… based on an installed wind capacity of 3,598 MW, we have witnessed a drop 
in wind output of approximately 800 MW in less than one hour and an increase of approximately 
800 MW in 30 minutes.”  The CAISO provided examples of the magnitudes of real-ti me variances in 
electricity producti on observed from intermitt ent wind and solar resources.21

• The 760 MW Marsh Landing Energy Center 
comprised of 4 x Siemens 5000F natural 
gas combusti on turbine generators (CTGs) 
operati ng in simple-cycle mode is designed 
to ramp from off -line to full load within 12 
minutes.26

• GE’s FlexEffi  ciency 60 Combined Cycle Pow-
er Plant is designed to ramp up to full load 
within less than 30 minutes without sacrifi c-
ing effi  ciency, and a 100 MW/minute ramp 
rate within emissions guarantees.27

• Wärtsilä’s Flexicycle Power Plant is designed 
to ramp up to full-load (100-500 MW) with-
in 10 minutes.28

“Clearly, flexible conventional resources powered by low–cost natural gas 
must be part of the overall grid management approach as we integrate vast 
amounts of wind and solar generation into the power supply portfolio. The 
fast–ramping dispatch of a gas–fired power plant is essential in supporting 

renewable energy goals.” 20

—Robert Foster, Chair of the Board of Governors and Steve Berberich,
President and CEO California Independent System Operator
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Figure 2-6 Illustration of Wind Resource Volatility22

Figure 2-7 Illustration of Solar Resource Volatility23

Figure 2-8 CAISO Projected Need for Flexible 
Capacity by 202024
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Figures 2-6 and 2-7 illustrate real-time 
fluctuations in wind and solar resources.  
Figure 2-8 illustrates the CAISO’s 
anticipated need for quick response 
flexible power by 2020 in order to 
integrate the projected amount of wind 
and solar power while sti l l maintaining 
electric reliability.

Recognizing a global demand for very 
agile “fl exible power”, major equipment 
manufacturers are making signifi cant 
investments to improve the ability of gas 
turbines to “follow” load.25

New natural gas turbines with very fast 
ramping capabiliti es will be important 
to help California balance fl exible power 
with the large quanti ti es of wind and solar 
power being developed to help meet the 
state’s Renewable Portf olio Standard goal 
of 33% renewables by the year 2020.

To improve the ability to reliably integrate 
large quanti ti es of intermitt ent renewable 
resources, the CAISO is creati ng new “fl ex-
ible ramping products” that will compen-
sate generators that are able to quickly 
ramp electricity producti on up and down 
as needed to keep power fl owing through 
the state.29 The CAISO predicts that a 
substanti al quanti ty of fl exible power will 
be needed – both to integrate additi onal 
intermitt ent resources, and to make up for 
expected reti rements of up to 12,000 MW 
of aged and/or uneconomic electric gener-
ati on assets over the next 8 years.30

An Economic Fuel 
Resource
Over the past few years, use of natural 
gas as a percentage of our nati on’s ener-
gy portf olio has increased.  The primary 
driver has been declining prices due to 
increased domesti c producti on, making 
natural gas an economic choice compared 
to other fuels.
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While natural gas and petroleum prices have roughly tracked each other in the U.S. for decades, 
their price trends started to diverge in 2009.  
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Figure 2-9 U.S. Oil and Gas Prices 1988 to 201231

The Eff ect of Increased Natural Gas Demand on Prices
In the 2012 California Gas Report, the state’s gas and electric uti liti es observed that even though 
more natural gas power plants will be built, electric sector natural gas demand will decline slightly 
over the next 18 years, due in large part to the signifi cant replacement of aging, ineffi  cient power 
plants with new, effi  cient natural gas turbines.32 Consequently, while natural gas prices are project-
ed to increase over ti me due to higher demand from all sectors and higher costs of producti on, the 
magnitude and frequency of price volati lity experienced during 2000-2008 are not expected.

The California Natural Gas Perspecti ve
Using natural gas is not without its challenges.  While it is the “cleanest of the combusted fuels,” 
combusti on of natural gas does produce emissions – both criteria pollutants and greenhouse gases.  
Further, as discussed elsewhere in this paper, natural gas engines require more staff  ti me and train-
ing to maintain than electric motors.  In additi on, water and wastewater agencies cite cost eff ecti ve 
compliance with air quality regulati ons as one of their biggest challenges.

In its 2012 Integrated Energy Policy Report (IEPR) Update, the CEC reported that about 12% of 
California’s natural gas demand is met through in-state producti on.  The remaining 88% is imported 
from other states and Canada.  More than 40% of the state’s natural gas demand in California is 
related to electric generati on.

The CEC identified hydraulic fracturing (“fracking”), the process of pumping fluid into the ground 
at high pressures to fracture rock for the purpose of increasing production of oil and gas, as a 
significant issue that could impact future natural gas supplies and costs.  Since the fluid used  for 
fracking is comprised of water and chemicals, fracking is an important and growing dimension of
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Figure 2-10    Projected Power Generati on Natural Gas Demand33

High CA Gas Demand Case:

• >34,000 GWh of in-state nuclear gener-
ati on shut down aft er 2025;

• RPS does not reach 33% unti l 2029;

• Electric generati on growth is slightly
higher than the Reference Case; and

• Some additi onal electric vehicle
charging.

Low CA Gas Demand Case:

• Electric generati on growth is slightly
lower than in the Reference Case;

• 6,000 MW (8,500 GWh) of non-RPS-el-
igible renewable generati on is added;
and

• RPS reached 33% in 2020 and conti nues
to increase 1%/year, leveling off  at 40%
by 2027.

the water-energy nexus, both in California and globally.  Safe use and disposal of the chemicals 
used during the fracking process is also a major public health, water quality, and environmental 
concern.

Other prioriti es identi fi ed by the CEC include natural gas pipeline safety and reliability, and a need 
to “harmonize” the policies, programs and protocols governing the state’s electric and natural gas 
markets and operati ons to assure that the large quanti ti es of fl exible natural gas generati on needed 
for reliable integrati on of intermitt ent renewables will be available when needed.

The state is preparing to address these concerns through increased regulatory and market monitor-
ing, and new policies and programs.

The next chapter describes energy use by California’s water sector.
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3 Water Sector Energy Use
An understanding of energy use by water and wastewater systems is essenti al to understanding the 
role of natural gas in the water-energy nexus.

In general:

• Water systems use energy for collecti ng and delivering both potable and non-potable water, 
and for treati ng water to the levels needed by the targeted end uses.  Primary end uses include 
potable water consumpti on (both indoor and outdoor residenti al and non-residenti al uses), 
recycled water consumpti on, agricultural irrigati on, groundwater recharge, and environmental 
water.

• Wastewater systems use energy to collect and deliver sewage to wastewater treatment plants, 
to treat wastewater, and someti mes to discharge treated effl  uent.  When wastewater is treated 
to very high standards, it becomes recycled water that can be applied to approved benefi cial 
end uses (primarily landscape irrigati on).  In some cases, high quality recycled water is used to 
supplement surface water supplies or for groundwater recharge (known as “indirect potable 
reuse”). 

• Some water and wastewater agencies also produce some of their own electricity using a variety 
of resources and technologies:  natural gas, biogas or dual fuel cogenerati on; hydropower (run-
of-the-river, in-conduit, conventi onal, and pumped storage); wind; solar; geothermal; natural 
gas or biogas fuel cells; and advanced micro-turbines.  

Although most energy use by the water sector is electric, natural gas is used by some water and 
wastewater agencies for pumping and aerati on blowers.  Natural gas is also someti mes used to 
supplement digester gas when needed during porti ons of the wastewater treatment process for 
heati ng, as well as to produce electricity (with and without biogas) through CHP systems, advanced 
microturbines, and fuel cells.

Water Sector Electric Use
During 2009-2010, the California Public Uti liti es Commission (CPUC) conducted three “Embedded 
Energy in Water Studies.”  Study 2: Water Agency and Functi on Component Study and Embedded 
Energy-Water Load Profi les collected data and developed ti me-of-use electric load profi les for a 
strati fi ed sample of twenty two water and wastewater agencies throughout the state that were 
deemed to represent a spectrum of energy drivers. 

Electricity was the primary energy source for all of those agencies.  In fact, as reported in the 
CPUC’s studies, electric use by California’s water sector is considerably higher than originally be-
lieved – nearly 8% of California’s total electric requirements vs. the 4-5% originally esti mated by the 
CEC in 2005.34
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Figure 3-1 illustrates the primary uses of electricity by water and wastewater agencies and the 
range of energy intensiti es observed within the various systems and functi ons.  Clearly, there is 
signifi cant variability in the “energy intensity” – i.e., the number of kWh needed to perform various 
water and wastewater functi ons. 

The observed variability was not surprising.  Each water and wastewater agency’s system is custom 
designed to meet the needs of its service area and its customers.  Each varies widely with respect 
to breadth of service area; number and types of customers; climate; topology; local and imported 
water resources; treatment faciliti es’ capacity, design and technologies; and their operati ons.  Con-
sequently, water sector opportuniti es to reduce electric consumpti on need to be evaluated on an 
agency-specifi c basis. 

Energy Intensity (kWh/MG)

Raw Water Pumps

Groundwater Pumps

Water Treatment Plants

Booster Pumps

Pressure Regulators

Waste Water Pumps

Wastewater Treatment Plants

Recycled Water Pumps
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SDG&E

SCE
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Figure 3-1 Range of Energy Intensities Observed35
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The key water sector energy drivers confi rmed through CPUC Study 2 are shown on Table 3-1.

Table 3-1.  Primary Energy Drivers of Water and Wastewater Systems36

Segment of 
the Water 
Use Cycle

Sub-Segment of 
the Water Use 

Cycle

Supply 

Surface Water

                               Primary Energy Drivers

n/a (no energy deemed needed to collect surface water)
Groundwater Volume of water pumped, depth of well, pump & motor effi ciency
Desalination, 
Brackish & 
Seawater

Source water quality, volume & quantity of water treated, technology 
used

Recycled Water Wastewater discharge standard & level of additional treatment 
needed to convert wastewater effl uent into usable supplies

Conveyance
Pipelines, 

Aqueducts & 
Irrigation Canals 

• Volume of water being conveyed over what distance and elevations
• Conveyance system effi ciency: condition, vintage & effi ciency of

pumps & motors; type of conduit (pipeline vs. open channel, lined
vs. unlined); rate of water leaks, seepage & evaporation)

Water 
Treatment

Filtration • Treatment plant confi gurations
• The number of times water is treated
• The types of water disinfection technologies used
• Water quality standards

Reverse Osmosis
Ozone

Ultraviolet

Distribution

Flat
• Pumping energy determined by volume, system size & pressure,

topography of distribution network, system age
• Distribution system water losses (“leakage”)

Moderate
Hilly

Variable

Wastewater 
Treatment

Primary • Plant capacity
• Level of treatment
• Treatment technology(s) used
• Wastewater infl uent quality
• Discharge requirements

Secondary

Tertiary

Agricultural 
Irrigation

Type of water 
resource(s) used

• Surface Water: volume, distance, elevation, pump equipment
vintage & effi ciency

• Groundwater: volume, depth of well(s), pump and motor effi ciency
Irrigation 

Technology Surface, drip, sprinklers, others

Through CPUC Study 2, profi les describing energy use by each of the 22 parti cipati ng water and 
wastewater agencies were compiled.  As validated through the study, each agency vigorously 
manages its energy costs (oft en its second highest operati ng cost, next to salaries).  CPUC Study 2 
confi rmed that price signals do work, when a system has the ability to defer its energy use to non-
peak hours.

Following is a summary of some of the insights gained through a review of the water and wastewa-
ter agency profi les prepared by CPUC Study 2.
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Time-of-Use Electricity Profi les by Segment of the Water Use Cycle

Figure 3-2 stacks Rancho California Water District’s (RCWD) hourly electric demand for wastewater 
treatment, groundwater pumps, and booster pumps.  As shown in the fi gure, RCWD was able to 
minimize use of its booster pumps during summer on-peak hours (noon to 6:00 p.m.).  However, 
RCWD had less ability to defer groundwater pumping and wastewater treatment loads.  Conse-
quently, although it is clear that RCWD conscienti ously tries to operate its booster pumps only 
during non-peak hours, RCWD sti ll contributed about 4,000 kW to Southern California Edison’s 
(SCE’s) peak demand day (June 20, 2008).37

RCWD’s hourly load profi le was similar to that of other urban water systems – i.e., schedulable 
loads avoided summer on-peak periods; but treatment loads, both water and wastewater, tended 
to be unable to avoid on-peak hours.

Groundwater pumping varied by agency.  Suburban Water Systems operated its groundwater 
pumps at a relati vely flat rate throughout the day.  Others, such as San Jose Water Company, 
were somewhat schedulable and could reduce at least a portion of its groundwater pumping 
during on-peak hours.  This type of flexibility is usually gained when there is some capacity for 
water storage.

Figure 3-5 Orange County Sanitation District’s 
Hourly Load Profi le (SCE Peak Day 
2008)41
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Figure 3-2 Rancho California Water District’s 
Hourly Load Profi le (SCE Peak Day 
2008)38

Figure 3-3 Suburban Water Systems’ Hourly Load 
Profi le (SCE Peak Day 2008)39

Figure 3-4 San Jose Water Company’s Hourly 
Load Profi le (PG&E Peak Day 
2008)40
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Figure 3-6 Schematic of OCSD Reclamation Plant No. 142

Orange County Sanitati on District’s (OCSD) electric profi le is fairly typical of urban wastewater treat-
ment plants.  Many of these plants are operated 24 hours per day.  There is oft en a dip in treatment 
load from late evening through the early hours of the morning, while people are sleeping.  Treat-
ment load then tends to ramp up while they are getti  ng ready for work, reaching maximum demand 
late morning to noon, and conti nuing at a fairly fl at rate throughout the day and evening. 

OCSD’s process diagram of one of its reclamati on plants is informati ve as to why wastewater treat-
ment plants are typically operated 24 hours per day and tend to have limited ability to shed load.  
Shutti  ng down the plant and restoring it to service requires multi ple steps to make sure that every-
thing is done in proper sequence.  In additi on, most wastewater treatment plants were designed to 
process sewage as it enters their system, with litt le ability to store and defer treatment.
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Orange County Water District (OCWD) 
takes effl  uent from OCSD for treatment to 
advanced standards through its Groundwa-
ter Replenishment System Advanced Water 
Purifi cati on Facility (GWRS).  The GWRS is 
one of the most advanced recycled water 
faciliti es in the world.  High quality recy-
cled water is used to replenish the Orange 
County Groundwater Basin and to maintain 
a seawater intrusion barrier.43

Since the GWRS takes effl  uent from OCSD, 
the OCWD’s hourly load profi le refl ects 
a similar dip in the early morning hours, 
although there is a ti ming diff erence that 
results in a larger spike starti ng at 7:00 a.m.

Figure 3-7 Orange County Water District’s Ground Water Replenishment System44
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Figure 3-9 Contribution of  Seven Water and Wastewater Agencies to Summer Peak Demand in 
Southern California (2008)47

Water Sector Peak Electric Demand

Figure 3-9 shows the coincident peak on Southern California Edison’s 2008 summer peak Day (June 
20th) for 7 agencies within SCE’s service area.46

Although water and wastewater agencies diligently manage their electric loads to avoid summer 
on-peak periods as much as possible, a signifi cant porti on of the water sector’s electric demand is 
presently not easily schedulable.  There are hundreds of retail water and wastewater agencies in 
southern California.  If seven agencies contributed 93 MW to southern California’s peak electric de-
mand, the total coincident water-related electric demand in southern California is likely substanti al. 
This understanding is germane to the discussion of the potenti al role of natural gas in reducing peak 
electric demand.
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Natural Gas Applicati ons in the Water Use Cycle
A recent study conducted by Southern California Gas Company (SCG) showed that during CY2010, 
18 water and wastewater agencies used 17 million therms for water pumping, irrigati on and treat-
ment within SCG’s service area.  Of this amount, 10 million therms were provided by SCG.  The 
other 7 million therms were purchased from other natural gas suppliers.

The SCG study confi rmed that the primary non-electric generati on uses of natural gas within the 
water use cycle in its service area are for pumping – primarily groundwater wells, or booster pumps 
within the potable and recycled water distributi on systems.  Natural gas is someti mes used to 
supplement biogas for heati ng (digesti on, drying sewage sludge) during the wastewater treatment 
process.   A small amount of natural gas is used for aerati on blowers and wastewater collecti on (lift  
stati ons).

Following are descripti ons of how 3 agencies within SCG’s service area – West Kern Water District, 
Eastern Municipal Water District, and Tehachapi-Cummings County Water District - are using natu-
ral gas within the water use cycle.

Source

Supply &
Conveyance

Environment

End Use of
Water

Water
Treatment

Recycled Water
Treatment

Wastewater
Treatment

Water
Distribution

Recycled Water
Distribution

Wastewater
Collection

4,056,109 SCG Only
8,731,287 All N. Gas

3,097,909 SCG Only
5,714,019 All N. Gas

579,445 SCG Only

48,887 SCG Only2,068,900 SCG Only

Water Use Cycle

Figure 3-10 Uses of Natural Gas within the Water Use Cycle (CY2010)
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West Kern Water District (WKWD)48

West Kern Water District (WKWD) has a relati vely high natural gas energy intensity since it relies 
primarily on natural gas for pumping groundwater and also for water distributi on at its booster 
pump stati ons.  Based on annual retail water sales of 20,387 AF in CY201049, the average natural gas 
embedded in WKWD’s delivered potable water (excluding losses) was about 235 therms/AF. Most of 
the natural gas used by WKWD is purchased through the California Department of General Services’ 
Natural Gas Services program for state and local governments.

Figure 3-12 shows that WKWD’s natural gas energy intensity for groundwater pumping is 
190 therms/MG.  The energy intensity of its booster pumps in its southern distributi on system is 
290 therms/MG.  

• To the extent that WKWD can avoid groundwater pumping, the natural gas savings would be 
equivalent to the energy intensity of that avoided groundwater pumping (190 therms/MG).  

• If a water savings measure could be identi fi ed within WKWD’s southern distributi on system that 
reduced groundwater consumpti on and the associated distributi on pumping, the total amount 
of natural gas avoided would be equivalent to the sum of the two energy intensiti es (399.5 
therms).

• If, however, a water savings measure was implemented in WKWD’s southern distributi on system 
and the source of the avoided water supply could not be separately identi fi ed from the ground-
water wells in its southern system, the total amount of natural gas used in WKWD’s water 
system would need to be averaged over WKWD’s non-SWP water sales plus losses (20,634 AF),52 

resulti ng in an average natural gas intensity in CY2010 of 232 therms/AF.53

Figure 3-11 Natural Gas Use by Segment of the Water Use Cycle: West Kern Water District50

Source

Supply &
Conveyance

Environment

End Use of
Water

Water
Treatment

Recycled Water
Treatment

Wastewater
Treatment

Water
Distribution

Recycled Water
Distribution

Wastewater
Collection

2009 3,906,962 therms
2010 3,630,806 therms
2011 3,224,903 therms

2009 1,062,984 therms
2010 1,153,386 therms
2011    957,351 therms
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Figure 3-12 Natural Gas Energy Intensity by Segment of the Water Use Cycle: West Kern Water District (CY2010) 51
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Eastern Municipal Water District (EMWD)

Eastern Municipal Water District (EMWD) uses natural gas in multi ple segments of the water cycle: 

• Supply & Conveyance – Natural gas is used to pump groundwater.

• Water Distributi on – Natural gas is used in dual fuel mode (natural gas and electricity) at EMWD’s boost-
er pump stati ons.

• Wastewater Collecti on – Natural gas is used at two wastewater collecti on lift  stati ons.

• Wastewater Treatment – Natural gas is used in all four of EMWD’s Recycled Water Reclamati on Faciliti es 
for aerati on blowers and for pumping recycled water for distributi on to benefi cial end uses.  All EMWD 
treated wastewater is recycled.

• Recycled Water Distributi on – One recycled water booster pump stati on uses natural gas for pumping.
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The following table shows the natural gas energy intensity of EMWD’s system by segment of the 
water use cycle.

Table 3-2. EMWD Energy Intensiti es by Segment of the Water Use Cycle (CY2010)

System Water Use 
Cycle Therms

Total Water 
Used + 
Losses

Total 
Wastewa-
ter Treated

Total Recy-
cled Water 
Produced

Average 
Energy 

Intensity

Potable 
Water

Supply 219,580
154,700 AF55 8.31 therms/

AFDistribution 1,065,954
Total Therms 1,285,534

Wastewater

Collection 48,887

46,500 AF56

1.05 therms/
AF

Treatment 2,003,334 43.08 
therms/AF

Total Therms 2,052,221 44.1 therms/
AF

Recycled 
Water Distribution 248,812 46,451 AF57 5.4 therms/

AF

Water Use Cycle
Source

Supply &
Conveyance

Environment

End Use of
Water

Water
Treatment

Recycled Water
Treatment

Wastewater
Treatment

Water
Distribution

Recycled Water
Distribution

Wastewater
Collection

2009  1,175,931 therms
2010  1,065,954 therms
2011     979,986 therms

2009  2,567,475 therms
2010  2,003,334 therms
2011  2,108,169 therms

2009  47,283 therms
2010  48,887 therms
2011  49,572 therms

2009  267,777 therms
2010  245,617 therms
2011  228,708 therms

2009  357,782 therms
2010  219,580 therms
2011    95,052 therms

Figure 3-13 Natural Gas Use by Segment of the Water Use Cycle: Eastern Municipal Water 
District54
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Figure 3-14 below illustrates EMWD’s upstream relati onships.  Since EMWD provides services 
along multi ple segments of the water use cycle, including wastewater treatment, recycled water, 
and recycled water distributi on, EMWD is its own downstream supplier.

Figure 3-14 Natural Gas Energy Intensity by Segment of the Water Use Cycle: Eastern Municipal Water 
District (CY2010)58
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Tehachapi Cummings County Water District (TCCWD)

TCCWD uses natural gas to pump State Water Project (SWP) water uphill.

• SWP water is taken from a turnout just prior to Edmonston Pumping Plant where it gravity feeds 
to Pump Plant 1.

• Each pump plant has 4 motors and 4 engines.  Two or three operate seasonally (April-October).

• Pump Plants #1-3 each has 4x1200 hp pumps.  Pump Plant 4 has 4x500 hp pumps.

During calendar year 2010, TCCWD used an average of 521.5 therms/AF of water for pumping.  
Using natural gas for pumping avoids 8,850 kW of summer peak electric demand.  Pump Plant #5 
is presently 100% electric but could be converted to natural gas.  TCCWD’s SCADA system is already 
programmed for this possibility.  Any avoided water use along this path would yield signifi cant re-
ducti ons in natural gas usage.

Figure 3-15 TCCWD Pumping Elevation Diagram59
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The Statewide Potenti al for Natural Gas Water Pumping
Opportuniti es for natural gas water pumping can be found statewide.  Most of the state’s large 
water pumping systems use electricity.  The below map illustrates that California’s large water 
conveyance system generally runs along a path conti guous to the state’s high voltage transmission 
infrastructure. 

In additi on, both agricultural and urban water systems, large and small, use pumps for groundwater 
pumping, booster distributi on systems, and other purposes.  Each pump stati on and distributi on 
system represents a potenti al opportunity to displace some amount of electric demand with natural 
gas while concurrently providing fuel diversity to miti gate operati onal risks due to power outages.  
Fuel diversity also helps to miti gate power costs for water agencies with large portf olios of hydro-
power that fl uctuate with changes in hydrology.

A review of pumping loads by some water and wastewater agencies is helpful in understanding the 
types and breadth of opportuniti es for displacing water sector electric use during summer on-peak 
hours with natural gas.  As these opportuniti es are explored further, since there are many water 
and wastewater agencies throughout the state that may be candidates for this technology, it would 
be benefi cial to understand where, in the state’s electric system, this type of measure could have 
most value for electric reliability.
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Retail Water and Wastewater Pumping

Eastern Municipal Water District (EMWD)

57 pumps or aerati on blowers totaling 19,255 hp [14,162 kW]

Locati on Number and Size of Pumps (hp) Total Installed Capacity Drivers

Hemet 7 pumps (145-330 hp) 1,625 hp

Dual Fuel

Moreno Valley 13 pumps (145-425 hp) 2,985 hp
Murrieta 5 pumps (330-900 hp) 3,177 hp
Perris 3 pump (225hp) 675 hp

Riverside 3 pumps (225-500 hp) 1,055 hp
San Jacinto 12 pumps (145-700 hp) 4,530 hp

Sun City 8 pumps (95-225 hp) 1,355 hp
Temecula 6 pumps (465-814 hp) 3,853 hp

TOTAL 19,255 hp

EMWD is an example of a leader in dual fuel pumping and economic dispatch.  The above inventory 
refl ects EMWD’s natural gas engines only.  EMWD displaces electricity purchases with natural gas 
during summer on-peak periods to the greatest extent possible.  If EMWD did not use natural gas 
engines during these periods, its peak electric demand could be higher by about 14 MW.

North Kern Water Storage District (NKWSD)

As of 2011, 80 pumps totaling 19,683 hp [14,477 kW]60

Number of 
Pumps

Size of Pumps 
(hp)

Total Installed 
Capacity

32 pumps 150 hp 4,800 hp
16 pumps 200 hp 3,200 hp
1 pump 243 hp 243 hp

20 pumps 300 hp 7,000 hp
10 pumps 400 hp 4,000 hp
1 pump 440 hp 440 hp

TOTAL 19,683 hp

NKWSD is an example of an irrigati on pumper that could provide an electric reliability benefi t to the 
grid by installing natural gas engines:

• NKWSD’s energy demand is driven by hydrology – when it is very wet, NKWSD has virtually 
no pumping load.  When it is dry, NKWSD needs to pump almost conti nuously during summer 
months, except for on-peak demand periods that NKWSD avoids to the greatest extent possible.

• NKWSD currently supplies 100% of its energy requirements from electricity.

During wet years, 
NKWSD’s pumping load 
drops to about 200 kW.

During dry years, 
NKWSD’s pumping load 
increases to as high as 

15MW.
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From an electric system perspecti ve, the grid needs to be able to meet NKWSD’s peak electric de-
mand instantaneously when needed, even though it is not needed every year.  The challenge from 
a customer perspecti ve is that recovery of the capital investment to install the gas engines will take 
longer since they will not be used every year.

Wholesale Water Pumping

Metropolitan Water District of Southern California61

• 5 Pumping Plants with a total connected load of 300 MW

• 5 Water Treatment Plants

Facility Name [Locati on] Type of 
Facility Capacity

Number 
and Size of 

Pumps

Total 
Installed 
Capacity

Drivers

Diemer, Robert B. Treatment Plant [Yorba Linda] Treatment 520 mgd 0 0

Electric

Eagle Mountain Pumping Plant CRA 
Pumping 1800 cfs 9x12,500 hp 

(nameplate)
112,500 

hp

Hinds Pumping Plant CRA 
Pumping 1800 cfs 9x12,500 hp 

(nameplate)
112,500 

hp

Gene Pumping Plant CRA 
Pumping 1800 cfs 9x9,000 hp 

(nameplate)
81,000 

hp

Intake Pumping Plant CRA 
Pumping 1800 cfs 9x9,000 hp 

(nameplate)
81,000 

hp

Iron Mountain Pumping Plant CRA 
Pumping 2800 cfs 9x4,300 hp 

(nameplate)
38,700 

hp
Jensen, Joseph Treatment Plant [Granada Hills] Treatment 750 mgd 0 0

Mills, Henry J. Treatment Plant [Riverside] Treatment 220 mgd 0 0
Skinner, Robert A. Treatment Plant [Winchester] Treatment 630 mgd 0 0

Wadsworth, Hiram W. Pumping/
Hydro-Generating Facility Pumping 9x6,000 hp 45,000 

hp
Weymouth, F.E. Treatment Plant [La Verne] Treatment 520 mgd 0 0

CRA = Colorado River Aqueduct

Notes: The aqueduct is limited to 1800 cfs fl ow rate.  The Gene and Intake 
pumping plants can pump at a higher rate than 1800 cfs due to reservoirs 
near the Colorado River; however, delivery to southern California is limited 
to 1800 cfs.
The fl ow through the treatment plants is gravity fl ow with no supplemental 
pumping required.
With the completion of the Inland Feeder Pipeline, water is delivered by 
gravity fl ow into the Diamond Valley Lake Reservoir at the Wadsworth 
facility.  Water released from the reservoir fl ows through the Wadsworth 
generators.  Pumping is not anticipated in the near future.  Three of the 

CRA Pumping varies 
significantly:

1,440 GWh (2012)

2,200 GWh (2010)
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original 12 pump/generators were removed from service so that the nameplate generating capacity of the facility would be 
below the 30 MW limit for renewable generation certifi cation by the state of California.
CRA pumping varies with the amount of water to which MWD is entitled in any year.  During 2010, MWD used 2,200 GWh 
to pump 1.1 million AF of water.  During 2012, MWD used 35% fewer GWh (1,440 GWh) to pump 740,000 AF of water.

State Water Project62

22 Pumping Plants with a total connected load of 2,500 MW

Facility # of 
Units

Normal Stati c 
Head (feet)

Total Flow at Design 
Head (cfs)

Total Motor 
Rati ng (hp)

Connected 
kW

Badger Hill 6 151 454 11,750 8,642
Barker 
Slough 9 95-120 228 4,800 3,530

Bluestone 6 484 134 10,500 7,723
Buena Vista 10 205 5,405 144,500 106,280

Cherry 
Valley 2 130 75 300 221

Chrisman 9 518 4,995 330,000 242,715
Cordelia 11 138 0

Crafton Hills 3 613 40 4,000 2,942
Del Valle 4 0-38 120 1,000 736

Devil’s Den 6 521 134 10,500 7,723
Dos Amigos 6 107-125 15,450 240,000 176,520
Edmonston 14 1,926 4,480 1,120,000 823,760

Gianelli 8 (p-g) 99-327 11,000 504,000 370,692
Greenspot 4 382 50 3,900 2,868

Hyatt 3 (p-g) 500-625 5,610 519,000 381,725
Las Perillas 6 55 461 4,050 2,979

Oso 8 231 3,252 93,800 68,990
Pearblossom 9 540 2,575 203,200 149,454
Polonio Pass 6 533 134 10,500 7,723

South Bay 9 566 330 27,750 20,410
Teerink 9 233 5,445 150,000 110,325

Thermalito 3 (p-g) 85-102 9,120 120,000 88,260

p-g = pumping-generati on units

Note: Connected load is not necessarily an indicator of peak electric demand, since (a) not all units are operating at all 
times, and (b) some units may not operate during peak periods.
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Wholesale water conveyance requires substanti al amounts of electricity.  The statewide electric 
reliability value of integrati ng natural gas into water conveyance energy portf olios at any parti cular 
locati on requires site-specifi c analysis.  

From a customer perspecti ve:

The decision to use natural gas for water pumping is based primarily on economics and operati onal 
impacts.  Operati ng an engine in dual fuel or hybrid mode – i.e., with the opti on to switch at any 
parti cular ti me between electricity and natural gas – requires incremental investments in dual fuel 
infrastructure, automati c controls (e.g., SCADA), and additi onal staff  ti me and training to operate 
and maintain both types of equipment.  In additi on, when used in dual fuel or hybrid mode, the 
number of hours that either unit – electric or gas – will be operated is less than if a single fuel 
source was used. This will increase the per unit cost of output and the capital investment recovery 
period.

To the extent that the incremental investment can be justi fi ed by avoiding high cost on-peak elec-
tricity charges, and provided that the fi nancial and operati onal risks of air quality compliance (in-
cluding emissions controls measurement, monitoring and reporti ng) are manageable, the economic 
decision may be justi fi ed.

Other benefi ts may be equally or even more import-
ant.  For example, the primary mission of most water 
agencies is to reliably provide water.  For such agen-
cies, fuel diversity is an important strategy for assuring 
operati onal reliability of criti cal water systems.

From a system perspecti ve:

Natural gas pumps provide an additi onal resource that 
could be tapped by electric service providers to reduce 
peak electric demand within their service areas.  

When natural gas engines are used to produce customer-side electricity (i.e., distributed genera-
ti on), such units could be called upon when not needed for the customer’s on-site electricity re-
quirements to provide a porti on of the state’s fl exible capacity needed to assure conti nued electric 
reliability while integrati ng increasing amounts of intermitt ent renewable resources.

Energy diversity is 
important to mitigate the 

unpredictability of hydrology.

—Tim Haines, Deputy General Manager
Power, State Water Contractors
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4 The Opportunity
Energy is oft en one of a water or wastewater agency’s highest operati ng costs.  For medium to 
large-sized agencies, energy costs are typically second only to salaries.  Of necessity, therefore, Cali-
fornia’s water managers have become sophisti cated energy managers.  

Many water and wastewater agencies already parti cipate in their energy uti liti es’ energy effi  ciency, 
demand response, and self generati on programs.  In fact, self-producti on of electricity, especially 
with clean and/or renewable resources and technologies, is an existi ng best practi ce widely adopt-
ed by California’s water sector.63 Resources and technologies adopted by the water sector include 
natural gas, biogas or dual fuel cogenerati on; hydropower (run-of-the-river, in-conduit, conventi on-
al, and pumped storage); wind; solar; geothermal; natural gas or biogas fuel cells; and advanced 
micro-turbines.  As seen in Chapter 3, some water agencies also reduce electric demand by using 
natural gas for pumping.

The Customer Perspecti ve
Some water and wastewater agencies use internal combusti on natural gas engines or turbines to 
supply mechanical power, usually to pump water or wastewater, or for aerati on blowers.  Some 
agencies - Eastern Municipal Water District, Rancho Santa Margarita, Mesa Consolidated Water 
District, Irvine Ranch Water District, City of Monterey Park Water District – already use dual fuel 
pumps (electric and natural gas), primarily for purposes of economic dispatch (i.e., the ability to 
choose the less expensive energy resource available at any point in ti me).

While substanti al economic and operati onal benefi ts may be achievable by converti ng or supple-
menti ng electric water pumping with natural gas, some barriers will need to be overcome.  Chief 
among these are the fi rst costs of dual fuel equipment and infrastructure, the incremental costs for 
compliance with increasingly stringent air quality regulati ons, and the operati onal and economic 
risks of non-compliance with air quality regulati ons.  In additi on, staff  will need training in the oper-
ati on and maintenance of natural gas engines.

Eastern Municipal Water District (EMWD) uses 

dual-fuel pumps for groundwater wells, distribu-

ti on booster pump stati ons, and recycled water 

pump stati ons.  A sophisti cated SCADA system 

dispatches natural gas during on-peak periods to 

manage its electric costs while remaining in com-

pliance with air quality regulati ons.  During the 

fi rst year of operati ons (2006), EMWD reported 

an increase in pump effi  ciency of 10% and lower 

electric costs of 12%.
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Costs and Benefi ts of Using Natural Gas for Water Pumping
From an electric system perspecti ve, using natural gas engines for water pumping provides benefi ts 
comparable to demand response.  From a customer perspecti ve, natural gas provides fuel diversity, 
operati onal fl exibility, and the opportunity to reduce energy costs through economic dispatch.  The 
ability to substanti ally reduce electric demand during periods of high electric demand benefi ts both 
the state and the customer. 

Table 4-1. Benefi ts of Distributed Natural Gas Engines64

Reliability and Security Economic Benefi ts Emission 
Benefi ts

Power Quality 
Benefi ts

• Potential source of fl exible 
power[1]

• Increased security for critical 
loads

• Relieved transmission and 
distribution congestion

• Reduced impacts from 
physical or cyber attacks on 
the electric grid

• Increased generation diversity

• Avoided electricity losses[2]

• Deferred electric system 
investments[3]

• Avoided Peak Demand Costs[4]

• Economic dispatch[5]

• Reduced fuel costs due to 
competitive heat rates[6]

• Relatively quick installation[7]

• Reduced land use[8]

• Reduced line 
losses[2]

• Lower 
emissions[9] 

• Voltage profi le 
improvement

• Reduced 
fl icker

• Reduced 
harmonic 
distortion

Notes: 
[1] Flexible Power – Natural gas engines can be used as a load following resource.
 The primary difference between distributed natural gas engines and natural gas power plants is that distributed 

natural gas engines reduce electric demand at a particular customer’s site, and natural gas power plants put 
power and voltage into the grid at the point of generator interconnection.

 It is important to note that not all customer-side gas engines are suitable for load following or integration of 
volatile intermittent resources.  The characteristics of the load being served and its ability to sustain large and 
frequent changes in energy need to be taken into account.

[2] Avoided Electricity Losses – On-site gas engines do not incur losses comparable to those experienced by large, 
central station power plants. 

Central power plants incur several types of losses that reduce the net output of a power generation facility:
Parasitic– the amount of power used by the power plant itself during the production of electricity.
Transformer – reductions of net usable power attributable to the process of transforming voltages, both up 
and down, during the process of transporting electricity from the point of production to points of consump-
tion.
Transmission – reductions of net usable power attributable to delivering power at high voltages from points 
of production, often hundreds of miles away from the points of consumption.
Distribution – reductions of net usable power attributable to delivering power at lower voltages from points 
of delivery on the transmission system to points of consumption.

 The amount of losses specifi c to any particular power generation facility depends on many factors, including the 
types and vintage of equipment, the path and distance from electricity production to points of end use, and the 
condition, types and number of facilities the power will need to be transported over until it is consumed.  A study 
conducted by the California Energy Commission in 2011 reported average transmission and distribution losses 
in investor-owned electric utilities’ systems of 6.6 to 10.9% during 2002-2008.65 Higher losses in the high voltage 
system typically occur during summer months, when both loading and temperatures are high.  The below num-
bers do not include parasitic losses, which are specifi c to each electric generation unit.
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Range of Average Losses

PG&E SCE SDG&E
8.34%-10.9% 7.6%-9.8% 6.6%-9.6%

Note: Pipeline natural gas also experiences losses, but at much smaller levels.  PG&E’s reported “shrinkage” 
rate on its natural gas transmission system is about 1%.66  SCG and SDG&E employ an “in-kind” energy factor 
to adjust for natural gas system losses.  The current factor for SCG is 0.298%.67

[3] Deferred Electric System Investments - Natural gas engines installed in strategic locations and in suffi cient 
quantities throughout the state can help to improve electric reliability.  Reducing statewide peak electric demand 
has the effect of increasing the state’s average load factor, thereby reducing need for incremental investments in 
costly central generation plants and associated high voltage transmission infrastructure.

[4] Avoided Peak Demand Costs - Replacing an electric motor with a natural gas engine at any particular site has 
the effect of reducing electric demand.  Whether operated in solo or dual fuel mode, natural gas engines can 
enable customers to avoid using electricity during peak demand periods, conveying an economic benefi t to the 
customer and an electric system benefi t to the state.

[5] Economic Dispatch - In smaller applications, the natural gas choice is primarily based on economics.  Most wa-
ter agencies have heavy pumping loads during hot summer months.  During these periods, electric prices are at 
their highest.  Conversely, wholesale natural gas is priced higher during winter months, when it is used for space 
heating, and lower during summer months, when there is less demand.  For retail electric customers, the ideal 
circumstance is dual fuel - the ability to switch between electricity and natural gas to reduce seasonal energy 
costs and risks.  Operated in dual fuel mode, distributed natural gas engines can be an important component of 
a diversifi ed energy portfolio that reduces economic risks due to temporary market conditions in either resource. 
[see illustration: Comparison of Seasonal Natural Gas and Electric Prices]

[6] Competitive Heat Rates - Some natural gas engines have heat rates that are comparable with new combined 
cycle or combustion turbines.  At smaller sizes and depending on whether they are operated in “rich burn” or 
“lean burn” mode, some natural gas engines may need more fuel per unit of output than new combined cycle or 
combustion turbines.

Comparison of Heat Rates Between Natural Gas Engines and Generation Units

Natural Gas Engines68 New, Natural Gas Power Plants69

Combined Cycle Combustion Turbine

Engine Size (kw) Heat Rate
(btu/kwh) 100% Load 50% Load 100% Load 50% Load

4,343-18,321 7,119 – 7,434 7,400 8,000
2,647 – 3,605 8,715 – 8,890
180 – 1,976 9,051 – 9,985 9,750 11,600< 180 9,925 – 11,369

Note:  Of the engine manufacturers and models surveyed, the smallest engine with a heat rate comparable 
to new, large combined cycle turbines (about 7,400 Btu/kWhr) was 5,820 hp (4,343 kW).

[7] Potentially Quicker Installation - Depending on the particular application, system confi guration, site character-
istics, zoning, permits and approvals, and other factors, the amount of time needed to replace or supplement 
electric motors with natural gas engines can sometimes be measured in months, rather than the years needed 
to permit and construct a distributed (co-)generation system, or a new central gas-fi red power plant that needs to 
be interconnected to the electric grid.

[8] Reduced Land Use – Many distributed natural gas engines can be installed within the perimeter of an existing 
facility already zoned for industrial purposes, reducing both land impacts and permitting times.

[9] Lower Emissions - In lean-burn mode, distributed natural gas engines produce emissions comparable to new 
natural gas power plants, but overall emissions are lower due to avoided electricity losses (see notes [2] and 
[6] above). New technologies are enabling internal combustion engines and distributed generation systems to 
approach near-zero emissions performance comparable to that of fuel cells (see pp. 4-9).
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Whether viewed from the customer or the statewide perspecti ve, distributed natural gas engines 
provide an interesti ng opti on.  Strategically sited in suffi  cient quanti ti es within areas with high 
electric demand and electric system congesti on, use of natural gas engines may defer or avoid 
some investments in long-lived high voltage electric infrastructure that could become stranded well 
before the end of their useful lives.  Electric system ratepayers benefi t by deferring, and potenti ally 
avoiding costs of stranded assets.  Customers with expensive summer electric requirements benefi t 
through reduced energy costs.

Ulti mately, the decision as to whether a natural gas engine will be operated in solo or dual fuel 
mode depends in part on economics, and in part on the air quality regulati ons that govern any 
parti cular site.  Increasingly stringent air quality regulati ons signifi cantly increase both the costs and 
risks of compliance.  The air quality regulati ons governing operati on of natural gas internal combus-
ti on engines in California and Best Available Control Technologies (BACT) are described in Appendix 
A.  The costs of compliance and other types of challenges are discussed below.
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Comparison of Seasonal Natural Gas and Electric Prices

Natural gas is not subject to real ti me supply and demand volati lity, as is electricity.  Wholesale 
natural gas is sold on a volumetric basis with prices averaged over longer periods of ti me (e.g., 
monthly) than electricity (e.g., hourly).

Seasonal prices of natural gas tend to be inverse to electricity, creati ng an economic benefi t for 
displacing expensive electricity purchases with natural gas during summer months.
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The above fi gure illustrates the inverse seasonal relati onship between wholesale and retail 
natural gas prices, and retail electricity prices.

• Wholesale natural gas prices tend to be higher during winter months, when demand for 
heati ng is high.

• Retail electric prices tend to be higher during summer months, when cooling demand is 
high.  (In this example, non-residenti al retail natural gas prices are fl at throughout the year.)

Customers with signifi cant summer electric demand can reduce energy costs by using natural 
gas during the summer and electricity during the winter.

Notes:  
[1] The seasonal pattern for wholesale natural gas prices is based on average monthly spot prices at Henry Hub 

for 1990-2011.70

[2]  Illustrative retail electric prices were based on Southern California Edison’s general service Time-of-Use rates 
for customers with electric demand greater than 500 kW (rate TOU-8).  An average annual load factor of 55% 
was assumed for all periods.71

[3] Southern California Gas Company’s Schedule No. G-EN for Core Gas Engine Water Pumping Service was 
used to illustrate the fl at annual profi le of retail gas rates within its service area.72

[4] The cost of natural gas service in California will increase as a result of pipeline safety improvements being im-
plemented by the state’s natural gas utilities pursuant to CPUC Rulemaking 11-02-019 Adopt[ing] New Safety 
and Reliability Regulations for Natural Gas Transmission and Distribution Pipelines and Related Rulemaking 
Mechanisms.  Any such rate increases should be considered in the natural gas cost-benefi t analysis.
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Challenges to Increased Use of Natural Gas Pumping

Costs and Risks of Compliance with Air Quality Regulati ons

When asked about barriers to using natural gas pumps, many water and wastewater agencies cited 
the high cost of compliance with air quality regulati ons, especially within the South Coast Air Quali-
ty Management District (SCAQMD) where air quality regulati ons are most stringent.

For purposes of this paper, although there are opportuniti es for natural gas water pumping state-
wide, SCAQMD Rule 1110.2 governing operati on of internal combusti on engines was used as the 
benchmark for determining the costs of compliance with air quality regulati ons.  There were two 
reasons for selecti ng SCAQMD compliance as a proxy:

• Southern California has signifi cant electric reliability challenges.  Any reducti on of summer peak 
electric demand within this region would convey high electric reliability benefi ts to the state.

• SCAQMD Rule 1110.2 is the most stringent regulati on governing emissions from internal com-
busti on engines in the U.S.  Consequently:

 – Any emissions control technology that enables compliance with Rule 1110.2 will meet re-
quirements elsewhere in the state.

 – The cost of compliance within SCAQMD provides a benchmark for the highest cost of com-
pliance with air quality regulati ons.

Electricity is oft en used in areas distant from where it was produced.  The challenge from an energy 
perspecti ve, therefore, is that a strategy that reduces polluti on within one air polluti on control dis-
trict or air basin (e.g., favoring electrifi cati on of equipment and faciliti es to improve local air quality) 
ignores the impacts that may occur in other districts (e.g., increased emissions att ributable to local 
electricity generati on that is being used in other districts).  This circumstance explains one of the 
major challenges of using natural gas engines: from an air quality regulator’s perspecti ve, using nat-
ural gas engines within its jurisdicti on is less desirable than using electricity that is produced within 
another air basin.

To gain an understanding of the costs of compliance and the point at which costs become a sig-
nifi cant barrier to adopti on, manufacturers of emissions control systems for internal combusti on 
engines were interviewed.  To protect competi ti ve data, the results of those interviews have been 
summarized without identi fi cati on to any specifi c manufacturer.

There are four primary types of costs for internal combusti on engines related to compliance with air 
quality regulati ons:

• Acquisiti on and installati on costs of appropriate emissions control equipment;

• Incremental fuel costs (due to a combinati on of higher treatment costs for biogas and/or 
increased fuel consumpti on due to adverse or positi ve eff ects of the emissions control equip-
ment);
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• Incremental operati on and maintenance costs, including permit renewal fees, staffi  ng for emis-
sions measurement, equipment maintenance, and emissions monitoring and reporti ng; and

• Third party verifi cati on of emissions.

Both rich burn and lean burn engines need emissions controls within every air quality district in 
California.  The permitt ed levels of emissions vary within each air quality district, depending on the 
level of att ainment that has been reached for each regulated consti tuent.  The ongoing costs also 
vary.  Because SCAQMD has a high level of polluti on (i.e., “non-att ainment”), maintaining engine 
emissions within SCAQMD regulati ons on a conti nual basis is much more challenging and costly 
than within other air districts.

There is no “one size fi ts all” cost.  Each engine is slightly diff erent, each site has unique character-
isti cs, and each air quality district has its own set of regulati ons.  Further, BACT may be diff erent for 
rich burn vs. lean burn engines, depending on the individual district’s regulati ons.

The table below illustrates the approximate range of costs for emissions compliance.  The capital 
costs for engines below 800 hp (typically rich burn engines retrofi tt ed with NSCR catalysts and air/
fuel rati o controllers) vs. engines > 800 hp (typically lean burn engines retrofi tt ed with oxidati on 
and SCR catalysts and a urea controller) include parts and esti mated installati on costs.  Operati on 
and maintenance costs include replacement parts, catalyst washing/replacement, and consumables 
(e.g., urea for SCR systems). 

Table 4-2. Range of Esti mated Costs for Emissions Control Systems73

Horsepower Initi al Costs of Emissions Con-
trol Systems

Annual Costs for Operati on & 
Maintenance

< 800 hp $11,000-$21,000 $1,000 - $ 8,000
800-2,000 hp74 $150,000-$325,000 $15,000-$17,000

Note: The above estimates do not include annual costs for measurement, monitoring, reporting and verifi cation of emis-
sions.

For very small engines, the fi xed cost of compli-
ance as a percentage of output is very high.  Ac-
cording to emissions control technology providers, 
customers tend to consider emissions controls eco-
nomic at larger engine sizes, especially if they can 
be operated in compliance with air quality regula-
ti ons in lean-burn mode. This does not, however, 
include staff  and contractor costs for the increased 
frequency of emissions measuring, monitoring and 
reporti ng which, in some air districts, is a signifi -
cant barrier.

One of the challenges to air quality compliance 
cited by both water and wastewater agencies is 
the fact that gas engines are oft en sold separately, 
and by diff erent parti es, than the emissions control 
systems.  In such cases, engines are warranted by 

Yorba Linda Water District 

operates 13 natural gas engines 

ranging between 65-450 hp.  

Their average capital investment 

for emissions controls equipment 

was about $50,000 with on-

going annual costs of $8,000 for 

each engine.  Fees for permits to 

construct and to operate totaled 

$6,000, bringing total Year 1 

air quality compliance costs to 

$64,000 per engine. 
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engine manufacturers, and emissions control systems are warranted by their technology providers.  
The emissions control companies that provided informati on for this secti on explained that engine 
issues:  variati ons in loading, changing environments, and a multi tude of other factors beyond their 
control, all aff ect performance.  The same is true for natural gas engine manufacturers.  When 
engines are sold separately from emissions control systems, the owner/operator of the gas engines 
is deemed the sole party that has the ability to assure compliance with the air quality permit, and 
must therefore assume responsibility for all costs and risks of that compliance.

Adopti on of distributed natural gas engines is more likely when customers are able to purchase 
integrated packaged units (engines with the emissions control systems) warranted for performance 
within SCAQMD permitt ed levels of emissions.  Alternati vely, packagers of engines with generators, 
pumps, or compressors could certi fy their packages.  Some water and wastewater agencies indicat-
ed that they would be more interested in natural gas soluti ons if they could purchase output from 
the engines, just as they do now for some energy projects through power purchase agreements.  
In that manner, the seller of the energy (horsepower) would assume all costs and risks of develop-
ment, fi nancing, installati on, operati on, maintenance, repairs, and air quality compliance.

Increased Operati ng Costs and Risks

Water and wastewater agencies that do not presently use natural gas engines for pumping cited 
concerns about incremental operati ng costs and risks.  The need to train staff  about how to operate 
yet another piece of equipment and increased frequency of maintenance for gas engines were cited 
as signifi cant barriers.  Additi onal staff  ti me and costs for measurement, monitoring and reporti ng 
of air emissions for compliance with air quality permits are another potenti ally prohibiti ve cost.  
The need for third party verifi cati on of emissions adds yet another incremental cost.

To address these types of concerns, some water and wastewater agencies indicated that they would 
be interested in an off ering in which a third party purchases, installs, operates and maintains gas 
engines on their site.  However, the third party must also be willing to assume responsibility for air 
quality compliance.  As noted above, if a water agency could purchase the output of natural gas 
engines (i.e., horsepower) under power purchase agreements, similar to the manner in which some 
agencies now purchase solar and wind power; and provided that horsepower could be procured 
at prices competi ti ve with the equivalent amount of electricity, California’s water sector would be 
more willing to increase adopti on of distributed natural gas soluti ons.

Potenti al risk of becoming a covered enti ty under AB32

Although natural gas has the lowest carbon intensity of combusted fossil fuels, it does emit green-
house gas emissions.  Consequently, increasing the use of natural gas, whether in direct drive 
mode for on-site mechanical power or for distributed (co-)generation could create a circumstance 
in which a water or wastewater agency that is not currently subject to AB32 may become a 
“covered entity” under the regulati on.75 A covered entity emitting more than 25,000 MTCO2e per 
year will have compliance obligations    under California's Cap and Trade regulati on.

Table 4-3 indicates the potenti al range of GHGs emitt ed by diff erent types and sizes of natural gas 
engines.  The actual emissions profi le is specifi c to each engine manufacturer and model.  In gener-
al, however, (a) rich burn engines typically experience higher emissions per unit of output than lean 
burn engines, and (b) larger engines tend to be more effi  cient than smaller engines.
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Table 4-3.  Esti mated Range of Annual GHGs by Engine Size

Engine Size

Range of Annual GHGs per Engine (MTCO2e)

50% Load Factor 100% Load Factor

MIN MAX MIN MAX

Under 800 hp 193 1,788 386 3,575
800 hp to 4,800 hp 1,317 9,678 2,633 19,356

Note:  The above range of GHGs was calculated on the basis of specifi cations for 54 engines from 7 engine manufac-
turers.  The full rated capacity was assumed for all hours operated.

An enti ty covered by AB32 would need to reduce its GHGs in accordance with the ARB’s regulato-
ry schedule that ramps emissions down over ti me to achieve the state’s target of 1990 emissions 
by 2020 – an approximate 30% statewide reducti on of GHGs from “business as usual” emissions 
projected for 2020, and an 80% reducti on below 1990 levels by 2050.76 If an enti ty cannot achieve 
the targeted reducti on in GHGs, a covered enti ty may purchase ARB allowances through an aucti on 
mechanism or from another enti ty.  It may also purchase off sets from ARB-qualifi ed off set projects.

While the costs of AB32 compliance would represent an additi onal cost, the incremental cost 
should be comparable to the increased cost of electricity purchases from natural gas or other fossil 
fuel generati on sources that are already covered enti ti es under AB32. 

The Role of Technology in Compliance and Risk Miti gati on

“Near Zero” Emissions

As noted earlier, SCAQMD is used as a proxy in this paper for determining the incremental cost of 
compliance with air quality regulati ons.  SCAQMD has the strictest air quality regulati ons in the U.S.  
If an emissions control technology can meet SCAQMD’s rules, it will be compliant anywhere in the 
U.S.

The good news is that exciti ng advances are being made in emissions control technologies.  The Cal-
ifornia Energy Commission’s Public Interest Energy Research (PIER) division co-funded advancement 
of several new technologies that hold high promise.  One of these, Tecogen’s new line of “Ultra” dis-
tributed generati on products, enables cost-eff ecti ve compliance with SCAQMD Rule 1110.2 electri-
cal generati on standards today. 

On October 12, 2012, Tecogen announced a pilot project “... to retrofi t a natural-gas powered 
EMWD water pump engine with Tecogen’s proprietary ultra-low emissions technology.  This project 
will be the fi rst demonstrati on of Tecogen’s emission control technology on a non-Tecogen engine, 
and an important proof of concept for its wider applicati on.”78 The focus of this project is to demon-
strate “conti nuous compliance” within existi ng engine BACT emission limits.

Eastern Municipal Water District (EMWD) and other California water and wastewater agencies are 
playing a major role in advancing development of emissions control technologies.  In additi on to 
providing demonstrati on sites and collaborati ng with Tecogen and other technology developers, 
EMWD is helping to advance NoxTech, an aft er-treatment emissions control technology, to clean up 
emissions from combusti on of biogas (both landfi ll and digester gas).79
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On January 23, 2012, Tecogen Inc. announced availability of its ultra-low emissions 
technology across its enti re product line of natural gas engine-driven systems. These 
emissions are on par with fuel cells.77
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Converti ng a GHG Obligati on to a Valuable Asset
While some view Cap and Trade as a signifi cant cost, others are viewing it as an irresisti ble oppor-
tunity.  Appendix B to this paper describes some carbon miti gati on strategies and technologies that 
are being developed and tested.  Many technologies, especially those being developed to address 
greenhouse gas emissions from large emitt ers such as merchant-scale fossil fuel power plants, are 
years away from being economically and commercially available.  Some technologies that are cur-
rently being used, such as enhanced oil recovery for mature oil fi elds, may have some applicati on 
for California; but technical and economic feasibility depends on the characteristi cs of the individual 
oil fi elds.  

The technology that appears to have the most near term interest for California is biological.

“Dirty” (i.e., raw) emissions can be used in biological carbon capture without need for scrubbing 
or extra measures during combusti on.  Technologies for capture of dirty emissions include algae 
capture, wetlands, and oxygenati on ponds.  These methods dissolve the CO2 and other consti tuents 
into water, and then biologically absorb or degrade them using microorganisms and algae. 

Substanti al research is being conducted into biological meth-
ods.  Of these, two appear parti cularly complementary with 
California’s agricultural economy and represent high potenti al 
for the state, both as a means of recycling CO2 emissions and 
as an opportunity to create new agricultural markets and new 
skilled full-ti me agricultural jobs.

Greenhouses – Growers purchase supplemental CO2 to 
create a CO2 rich environment for produce.  This makes 
combined heat and power (CHP) a natural partner for agricul-
ture.  In fact, CHP has been used to provide heat, electricity 
and carbon dioxide for greenhouses in Europe and in Canada 
since the late 1990s.

Last year, Houweling Nurseries implemented the fi rst CHP 
greenhouse in the U.S. – in Camarillo, California – to use CHP 
to provide heat and carbon dioxide to its tomatoes.  Houwel-
ing Nurseries’ CHP system was sized to meet its needs for CO2 
and heati ng.  As a result, much more electricity is produced 
than is needed to meet on-site power requirements.  Excess 
electricity will be sold at wholesale prices.  

The Houweling Nurseries example has exciti ng implicati ons 
for California.  Co-located with existi ng or new power plants, 
greenhouses can clean up and use CO2 emissions to increase 
producti on of fresh produce while reducing net GHGs state-
wide.  Sited adjacent to, or within large urban populati ons, 
greenhouses can produce local sources of fresh produce, re-
ducing transportati on and other GHGs emitt ed while tending 
traditi onal fi eld crops in agricultural regions that are distant 
from the urban areas in which the produce will be consumed. 

Biological storage of 
carbon is attractive 
because it uses or 

mimics natural 
processes. This greatly 

reduces the likelihood of 
unexpected side effects 
when it is implemented 

on a large scale.

Rows with CO2 System
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Algae Farming – Scripps, U.C. San Diego, Southern California Gas Company and others are conduct-
ing extensive research into algae farming as a means of CO2 recycling.  

• On July 30, 2012, Scripps, U.C. San Diego and Southern California Gas Company issued a joint 
press release announcing their agreement “… focusing on the design of an innovati ve system in 
which algae consume carbon dioxide (CO2) emissions from natural gas combusti on and cost-ef-
fecti vely convert it into valuable byproducts such as biomethane, biodiesel and animal feed.”80

• A Canadian fi rm, SFN Biosystems Inc., is developing a proprietary technology for feeding raw 
exhaust from internal combusti on engines to a domesti c algae common in North America 
(non-toxic and not geneti cally engineered).   SFN esti mates that this technology may be ready 
for widespread commercial deployment within 3-4 years.81

• A California based company, Carbon Capture Corporati on, is developing biofuels from algae fed 
with emissions from power generati on and other faciliti es.  The company operates open algae 
ponds with a total capacity of 8 million gallons located on an existi ng 40-acre Algae Research 
Center (“ARC”), part of a 326-acre research and development facility in Imperial Valley, Califor-
nia.82

Many species of algae are already being commercially produced, harvested and processed globally 
for applicati ons ranging from bio-pharmaceuti cals to animal feedstock.  Algae farming would be a 
good fi t with California’s agricultural economy, creati ng new products, markets and jobs, while also 
reducing GHGs.

Houweling Nurseries Rainwater Capture System
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Houweling Nurseries, Camarillo, CA

TECHNOLOGY DESCRIPTION
Integrated Combined Heat & Power (CHP) and Greenhouse

TECHNOLOGY PROCESS
CHP system provides heat for greenhouse crops, electricity for lighting, and CO2 for fertilizer.

BENEFITS
• Land. About 1/10th the acreage needed by a traditional farm to produce comparable yield. 
• Water. About 55% less water than an equivalent yield of fi eld grown tomatoes.  After accounting for 

the contribution of recycled water and captured stormwater, Houweling Nurseries’ purchased water 
will be nearly 70% less than that needed for a tomato farm with equivalent annual yield.

• Water Quality.  Local environmental, public health and economic benefi ts accrue to the local commu-
nity by minimizing agricultural runoff that could otherwise contaminate local water supplies.

• Energy.  Houweling Nurseries requires more electricity and natural gas then does a traditional farm.  
The CHP system produces much more electricity than can be used on-site.  Excess electricity is sold 
at wholesale prices.

• Greenhouse Gases.  GHGs from mobile sources are signifi cantly less at Houweling Nurseries com-
pared to traditional fi eld crops, since the area that needs to be managed is nearly 90% less for the 
same amount of produce yield.  Additional reductions of GHGs are realized through reduced pur-
chases of commercial CO2 that are otherwise delivered in tankers.  Although incremental GHGs are 
produced via the CHP system, the majority of the produced emissions are cleaned up and purifi ed to 
fertilize the tomatoes.  

IMPLICATIONS FOR CALIFORNIA
• Locating a Houweling type of greenhouse adjacent to large sources of CO2 emissions would reduce 

statewide GHGs.
• Siting a Houweling type of greenhouse within or near the perimeter of every mid- to large urban area 

in the state would reduce transportation GHGs associated with delivery of fresh produce from areas of 
production to areas of consumption.

• Every new Houweling type of greenhouse would create skilled year-round agricultural jobs. Houweling 
Nurseries’ Camarillo operation created 500 full-time equivalent jobs.

• Twenty additional nurseries the size of Houweling Nurseries’ Camarillo facility would be able to meet 
most of the in-state demand for fresh tomatoes, substantially reducing need for foreign imports.  Other 
crops are candidates for CO2 fertilization.  These include asparagus, carnations, celery, chrysanthe-
mums, cucumbers, freesias, gerbera, lettuce, orchids, peppers, potted plants, and roses. 

 [See Appendix C for more information about Integrated CHP-Greenhouses and Houweling Nurseries.]
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Algae Photo-bioreactor [SFN Biosystems, Inc.]

TECHNOLOGY DESCRIPTION
Proprietary technology feeds raw exhaust from combustion engines to a domestic algae common in North 

America (non-toxic and not genetically engineered)

TECHNOLOGY PROCESS
• Raw exhaust from internal combustion engines is run through a catalytic converter to remove some of the 

NOx, and is then bubbled into tanks.
• Condensate from cooling is pH neutralized and used as make-up water.  
• The remaining NOx is consumed by the algae.  
• Heat from the engine’s jacket water is used to heat tanks to a temperature that optimizes algae growth.  
• Currently rejected waste heat from the engine is recovered to power the rest of the plant facilities.  
• After the algae grows to the targeted density, it is continuously harvested from the tanks and dewatered.  

The unused portion is returned to the tank to maintain optimum growing density.

BENEFITS
• Enables compliance with both Air Quality and Cap & Trade regulations by feeding exhaust emissions from 

internal combustion engines to algae
• Effi ciently converts a waste problem to valuable products:  waste products from internal combustion process 

(air emissions, waste heat and condensate) are used to feed an agricultural product (algae)83

• Low land and O&M costs due to compact footprint and continuous year-round harvesting (algae production 
yield is more than 50 times per acre than traditional agricultural (open fi eld) approaches)

• Reduces transportation GHGs vs. traditional agricultural techniques through high density algae production
• Economic growth and clean jobs spurred through new products and services

COSTS
TBD (technology still in development stage; market price not yet established)

SITE REQUIREMENTS
• Local source of emissions (e.g., stationary internal combustion engine)
• Photo-bioreactor footprint:  approx. 5,000 – 6,000 ft2 per 1 MW (8 modular units including space between 

and around the units

CHALLENGES/OPPORTUNITIES
• Cost-effectiveness of technology not yet known (early pre-commercial stage of development)
• Owners of internal combustion engines are unlikely to be interested in farming algae; hence, a 3rd party 

development model will be needed for wide-scale implementation
• A market will need to be found for the algae
• Algae farming is not yet an authorized emissions offset for purposes of California’s Cap & Trade regulation
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5 Pathways to Implementati on
Natural gas power generati on is expected to play a major role in electric reliability over the next 
few decades as unprecedented quanti ti es of intermitt ent renewable resources, predominantly wind 
and solar, will need to be integrated into the electric grid.  The CAISO esti mates that 12,500 MW of 
“fl exible power” will be needed to safely integrate the additi onal wind and solar resources that are 
expected online by 2020.84 Unfortunately, the CAISO’s need for additi onal fl exible power capacity 
coincides with the anti cipated reti rement or replacement of 12,000 MW of aged fossil fuel power 
plants that are already uneconomic or that are facing uneconomic regulatory compliance retrofi ts.85

It is unlikely that the siti ng, building, fi nancing and interconnecti on of new, effi  cient natural gas 
power plants suffi  cient to make up for the lost capacity of reti red power plants can be accomplished 
within this relati vely short ti me frame.  Consequently, the CAISO is developing fl exible ramping 
products to att ract generators that can provide very quick start, ramp up, and ramp down services.

Distributed natural gas soluti ons such as nat-
ural gas water pumping typically have shorter 
lead ti mes to implement than power plants 
since they do not have the same breadth of 
environmental impacts as a power generati on 
facility, nor do they require interconnecti on 
to the state’s electric grid.  Further, many ret-
rofi ts can be accommodated within a water 
or wastewater facility’s existi ng footprint, 
which is usually already zoned and authorized 
for industrial use.

As shown in Chapter 3, some water and 
wastewater agencies already use natural gas 
for pumping.  These agencies have demon-
strated that natural gas pumping enables 
them to reduce reliance on the electric grid 
during high cost, peak demand periods.  Us-
ing natural gas also provides additi onal opera-
ti onal fl exibility and water delivery reliability 
when used in dual-fuel mode.

Using natural gas to provide on-site mechan-
ical power has the same eff ect electrically as 
demand response or customer-side distribut-
ed generati on.  However, there are presently 
no incenti ves available for “fuel switching”.

Natural Gas Pumping can …

• Increase fuel diversity, reducing 
energy supply and price risks 
while increasing energy and 
water reliability

• Reduce costs and 
environmental impacts of  
electric infrastructure that 
would not be needed every year 
by loads that fluctuate with 
hydrology

• Cost-effectively “shave” peak 
electric demand to increase 
electric reliability in targeted 
areas

• Accelerate shutdown of old 
power plants and reduce GHGs
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The Natural Gas Value Propositi on for Water Pumping
The contributi on of water pumping to statewide peak electric demand is not yet known.  However, 
by applying a range of load factors to the amount of water sector electric use, we can approximate 
a likely range.

CPUC Study 1 esti mated that water sector electric use totaled 19,282 GWh in CY2001.86 Pump-
ing in two segments of the water use cycle accounted for 87% of that amount.

Segment of the Water Use Cycle GWh 
(CY2001) 

% of 
CY2001

Supply & Conveyance
Groundwater Pumping 6,068

15,786 82%
Water Conveyance 9,718

Distribution Water Distribution 1,000 5%
Estimated Total Water Pumping 16,786 87%

Water agencies make a concerted att empt to avert pumping during summer on-peak periods.  
However, as shown in Chapter 3, that is not always possible.  

Using a conservati ve average load factor87 yields an esti mated demand of 2,700 MW (70% load 
factor)88 to 3,200 MW (60% load factor).89 (“Conservati ve” in this case means a higher load 
factor, since that will produce a lower esti mate of peak electric demand.)

Using this methodology, there may be as much as 3,200 MW of peak electric demand by water 
agencies for pumping within the Supply & Conveyance and Distributi on segments alone.

This circumstance raises some interesti ng questi ons:

• How much of the water sector’s peak electric demand could be served by natural gas engines?

• What are the costs of such retrofi ts and the costs of compliance with air quality regulati ons?

• How much peak electric demand would need to be reduced in order to reti re the state’s fl eet of 
old, ineffi  cient power plants?

• How much new central electric generati on capacity and associated high voltage transmission 
systems could also be avoided?

• What is the value to the state of reducing electric demand during periods of electricity shortage 
and/or in areas of transmission congesti on:  By 200 MW?  By 500 MW?  By 1,000 MW?

• Where would water sector peak load reducti ons have the highest value for the state?

• What potenti al sources of subsidies and incenti ves might be available to fund the incremental 
costs of equipment changes and dual fuel infrastructure when benefi cial for electric reliability?

Table 5-1 illustrates the potenti al benefi ts of natural gas water pumping for both the state and its 
water sector. 
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Table 5-1.  The Natural Gas Water Pumping Value Propositi on

Natural Gas 
Engines State Prioriti es State Perspecti ve Water Sector Perspecti ve

Increase Fuel 
Diversity Energy Security Reduce economic impacts of 

power market volatility Increase water delivery reliability

Reduce Peak 
Demand

Energy Resource 
Loading Order

Increasing the state’s average 
load factor reduces need for 

peaking capacity
Reduce purchases of expensive 

peak electricity

Provide Flexible 
Power

Electric Reliability Reliability promotes economic 
stability and growth Increase operational fl exibility by 

enabling pumping at any time of 
the day 

Clean, Renew-
able Distributed 

Energy

Increasing fl exible capacity 
increases ability to integrate 

renewable resources

Reduce GHGs AB32 and Cap & 
Trade

Convert compliance obligations 
to economic development 

opportunities
Reduce water sector’s carbon 

footprint 

Reduce Costs Ratepayer Pro-
tection

Reduce amount of fl exible 
capacity needed and defer new 
investment in long-lived elec-
tric assets that may become 

stranded

Reduce energy costs

Reducing peak electric demand within supply or transmission challenged areas in California could 
reduce the need for keeping old, ineffi  cient and uneconomic power plants in operati on.  If electric 
demand within those areas can be reduced to levels suffi  cient to also avoid constructi on of new 
power plants and associated new or upgraded transmission and distributi on systems that would 
otherwise be needed to serve those areas, the economic and environmental benefi ts of those 
avoided investments would accrue to electric ratepayers and to the state overall.

That said, increasing use of natural gas engines is not without challenges.  Internal combusti on en-
gines are subject to increasingly stringent air quality regulati ons that increase capital and operati ng 
costs and risks.  Natural gas engines also require more maintenance than electric motors, creati ng a 
need to train staff  on operati ons and maintenance of the equipment.  Water and wastewater agen-
cies whose parti cipati on would be benefi cial to increasing statewide electric reliability may need 
incenti ves to help miti gate these types of incremental costs and risks.

Table 5-2 describes some potenti al soluti ons to the challenges that were discussed in Chapter 4.
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Table 5-2.  Challenges and Potenti al Soluti ons

Challenges Potenti al Soluti ons

“First Costs”

Initial capital costs can be signifi cant, 
especially if operated in dual fuel mode 
(requiring incremental infrastructure, and 
potentially also requiring investments in 
sophisticated SCADA systems).

• Incentives that help to offset fi rst costs 
can be provided through demand re-
sponse, distributed generation, and other 
customer energy programs.

• Fuel switching and dual fuel infrastruc-
ture could be qualifi ed to participate 
in on-bill fi nancing and other types of 
customer energy programs.

• Gas Suppliers, Equipment Manufacturers 
and/or Other Third Parties could fi nance 
& own the equipment.

• When important for electric reliability, it 
may be appropriate for energy utilities to 
make these investments on behalf of all 
ratepayers.

Economic Risks 
due to Fuel Price 

Volatility

• History has shown that even domestic 
fuels are not fully insulated from price 
volatility due to global economics or 
geo-politics.

• Temporary domestic conditions can 
cause huge swings in wholesale energy 
prices.

• Gas supplies and/or futures can be pur-
chased, and natural gas supplies stored, 
to hedge against unstable or volatile fuel 
costs and assure that minimum Return 
on Investment (ROI) criteria are met.

• Utility retail prices mitigate temporary 
price shocks by establishing revenue 
requirements for customer rates over 
multiple years.

Air Quality 
Compliance

• Increasingly stringent air quality regula-
tions may constrain operations of natural 
gas engines to a point where recovery 
of the capital investment may not meet 
minimum ROI criteria.

• The cost of compliance, including emis-
sions controls systems and incremental 
operating costs for measurement, moni-
toring, reporting and verifi cation may be 
cost-prohibitive for some applications.

• Appropriate Best Available Control Tech-
nology (BACT) should be identifi ed and 
included in the capital and operating cost 
estimates.

• Suitable warranties and guarantees 
should be obtained for new engines that 
are designed to comply with air quality 
regulations.

• New emerging emissions monitoring and 
control technologies hold promise for re-
ducing the costs and risks of compliance.

Cap & Trade 
Compliance90

Depending on the type, size and emissions 
profi le of the entity and the equipment, Cap 
& Trade may be triggered.

• Purchase California Carbon Allowances 
(CCAs).

• Purchase or produce CO2e offsets.
• Recycle or sequester produced CO2e.

O&M Costs Staff may need to be trained to operate & 
maintain natural gas engines.

Operation and maintenance services can 
be provided by the Gas Supplier, Equip-
ment Manufacturer and/or Other Third 
Party, whether for fee or included in an 
equipment lease.
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Presently, except in very limited circumstances, California’s customer energy programs specifi cally 
exclude fuel switching from parti cipati on in programs that off er subsidies and incenti ves.  If distrib-
uted gas applicati ons can play an important role in statewide electric reliability, mechanisms will 
need to be developed that help to miti gate the incremental capital and operati ng costs and risks for 
adopters.  Potenti al soluti ons include:

• Providing incenti ves that include considerati on of electric reliability benefi ts and the value of 
avoided electric investments (i.e., the avoided costs of old, ineffi  cient power plants; new and/or 
upgraded central power generati on faciliti es; new and/or upgraded transmission and distribu-
ti on faciliti es; etc.) in determining cost-eff ecti veness of dual fuel natural gas and electric equip-
ment and infrastructure.

• Encouraging energy uti liti es to invest in dual fuel equipment and infrastructure where benefi -
cial for electric reliability, and allowing energy uti liti es to recover such investments through the 
electric reliability component of customer rates.

Whether through a mechanism similar to the CAISO’s proposed FLRR or through other procure-
ment mechanisms, California is currently facing the prospect of needing to pay incenti ves to aged, 
ineffi  cient power plants to remain in-service well past their useful lives.  We owe it to ourselves to 
identi fy every viable opti on that could expedite shutdown of these uneconomic faciliti es. 

As we embark down this path, however, we need to be realisti c.  Replacing or supplementi ng elec-
tric motors with natural gas pumps in water and wastewater agencies throughout the state will not 
result overnight in shutti  ng down old, ineffi  cient power plants that are operated only a few hours a 
year.  But reducing the state’s peak demand by 200 to 500 MW or more in targeted areas in south-
ern California can have a short-term benefi t – that of miti gati ng the increased risk of power outag-
es.  If we move expediti ously, we may also be able to lock in long-term benefi ts through avoided 
investments in large, central electric generati on plants and associated transmission and distributi on 
infrastructure that would otherwise need to be built to serve that electric demand.

Next Steps
Tables 5-3a and 5-3b describe potenti al near- and long-term acti ons that could be taken by key 
stakeholders and state agencies to expedite installati on of natural gas pumps and dual fuel (natu-
ral gas and electric) infrastructure where deemed important and benefi cial to improving electric 
reliability.

From a customer perspecti ve, this is a good ti me to integrate natural gas into energy supply portf o-
lios.  Proven natural gas supplies are deemed suffi  cient to meet U.S. demand into the next century, 
large quanti ti es of natural gas are available now, and natural gas prices are the lowest they have 
been in over a decade.

Some water and wastewater agencies already use natural gas in their energy supply portf olios, 
although most could do more if the high costs of dual fuel infrastructure and air quality compliance 
could be miti gated.

Natural gas engines require smaller investments than central power plants and high voltage trans-
mission systems.  In additi on, customer-side investments in distributed natural gas applicati ons are 
borne by customers – in this case, water and wastewater agencies through their capital and oper-
ati ng budgets - reducing the reliability cost burden to electric ratepayers.  Dual fuel equipment and 
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Table 5-3a. Potenti al Acti ons by Key Stakeholders

Stakeholder Near-Term (< 1 year) Long-Term (> 1 year)

Energy 
Utilities and 
Water & 
Wastewater 
Agencies

Partner with each other, and collaborate with the CEC, 
the CPUC, the CAISO and others to identify, qualify 
and implement near-term opportunities that reduce 
peak electric demand.

Prioritize opportunities for reducing peak electric 
demand, increasing energy effi ciency, and increasing 
production of clean and/or renewable distributed 
energy at water and wastewater facilities.

Emission 
Control 
Technology 
Providers

Continue partnering with energy utilities and water & 
wastewater agencies to accelerate commercialization 
of near-zero emissions control technologies, and 
continuous emissions monitoring/control technologies.

Commercialize new cost-effective technologies:
• Zero to near-zero emissions control systems 
• Continuous emissions monitoring and controls

Engine 
Manufacturers

Offer and warrant performance of fully integrated 
engines & emission control systems.

Collaborate with energy utilities and CEC to develop 
new products, services and business models that 
reduce costs and risks of distributed natural gas 
applications for water and wastewater agencies.

Third Party 
Service 
Providers

Assume responsibility for air quality compliance by 
offering power purchase agreements that allow water 
and wastewater agencies to purchase horsepower in 
lieu of owning and operating natural gas engines.

Continually enhance product and service offerings.

Table 5-3b.  Potenti al Acti ons by State Agencies

Agency Near-Term (< 1 year) Long-Term (> 1 year)

ARB
Investigate biological recycling/sequestration strategies with high potential co-
benefi ts for California’s agricultural economy (e.g., algae farming; using CO2 
as fertilizer; etc.) as GHG offsets.

Expand Compliance Offset Protocols 
to include high potential biological 
recycling/sequestration strategies.

CAISO Establish specifi cations for dual fuel (electric and natural gas) dispatchable 
equipment that could meet a portion of the CAISO’s needs for fl exible power.

Develop appropriate tariffs for 
integrating customer-side solutions 
(demand response, distributed natural 
gas engines, distributed generation, 
CHP) into the CAISO’s portfolio of 
electric reliability resources.

CEC

• Evaluate the costs and benefi ts of fuel switching for electric reliability 
purposes; provide input to CAISO and CPUC for their programs design.

 – Identify areas in which distributed natural gas applications would have 
the greatest electric reliability benefi ts for the state.

 – Develop a schedule showing the amount of existing and new generation 
and transmission capacity that could be avoided given varying levels of 
peak demand reduction at each major substation. 

• Convene workshops with manufacturers of gas engines and emissions 
control technology providers to address market need for integrated 
solutions.

Accelerate research, development 
and commercialization of cost-
effective zero to “near-zero” emissions 
control technologies and continuous 
emissions monitoring/control systems.

CPUC

• Encourage energy IOUs to help water and wastewater agency customers 
expedite identifi cation and implementation of aggressive demand response 
measures, including but not limited to fuel switching.

• Allow energy IOUs to invest in dual fuel infrastructure where deemed 
important and benefi cial to near-term electric reliability.

• Allow fuel switching projects to participate in On-Bill Financing (OBF) and 
other types of customer energy project fi nancing.

• Allow fuel switching projects 
to access demand response 
(permanent load shifting) and/or 
distributed generation incentives. 

• Expand customized incentive 
programs to include installation 
of dual fuel equipment and 
infrastructure with SCADA and 
Automated Demand Response 
(ADR) capabilities.
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infrastructure can reduce the need for substanti al 
public investments in very long lived assets such 
as high voltage transmission that may become 
stranded before the end of their useful lives as 
new technologies become available that enable 
our transiti on to a distributed, clean energy fu-
ture.

Aft er fi rst costs, the most diffi  cult challenge to 
natural gas water pumping is compliance with air 
quality regulati ons.  It is important to recognize 
that compliance is technically feasible now – the 
challenge is a matt er of costs and risks.  New tech-
nologies will eventually bring more cost-eff ecti ve 
soluti ons and lower risks.  In the interim, subsidies 
and incenti ves through existi ng programs can help 
to bridge the aff ordability gap.

During the transiti onal period, we will be able to 
shut down old, ineffi  cient power plants; integrate 
larger quanti ti es of renewables; and reduce GHGs. 
It is a defi nitely path worth exploring.

While there are few perfect 
answers:

• Using less to do more is
seldom a wrong choice.

• All other things being 
equal, displacing higher 
polluting resources with 
less polluting resources is 
a good thing.

• Expediting retirement
of old, inefficient power 
plants in favor of new, 
clean, efficient technologies 
is a very good thing.
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56 EMWD 2010 UWMP, Table 3.11 – Wastewater Collection, Treatment and Disposal (AFY) – 2006-2010.
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2011, p.110. 
65 Wong, Lana, A Review of Transmission Losses in Planning Studies, CEC-200-2011-009, Energy Commission, 
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representatives.
69 Hadley, Stan, Comparison of Average and Incremental Heat Rates from CRA and NREL; ORNL, June 12, 2012. 
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MMBTU) calculated from Reuters website: http://www.reuters.com/article/2012/05/02/energy-natgas-hubprices-idU-
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End-User Natural Gas Demand, and Energy Effi ciency; Figure 1-4: Statewide Noncoincident Peak Load Factors; 
CEC-200-2012-001-CMF-VI, CEC, June 2012, p.18.

72 Presently, Southern California Gas Company does not charge winter premiums to non-residential customers.
73 Based on interviews with emissions controls technology providers.
74 Estimated costs for engines >= 800 hp were based on SCAQMD compliance.  Costs of ECTs may be lower in other 

air districts.  
75 See Cap and Trade Regulation Instructional Guidance, Chapter 2: Is My Company Subject to the Cap-and-Trade 

Regulation?, California Air Resources Board, September 2012.
76 ARB website:  http://www.arb.ca.gov/cc/cc.htm [viewed 2013 March 29].
77 Tecogen press release, January 23, 2012.
78 Tecogen press release, October 12, 2012.
79 Iverson, Mark E., EMWD Mills Pump Station NoxTech Project Status Update to the California Wastewater Biogas 

Technology Summit, February 7, 2013.
80 Sempra Utilities website: http://sempra.mediaroom.com/index.php?s=19080&item=131013 [viewed 2013 February 

4].
81 Interview with Max Copeland, Senior Vice President, SFN Biosystems, Inc., December 20, 2012.
82 Carbon Capture Corporation’s website: http://www.carbcc.com/22623/22644.html [viewed 2013 February 4].
83 Pilot demonstrations indicate the photo-bioreactor meets SCAQMD Rule 1110.2 for NOx and CO emissions at 24x7 

operations without need for additional emissions controls.
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ed to enable reconciling the results of CPUC Studies 1 and 2 to the CEC’s 2005 white paper, California’s Water-En-
ergy Relationship.

87 Revised California Energy Demand Forecast 2012-2022, Volume 2: Electricity Demand by Utility Planning Area, 
California Energy Commission, CEC-200-2012-001-SD-V2, February 2012.
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APPENDIX	  A	  

Air	  Quality	  Regulations	  	  
Governing	  Internal	  Combustion	  Engines	  
The	  operation	  of	  internal	  combustion	  engines	  is	  regulated	  by	  local	  air	  districts	  throughout	  the	  
state	  of	  California	  that	  are	  charged	  with	  assuring	  their	  district’s	  attainment	  of	  federal	  and	  state	  
clean	  air	  standards.	  	  The	  federal	  Clean	  Air	  Act	  (as	  amended)	  regulates	  six	  common	  air	  pollutants,	  
also	  known	  as	  “criteria	  pollutants”:	  	  particle	  pollution	  (often	  referred	  to	  as	  particulate	  matter),	  
ground-‐level	  ozone,	  carbon	  monoxide,	  sulfur	  oxides,	  nitrogen	  oxides,	  and	  lead.	  	  The	  California	  Air	  
Resources	  Board	  (ARB)	  makes	  area	  designations	  for	  these	  and	  four	  additional	  pollutants:	  	  
suspended	  particulate	  matter	  (PM10	  and	  PM2.5),	  sulfates,	  hydrogen	  sulfide,	  and	  visibility	  
reducing	  particles.	  	  In	  addition,	  the	  ARB	  is	  required	  by	  state	  law	  to	  identify	  and	  control	  toxic	  air	  
contaminants	  (TAC),	  including	  volatile	  organic	  compounds	  (VOCs),	  carbonyl	  compounds,	  toxic	  
metals,	  and	  hexavalent	  chromium.	  
	  
Any	  air	  district	  may	  be	  “in	  attainment”1	  of	  the	  federal	  and	  state	  clean	  air	  standards	  for	  some	  air	  
pollutants,	  and	  in	  “non-‐attainment”2	  with	  other	  pollutants.	  The	  specific	  requirements	  governing	  
an	  “Authority	  to	  Construct”	  and	  “Permit	  to	  Operate”	  a	  stationary	  natural	  gas	  engine	  therefore	  
vary	  among	  the	  35	  air	  districts	  that	  enforce	  air	  quality	  regulations	  in	  California,	  depending	  upon	  
each	  district’s	  status	  with	  respect	  to	  attainment	  or	  non-‐attainment	  of	  the	  various	  pollutants	  
which	  they	  are	  charged	  by	  state	  and	  federal	  rules	  to	  regulate.	  
	  
The	  air	  quality	  regulatory	  environment	  in	  California	  is	  thus	  challenging,	  in	  that	  the	  emissions	  
requirements	  and	  permitting	  obligations	  are	  unique	  for	  each	  district.3	  	  In	  general,	  however:	  

• Installing	  an	  internal	  combustion	  engine	  greater	  than	  50	  bhp	  (brake	  horsepower)	  triggers	  
need	  to	  apply	  for	  “Authority	  to	  Construct”	  and	  a	  “Permit	  to	  Operate.”	  

	  
Any	  person	  or	  organization	  proposing	  to	  construct,	  modify,	  or	  operate	  a	  facility	  or	  
equipment	  that	  may	  emit	  pollutants	  from	  a	  stationary	  source	  into	  the	  atmosphere	  must	  
first	  obtain	  an	  Authority	  to	  Construct	  from	  the	  county	  or	  regional	  air	  pollution	  control	  
district	  (APCD)	  or	  air	  quality	  management	  district	  (AQMD).	  4	  

	  
With	  few	  exceptions,	  anyone	  operating	  a	  facility	  that	  emits	  air	  pollutants	  must	  obtain	  an	  
operating	  permit	  from	  the	  local	  air	  pollution	  control	  district	  (APCD)	  or	  the	  air	  quality	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 “Attainment areas” are regions in which one or more criteria pollutants subject to clean air regulations meet federal and 

state ambient air quality standards. 
2 “Nonattainment areas (NAAs)” are regions that do not meet either federal or state ambient air quality standards. 
3  A geographic area in which levels of a criteria air pollutant meet the health-based primary standard (national ambient 

air quality standard, or NAAQS) for the pollutant. An area may have an acceptable level for one criteria air pollutant, 
but may have unacceptable levels for others. Thus an area could be both attainment and nonattainment at the same 
time. Attainment areas are defined using federal pollutant limits set by EPA. 

4 California Air Resources Board website:  http://www.arb.ca.gov/permits/airdisac.htm. 
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management	  district	  (AQMD).	  The	  operating	  permits	  of	  major	  facilities	  will	  need	  to	  
include	  federal	  Title	  V	  requirements	  in	  addition	  to	  local	  district	  requirements.	  For	  the	  
purposes	  of	  Title	  V,	  major	  facilities	  are	  determined	  based	  upon	  the	  type	  and	  amount	  of	  
emissions	  and,	  in	  some	  cases,	  the	  severity	  of	  air	  pollution	  problems	  in	  the	  area	  where	  the	  
facility	  is	  located.5	  

	  
• Meeting	  air	  quality	  district	  rules	  typically	  requires	  special	  purpose	  equipment	  to	  control	  

emissions.	  	  These	  are	  primarily	  of	  two	  types:	  “Best	  Available	  Control	  Technology”	  (BACT)	  and	  
“Reasonably	  Available	  Control	  Technology”	  (RACT).	  

	  
RACT	  is	  typically	  applied	  to	  engines	  that	  are	  currently	  permitted	  and	  in	  
operation.	  
	  
BACT	  emission	  thresholds	  are	  generally	  more	  stringent	  than	  RACT,	  and	  are	  
typically	  applied	  to	  new	  sources	  of	  emissions	  and/or	  for	  older	  engines	  that	  fail	  to	  
comply	  with	  maximum	  allowable	  thresholds	  for	  any	  one	  or	  more	  regulated	  
pollutants.	  

	  
The	  specific	  determination	  as	  to	  just	  what	  is	  “BACT”	  is	  determined	  differently	  under	  federal	  
vs.	  California	  regulations.	  	  Often,	  California	  air	  districts	  apply	  the	  more	  stringent	  federal	  
standard	  known	  as	  “Lowest	  Achievable	  Emissions	  Rate”	  (LAER).	  	  Consequently,	  air	  districts	  
often	  refer	  to	  “California	  BACT”	  which	  is	  more	  stringent	  than	  the	  federal	  definition.	  	  In	  
addition,	  to	  avert	  the	  assumption	  of	  risk	  and	  liability	  by	  specifying	  any	  particular	  equipment	  
or	  facility	  design,	  California’s	  air	  districts	  typically	  express	  BACT	  and	  RACT	  in	  terms	  of	  a	  
performance	  standard	  (e.g.,	  “not	  to	  exceed	  ‘x’	  pounds	  per	  hour	  of	  ‘y’	  pollutant”)	  than	  
specifying	  any	  particular	  controls	  system	  or	  equipment.6	  
	  
To	  further	  complicate	  matters,	  each	  air	  district	  has	  the	  right	  to	  determine	  its	  own	  BACT.	  
	  

In	  order	  to	  facilitate	  a	  discussion	  of	  the	  potential	  for	  using	  natural	  gas	  to	  increase	  the	  reliability	  
and	  resiliency	  of	  California’s	  electric	  system,	  the	  current	  air	  district	  rules	  governing	  permits	  to	  
operate	  internal	  combustion	  engines	  in	  California	  were	  compiled	  and	  summarized.	  	  	  
	  
• Table	  A-‐1	  summarizes	  Best	  Available	  Control	  Technology	  (BACT)	  Thresholds	  for	  Internal	  

Combustion	  Engines	  by	  air	  district,	  and	  	  

• Table	  A-‐2	  summarizes	  Reasonable	  Available	  Control	  Technology	  (RACT)	  /	  Prohibitory	  Rule	  
Thresholds	  for	  Internal	  Combustion	  Engines	  by	  air	  district.	  

	  
These	  tables	  were	  compiled	  through	  a	  combination	  of	  internet	  research	  and	  interviews	  with	  Air	  
Pollution	  Control	  Officers	  or	  other	  knowledgeable	  staff	  within	  each	  district.	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 California Air Resources Board website:  http://www.arb.ca.gov/permits/airdisop.htm. 
6 California Air Pollution Control Officers Association Best Available Control Technology Clearinghouse, Section VII. 

Federal versus California Control Technology Requirements; California Air Resources Board’s website: 
http://www.arb.ca.gov/bact/docs/fedvscal.htm. 
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Please	  note	  that	  inasmuch	  as	  these	  regulations	  change	  periodically;	  and	  further,	  that	  the	  
procedures	  for	  obtaining	  Authorities	  to	  Construct	  and	  Permits	  to	  Operate	  are	  different	  for	  each	  
air	  district	  and	  may	  be	  complicated,	  these	  tables	  should	  not	  be	  relied	  upon	  for	  obtaining	  permits.	  	  
The	  sole	  purpose	  of	  compiling	  these	  tables	  was	  to	  provide	  a	  context	  for	  a	  policy	  level	  discussion	  
about	  the	  potential	  costs,	  benefits,	  challenges	  and	  opportunities	  associated	  with	  increasing	  use	  
of	  natural	  gas	  for	  water	  sector	  functions.	  	  

Figure	  A-‐1.	  Map	  of	  California	  Air	  Districts7

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 California Air Resources Board’s website:  http://www.arb.ca.gov/portable/perp/dismapperp.htm. 
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Table	  A-‐1.	  Best	  Available	  Control	  Technology	  Thresholds	  for	  Internal	  Combustion	  Engines	  
	  

Air	  Quality	  District	   Rule	  #	  
Maximum	  Threshold	  (lbs/day)	  

Nox	   CO	   PM	  10	   ROC	  /	  VOC	  

Amador County APCD NTI NTI NTI NTI NTI 
Antelope Valley AQMD RULE 212.PDF 

40 220 30 30 
Bay Area AQMD RULE 2-2.PDF   

10 10 10 10 
Butte County AQMD RULE 430.PDF 

25 500 80 25 
Calaveras County APCD NTI NTI NTI NTI NTI 
Colusa County APCD R3-6.HTM 

25 500 80 25 
County of El Dorado AQMD RULE 523.PDF 

10 550 80 10 
Eastern Kern APCD R210-1.HTM   

NTI NTI NTI NTI 
Feather River AQMD R10-1.PDF 

10 ~25 500 80 40 TPY 
Glenn County APCD Section 51.htm  

25 600 80 25 

Great Basin APCD R216.HTM 

15 lbs/hr 
or 150 
lbs/day 

150 
lbs/hr or 

1500 
lbs/day 

NTI NTI 

Imperial County APCD RULE 207.HTM  

25 550 NTI 25 
Lake County AQMD RULEBOOK.PDF: Sect. 601 

20 150 20 20 
Lassen County APCD R6-4.HTM 

150 550 NTI 150 
Mariposa County APCD NTI NTI NTI NTI NTI 
Mendocino County AQMD 

CHAPTER 2 - PERMITS 55 NTI 55 55 
Modoc County APCD R6-1.HTM 

250 2500 NTI 250 
Mojave Desert AQMD R1303.PDF 

25 25 25 25 
Monterey Bay Unified APCD RULE 207.PDF  

25 550 82 NTI 
North Coast Unified AQMD RULE 110.PDF 

50 500 80 150 
Northern Sierra AQMD NTI NTI NTI NTI NTI 
Northern Sonoma County APCD R1-1-130.PDF 

40 TPY 100 TPY 10 TPY 40 TPY 
Placer County APCD R502.PDF 

10 550 10 10 
Sacramento Metropolitan AQMD R202.PDF 

0 550 0 0 
San Diego County APCD R20-3.HTM  

10 10 10 10 
San Joaquin Valley Unified APCD R2201.PDF  

2 2 2 2 
San Luis Obispo County APCD RULE 204.HTM   

25 250 25 25 
Santa Barbara APCD R802.HTM 

25 550 25 25 
Shasta County AQMD R2-1.HTM 

25 500 80 25 
Siskiyou County APCD R6-1.HTM 

250 2500 250 250 
South Coast AQMD RULE 1303.PDF 

0 0 0 0 
Tehama County APCD R2-3A.PDF 

25 500 80 25 
Tuolumne County APCD R424.HTM 

100 TPY 100 TPY 100 TPY 100 TPY 
Ventura County APCD RULE 26-2.PDF 

0 0 0 0 
Yolo-Solano AQMD R3-4.PDF 

10 250 80 10 

NTI	  –	  No	  Threshold	  Identified	  
TPY	  –	  Tons	  per	  year
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Table	  A-‐2.	  Reasonable	  Available	  Control	  Technology	  /	  Prohibitory	  Rule	  Thresholds	  for	  Internal	  
Combustion	  Engines	  

Air	  Quality	  District	   Rule	   Engine	  Type	   Brake	  
Horsepower	  

RACT	  Emission	  
Thresholds	  

NOx	   CO	  
Amador County APCD NTI   NTI NTI 
Antelope Valley AQMD RULE 

1110.PDF 

Rich Burn X>5000 48   
Lean Burn X>5000 96   

Bay Area AQMD RULE 9-
8.PDF  

Rich Burn  25 2000 
Lean Burn  140 2000 

Butte County AQMD RULE 
252.PDF  

Rich Burn 50<X<300 640 4500 
Lean Burn 50<X<300 740 4500 
Rich Burn >300 90 4500 
Lean Burn >300 150 4500 

Calaveras County APCD NTI   NTI NTI 
Colusa County APCD R2-36.pdf Rich Burn 50<X<300 640 4500 

Lean Burn 50<X<300 740 4500 
Rich Burn >300 90 4500 
Lean Burn >300 150 4500 

County of El Dorado 
AQMD 

RULE 
233.PDF  

Rich Burn  25 2000 
Lean Burn  65 2000 

Eastern Kern APCD R427.PDF  Rich Burn > 250 50 2000 
Lean Burn > 250 125 2000 

Feather River AQMD R3-22.PDF  Rich Burn in North 
Feather  90 4000 

Lean Burn in North 
Feather  150 4000 

Rich Burn in South 
Feather  25 4000 

Lean Burn in South 
Feather  65 4000 

Glenn County APCD NTI   NTI NTI 
Great Basin APCD NTI   NTI NTI 
Imperial County APCD NTI   NTI NTI 
Lake County AQMD NTI   NTI NTI 
Lassen County APCD NTI   NTI NTI 
Mariposa County APCD NTI   NTI NTI 
Mendocino County AQMD NTI   NTI NTI 
Modoc County APCD NTI   NTI NTI 
Mojave Desert AQMD R1160.HTM Rich Burn  50 4500 

Lean Burn  140 4500 
Monterey Bay Unified 
APCD 

NTI   NTI NTI 

North Coast Unified 
AQMD 

NTI   NTI NTI 
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Air	  Quality	  District	   Rule	   Engine	  Type	   Brake	  
Horsepower	  

RACT	  Emission	  
Thresholds	  

NOx	   CO	  
Northern Sierra AQMD NTI   NTI NTI 
Northern Sonoma County 
APCD 

NTI   NTI NTI 

Placer County APCD R242.PDF Rich Burn  90 2000 
Lean Burn >100 150 2000 
Lean Burn <100 300 2000 

Sacramento Metropolitan 
AQMD 

R412.HTM Rich Burn  50 4000 
Lean Burn  125 4000 

San Diego County APCD R69-4.PDF  Rich Burn  50 4500 
Lean Burn  125 4500 

San Joaquin Valley 
Unified APCD 

R4702.PDF  Rich Burn  50 2000 
Lean Burn  75 2000 

San Luis Obispo County 
APCD 

RULE 
431.HTM   

Rich Burn  50 4500 
Lean Burn  125 4500 

Santa Barbara APCD R333.PDF Rich Burn - cyclically  300 4500 
Rich Burn - non 

cyclically  50 4500 

Lean Burn 50 < X < 100 200 750 
Lean Burn X > 100 125 750 

Shasta County AQMD R3-28.HTM Rich Burn 50 < X <300 640 4500 
Rich Burn X > 300 90 4500 
Lean Burn 50 < X <300 740 4500 
Lean Burn X > 300 150 4500 

Siskiyou County APCD   
  NTI NTI 

South Coast AQMD RULE 1110-
2.PDF    11 250 

Tehama County APCD R4-34.PDF Rich Burn 50 < X <300 640 4500 
Rich Burn X > 300 90 4500 
Lean Burn 50 < X <300 740 4500 
Lean Burn X > 300 150 4500 

Tuolumne County APCD NTI 
  NTI NTI 

Ventura County APCD RULE 74-
9.PDF  

Rich Burn  25 4500 
Lean Burn  45 4500 

Yolo-Solano AQMD R2-32.PDF Rich Burn  90 / 640 2000 
Lean Burn  150 / 740 2000 

If there is no brake horsepower threshold identified it is assumed to be at least 50 BHP. 
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Best	  Available	  Control	  Technologies	  (BACT)	  
This	  document	  provides	  information	  on	  the	  emission	  performance	  levels	  for	  stationary	  internal	  
combustion	  engines	  (ICE)	  operating	  on	  natural	  gas.	  The	  document	  also	  provides	  information	  on	  
Best	  Available	  Control	  Technology	  (BACT)	  requirements	  for	  ICEs	  operating	  in	  SCAQMD	  and	  
SJVUAPCD.	  	  Emission	  requirements	  for	  ICEs,	  based	  on	  ARB	  guidelines	  developed	  for	  distributed	  
generation	  applications	  under	  SB1298	  and	  the	  unique	  emission	  requirements	  for	  engines	  used	  
for	  agricultural	  water	  pumping	  in	  the	  SJVUAPCD	  are	  also	  discussed.	  
	  

Engine	  Types	  and	  Emission	  Controls	  

Rich	  Burn	  Engines	  
This	  type	  of	  engine	  typically	  operates	  with	  an	  exhaust	  oxygen	  concentration	  of	  one	  percent	  or	  
less.	  Lowering	  the	  air-‐to-‐fuel	  ratio	  in	  rich	  burn	  engines	  limits	  oxygen	  availability	  in	  the	  cylinder,	  
and	  thereby	  reduces	  NOx	  emissions.	  	  Relatively	  speaking,	  uncontrolled	  rich	  burn	  engines	  produce	  
high	  levels	  of	  NOx	  (3,000	  ppm	  NOx	  @	  15%	  O2).	  
	  
Emissions	  are	  reduced	  on	  rich	  burn	  engines	  using	  Non-‐Selective	  Catalytic	  Reduction	  (NSCR).	  This	  
is	  a	  three	  way	  catalyst	  that	  simultaneously	  reduces	  NOx,	  VOC	  and	  CO	  emissions.	  	  Engines	  
operating	  with	  NSCR	  require	  an	  air/fuel	  ratio	  controller	  to	  maintain	  an	  extremely	  tight	  operating	  
range	  to	  achieve	  optimum	  emission	  reductions.	  	  NSCR	  is	  the	  same	  technology	  used	  to	  reduce	  
emissions	  from	  automobiles.	  	  It	  is	  an	  extremely	  effective	  technology	  and	  is	  less	  expensive	  (both	  
first	  cost	  and	  maintenance)	  than	  emission	  control	  technology	  used	  for	  lean	  burn	  engines.	  
	  

Lean	  Burn	  Engines	  	  
For	  lean	  burn	  engines,	  increasing	  the	  air-‐fuel	  ratio	  decreases	  the	  NOx	  emissions.	  	  Lean	  burn	  
engines	  have	  significant	  advantages	  over	  rich	  burn	  engines	  in	  that	  engine	  efficiencies	  are	  much	  
higher	  (40%	  vs.	  30%)	  and	  uncontrolled	  NOx	  emissions	  are	  much	  lower	  (about	  1.5	  g/bhp-‐hr.	  vs.	  8	  
g/bhp-‐hr.).	  	  Unfortunately	  for	  California	  operators,	  this	  uncontrolled	  NOx	  emission	  level	  is	  still	  10	  
times	  higher	  than	  engine	  BACT.	  
	  
To	  achieve	  BACT	  emission	  levels	  on	  a	  lean	  burn	  engine,	  Selective	  Catalytic	  Reduction	  (SCR)	  is	  
used	  to	  reduce	  NOx.	  SCR	  requires	  a	  catalyst	  with	  the	  injection	  of	  either	  ammonia	  or	  urea.	  In	  
addition,	  an	  oxidation	  catalyst	  is	  required	  to	  reduce	  CO	  and	  VOC	  emissions.	  	  SCR	  has	  been	  a	  
relatively	  expensive	  control	  technology	  compared	  to	  costs	  for	  NSCR,	  resulting	  in	  a	  shift	  to	  
installation	  of	  lower	  efficiency	  rich	  burn	  engines	  in	  southern	  California.	  Total	  energy	  costs	  for	  
larger	  engines	  (above	  about	  800	  HP)	  make	  lean	  burn	  engines	  with	  SCR	  economically	  viable.	  
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Engine	  Emissions	  Requirements	  in	  Southern	  California	  

Best	  Available	  Control	  Technology	  (BACT)	  
BACT	  is	  a	  requirement	  that	  must	  be	  met	  under	  New	  Source	  Review	  and	  is	  applied	  to	  newly	  
installed	  permitted	  equipment	  or	  to	  modified	  equipment	  where	  there	  is	  an	  increase	  in	  criteria	  
pollutants.	  
	  
Rich	  burn	  engines	  with	  NSCR	  have	  been	  able	  to	  achieve	  NOx	  emission	  levels	  of	  0.15	  g/bhp-‐hr	  
(about	  11	  ppm	  NOx	  at	  15%	  O2).	  BACT	  carbon	  monoxide	  levels	  have	  been	  achieved	  at	  0.6	  g/bhp-‐
hr	  CO	  (70	  ppm	  at	  15%	  O2).	  This	  engine	  BACT	  level	  was	  set	  by	  SCAQMD	  in	  1995	  as	  an	  emission	  
level	  equivalent	  to	  in-‐basin	  power	  plants.	  	  
	  
Achieved	  in	  Practice	  BACT	  for	  NOx	  and	  CO	  emission	  levels	  for	  lean	  burn	  engines,	  with	  SCR	  
combined	  with	  an	  oxidation	  catalyst,	  are	  the	  same	  as	  rich	  burn	  engines	  (0.15	  g/bhp-‐hr	  NOx,	  and	  
0.6	  g/bhp-‐hr	  CO).	  	  
	  
In	  addition,	  Tecogen	  and	  Jenbacher	  permitted	  and	  installed	  engines	  at	  the	  SCAQMD	  distributed	  
generation	  (DG)	  emission	  levels	  in	  2011	  and	  2012.	  	  These	  permits	  could	  potentially	  be	  used	  to	  set	  
new	  BACT	  for	  engine-‐based	  DG	  applications	  in	  air	  districts	  outside	  SCAQMD.	  
	  

Best	  Available	  Retrofit	  Control	  Technology	  (BARCT)	  
Existing	  engines	  that	  did	  not	  go	  through	  New	  Source	  Review	  and	  that	  were	  not	  subject	  to	  BACT	  
are	  required	  to	  meet	  Best	  Available	  Retrofit	  Control	  Technology	  (BARCT).	  	  As	  shown	  in	  the	  
following	  table	  from	  SCAQMD	  Rule	  1110.2,	  engines	  rated	  at	  500	  bhp	  or	  more	  were	  subject	  to	  
lower	  limits	  on	  July	  1,	  2010,	  and	  smaller	  engines	  a	  year	  later	  on	  July	  1,	  2011.	  
	  

Table	  A-‐3.	  Concentration	  Limits	  for	  Non-‐Biogas	  Engines8	  
CURRENT	  CONCENTRATION	  LIMITS	  

NOX (ppm)1 VOC (ppm) CO (ppm)1 
bhp ≥ 500: 36 
bhp < 500: 45 

250 2000 

CONCENTRATION	  LIMITS	  	  
EFFECTIVE	  JULY	  1,	  2010	  

NOX (ppm)1 VOC (ppm) CO (ppm)1 
bhp ≥ 500: 11 
bhp < 500: 45 

bhp ≥ 500:   30 
bhp < 500: 250 

bhp ≥ 500:    250 
bhp < 500: 2000 

CONCENTRATION	  LIMITS	  	  
EFFECTIVE	  JULY	  1,	  2011 

NOX (ppm)1 VOC (ppm) CO (ppm)1 
11 30 250 

1 Corrected to 15% oxygen on a dry basis and averaged over 15 minutes. 
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 SCAQMD Rule 1110.2. 
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BARCT	  emission	  requirements	  in	  other	  southern	  California	  air	  districts	  are	  typically	  higher	  than	  
the	  new	  limits	  required	  in	  SCAQMD.	  Typical	  BARCT	  emission	  limits	  found	  in	  other	  southern	  
California	  air	  districts	  vary	  from	  25	  to	  50	  ppm	  NOx	  and	  2,000	  to	  4,500	  ppm	  for	  CO	  (15%	  O2)	  for	  
rich	  burn	  engines.	  
	  

CARB	  Certification	  Program	  for	  Non-‐permitted	  Distributed	  
Generation	  (DG)	  Equipment	  

In	  September	  2000	  the	  California	  legislature	  passed	  a	  law	  (SB	  1298)	  that	  asked	  California	  Air	  
Resources	  Board	  (CARB)	  to	  adopt	  regulations	  requiring	  all	  distributed	  generation	  (DG)	  that	  is	  not	  
required	  to	  have	  an	  air	  district	  permit	  to	  be	  certified	  to	  an	  emissions	  level	  that	  would	  be	  
equivalent	  to	  emissions	  from	  modern	  central	  power	  plants.	  It	  also	  required	  CARB	  to	  develop	  
statewide	  guidance	  for	  Best	  Available	  Control	  Technology	  (BACT)	  for	  the	  larger	  permitted	  DG.	  	  

The	  certification	  regulations,	  which	  apply	  to	  small	  DG	  that	  falls	  below	  the	  permitting	  threshold,	  
require	  all	  DG	  to	  be	  certified	  by	  CARB	  in	  order	  to	  be	  sold	  in	  California,	  beginning	  in	  January	  2003.	  	  
In	  most	  local	  air	  districts	  in	  California,	  non-‐permitted	  DG	  would	  apply	  to	  IC	  engines	  below	  50	  hp	  
and	  gas	  turbines	  below	  300	  kWe.	  Some	  specifics	  of	  the	  certification	  program	  are:	  

• Equipment	  operating	  before	  2003	  does	  not	  need	  to	  be	  certified.	  
• Portable	  equipment	  and	  emergency	  generators	  are	  exempt.	  
• Current	  Certified	  DG	  emission	  standards	  for	  2007	  (refer	  to	  tables	  below).	  	  

Table	  A-‐4.	  	  Current	  Certified	  DG	  Emission	  Standards	  for	  2007	  
Pollutant	   Emission	  Standard	  (lb/MW-‐hr)	  

Oxides of Nitrogen (NOx) 0.07 
Carbon Monoxide (CO) 0.10 
Volatile Organic Compounds (VOCs) 0.02 
Particulate Matter Natural gas with no more than 1 grain sulfur per 100 SCF 

Note:  Computation of the emission rate would be allowed to include a credit for waste heat recovery 
of one MW-hr per 3.413 MMBtu of waste heat recovered 

	  
CARB	  Guidelines	  for	  Permitted	  DG	  
SB1298	  also	  required	  CARB	  to	  develop	  statewide	  guidance	  for	  Best	  Available	  Control	  Technology	  
(BACT)	  for	  the	  larger	  permitted	  DG.	  	  In	  most	  local	  air	  districts,	  this	  would	  potentially	  apply	  to	  any	  
IC	  engine	  above	  50	  hp	  and	  any	  gas	  turbine	  above	  300	  kW.	  Again,	  CARB	  was	  asked	  by	  the	  
California	  legislature	  to	  establish	  guidelines	  that	  would	  bring	  emissions	  from	  all	  new	  DG	  to	  be	  
equivalent	  to	  modern	  central	  power	  plants.	  	  It	  is	  important	  to	  note	  that	  CARB	  guidelines	  do	  not	  
apply	  in	  an	  air	  district	  unless	  the	  local	  regulations	  are	  amended	  to	  specifically	  adopt	  the	  
guideline.	  SCAQMD	  adopted	  the	  CARB	  guidelines	  in	  Rule	  1110.2	  (engines)	  in	  February	  2008.	  	  
These	  emission	  limits	  are	  shown	  below:	  
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Table	  A-‐5.	  	  Rule	  1110.2	  Emission	  Limits	  
Pollutant	   Emission	  Standard(lb/MW-‐hr)	  

Oxides of Nitrogen (NOx) 0.07 
Carbon Monoxide (CO) 0.20 
Volatile Organic Compounds (VOCs) 0.10 
Particulate Matter Natural gas with no more than 1 grain sulfur per 100 SCF 

Note:  Computation of the emission rate allows a credit for waste heat recovery of one MW-hr per 
3.413 MMBtu of waste heat recovered. 

	  
For	  comparison	  purposes,	  the	  table	  below	  shows	  various	  regulatory	  emission	  levels	  (in	  ppm	  @	  
15%	  O2,	  approximate	  values)	  for	  natural	  gas-‐fired	  engines	  including	  CARB	  07	  DG,	  SCAQMD	  DG,	  
BACT	  and	  BARCT.	  
	  

Table	  A-‐6.	  Regulatory	  Emission	  Limits	  for	  Natural	  Gas-‐Fired	  Engines	  

	  
REGULATION	  

	  

NOx	  
ppm	  @15%O2	  

CO	  
ppm	  @	  15%	  O2	  

CARB 2007 DG Limit (0% HR) 2 4 
CARB 2007 DG limit (60% HR) 4 8 
SCAQMD DG Limit (0% HR) 
(engine rule 1110.20) 2 8 

SCAQMD DG Limit (60% HR) 
(engine rule 1110.2) 4 16 

Engine BACT Limit 11 70 
SCAQMD Engine BARCT Limit 11 250 

HR = heat recovery   
DG = distributed generation 

 
Engine	  Emissions	  Monitoring	  
Compliance	  with	  air	  quality	  permit	  conditions	  has	  become	  a	  big	  issue	  for	  all	  engine	  operators.	  
From	  2005	  to	  2007,	  SCAQMD	  enforcement	  staff	  conducted	  an	  extensive	  emissions	  spot	  check	  
program	  on	  permitted	  engines.	  	  These	  spot	  checks	  indicated	  a	  very	  poor	  compliance	  rate	  of	  
about	  25%.	  	  	  
	  
In	  order	  to	  address	  this	  poor	  compliance	  record,	  SCAQMD	  amended	  emissions	  monitoring	  
provisions	  of	  engine	  Rule	  1110.2.	  A	  significant	  increase	  in	  monitoring	  was	  implemented	  in	  
February	  2008	  and	  requires	  weekly	  monitoring	  of	  NOx	  and	  CO	  with	  a	  portable	  analyzer	  on	  
engines	  that	  do	  not	  have	  a	  continuous	  emissions	  monitoring	  system	  (CEMS).	  	  The	  new	  
monitoring	  regulations	  now	  require	  engines	  rated	  over	  750	  HP	  (or	  sites	  with	  multiple	  engines	  
with	  a	  combined	  1500	  HP	  rating)	  to	  install	  and	  operate	  a	  CEMS.	  
	  	  
Source	  tests	  are	  also	  required	  at	  least	  once	  every	  2	  years	  in	  SCAQMD	  in	  addition	  to	  the	  periodic	  
monitoring	  discussed	  in	  the	  paragraph	  above.	  
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Agricultural	  Operations	  in	  SJVUAPCD	  
In	  2003,	  SB	  700	  was	  passed	  by	  the	  California	  Legislature	  which	  eliminated	  the	  statewide	  
exemption	  from	  air	  quality	  permitting	  for	  agricultural	  operations.	  	  As	  a	  result	  of	  this	  legislation,	  
San	  Joaquin	  Valley	  Unified	  Air	  Pollution	  Control	  District	  (SJVUAPCD)	  has	  passed	  new	  engine	  
regulations	  (Rule	  4702)	  that	  significantly	  impact	  agricultural	  water	  pumping	  applications.	  	  For	  the	  
first	  time,	  farmers	  need	  to	  control	  NOx	  emissions	  from	  water	  pumping	  engines	  and	  are	  required	  
to	  conduct	  emission	  checks	  and	  source	  tests	  on	  these	  engines.	  
	  
Existing	  (and	  new	  engines	  that	  do	  not	  exceed	  the	  2	  lbs.	  per	  day	  emissions	  BACT	  threshold)	  spark-‐
ignited	  internal	  combustion	  stationary	  engines,	  greater	  than	  50	  bhp,	  used	  in	  agricultural	  
operations,	  are	  now	  required	  to	  meet	  the	  following	  emission	  limits:	  
	  

Table	  A-‐7.	  	  Emission	  Limits	  for	  Existing	  Spark-‐Ignited	  	  
Internal	  Combustion	  Stationary	  Engines	  >	  50	  bhp	  Used	  in	  Agricultural	  Operations	  

Engine	  Type	   NOx	  Limit	   CO	  Limit	   VOC	  Limit	  
Rich-Burn 90 ppmv or 80% reduction 2000 ppm 250 ppm 
Lean-Burn 150 ppmv or 70% reduction 2000 ppm 750 ppm 

 (ppm corrected to 15% O2) 
	   	  	  
If	  a	  new	  engine	  is	  installed	  in	  an	  agricultural	  water	  pumping	  application	  and	  exceeds	  the	  2	  lbs.	  
per	  day	  (emissions	  of	  any	  criteria	  pollutant)	  threshold,	  BACT	  is	  triggered.	  	  A	  draft	  BACT	  guideline	  
in	  SJVUAPCD	  indicates	  Achieved	  in	  Practice	  emissions	  levels	  are	  90	  ppm	  NOx,	  500	  ppm	  CO	  and	  50	  
ppm	  VOC	  (at	  15	  %	  O2)	  for	  both	  rich	  burn	  and	  lean	  burn	  engines.	  
	  
It	  is	  possible	  for	  modern	  lean	  burn	  engines	  to	  meet	  the	  90	  ppm	  NOx	  limit	  without	  use	  of	  selective	  
catalytic	  reduction	  (SCR).	  Therefore,	  farmers	  are	  allowed	  to	  use	  higher	  efficiency	  lean	  burn	  
engines	  without	  the	  added	  cost	  of	  catalyst	  after	  treatment.	  	  Non-‐selective	  catalyst	  reduction	  
(NSCR)	  emission	  control	  technology	  and	  use	  of	  an	  air/fuel	  ratio	  controller	  are	  still	  needed	  on	  rich	  
burn	  engines	  in	  order	  to	  achieve	  the	  90	  ppm	  NOx	  limit.	  
	  
Rule	  4702	  also	  requires	  farmers	  to	  check	  emissions	  with	  a	  portable	  analyzer	  once	  every	  24	  
months	  and	  complete	  a	  source	  test	  every	  60	  months	  for	  engines	  that	  use	  a	  catalytic	  emission	  
control	  device.	  
	  

SoCalGas	  Research,	  Development	  and	  Demonstration	  
Activities	  
Lower	  emission	  requirements	  for	  stationary	  industrial	  engines,	  combined	  with	  frequent	  periodic	  
emission	  checks	  to	  validate	  compliance	  with	  permit	  limits,	  have	  generated	  a	  significant	  effort	  
from	  industry	  to	  develop	  improved	  engine	  emission	  control	  systems.	  	  SoCalGas	  has	  been	  involved	  
with	  manufacturers	  on	  several	  development	  /	  demonstration	  projects	  that	  are	  briefly	  discussed	  
below.	  
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SoCalGas	  and	  the	  CEC	  cofunded	  Continental	  Controls	  Corporation	  to	  develop	  an	  advanced	  
air/fuel	  ratio	  control	  technology	  for	  rich	  burn	  engines.	  Continental	  Controls	  technology	  utilizes	  an	  
electronic	  gas	  carburetor	  that	  precisely	  controls	  the	  air/fuel	  ratio	  using	  variable	  pressure	  control	  
combined	  with	  an	  advanced	  and	  improved	  mixing	  venturi.	  The	  Continental	  Controls	  system	  also	  
employs	  wide	  band	  sensors,	  both	  upstream	  and	  downstream	  of	  the	  3-‐way	  catalysts,	  and	  a	  NOx	  
sensor	  for	  feedback	  control.	  A	  successful	  demonstration	  was	  completed	  in	  a	  combined	  heat	  and	  
power	  application	  in	  Fontana	  in	  early	  2012.	  Continental	  Controls	  entered	  the	  market	  with	  a	  new	  
control	  package	  utilizing	  this	  system	  in	  mid-‐2012.	  
	  
SoCalGas	  and	  the	  CEC	  cofunded	  Tecogen	  to	  develop	  an	  engine	  emission	  control	  package	  for	  small	  
rich	  burn	  engines	  that	  will	  meet	  SCAQMD	  Rule	  1110.2	  DG	  emission	  requirements.	  Tecogen’s	  
technology	  is	  based	  on	  cooling	  the	  exhaust	  between	  multiple	  catalyst	  elements	  and	  utilization	  of	  
more	  stable	  oxygen	  sensors.	  Tecogen’s	  development	  work	  was	  successfully	  demonstrated	  in	  a	  
combined	  heat	  and	  power	  (CHP)	  application	  at	  a	  test	  site	  in	  San	  Fernando	  Valley.	  	  Tecogen	  
initiated	  sales	  of	  their	  new	  ultra	  low	  NOx	  CHP	  units	  in	  early	  2012.	  
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APPENDIX	  B	  
Carbon	  Solutions	  

By	  Kenneth	  Croyle	  
	  

California’s	  Policy	  Challenges	  
	  

California	  has	  long	  been	  a	  national	  and	  international	  leader	  on	  energy	  
conservation	  and	  environmental	  stewardship	  efforts,	  including	  the	  
areas	  of	  air	  quality	  protections,	  energy	  efficiency	  requirements,	  
renewable	  energy	  standards,	  natural	  resource	  conservation,	  and	  
greenhouse	  gas	  emission	  standards	  for	  passenger	  vehicles.	  The	  program	  
established	  by	  this	  division	  will	  continue	  this	  tradition	  of	  environmental	  
leadership	  by	  placing	  California	  at	  the	  forefront	  of	  national	  and	  
international	  efforts	  to	  reduce	  emissions	  of	  greenhouse	  gases.	  	  
	   	   	   	   	   	   	   [Assembly	  Bill	  32,	  2006]	  
	  

California	  has	  been	  a	  pioneer	  in	  legislation	  designed	  to	  slow	  global	  warming.	  In	  2002,	  Governor	  
Gray	  Davis	  signed	  Assembly	  Bill	  1493	  which	  directed	  the	  state’s	  Air	  Resources	  Board	  to	  develop	  
the	  most	  stringent,	  yet	  cost-‐effective	  emission	  standards	  for	  greenhouse	  gases	  (GHGs)	  produced	  
by	  motor	  vehicles.	  In	  2005,	  Governor	  Schwarzenegger	  issued	  an	  executive	  order	  calling	  for	  
greenhouse	  gas	  emissions	  reductions	  of	  11%	  by	  2010,	  25%	  by	  2020,	  and	  80%	  by	  2050.	  	  

	  
In	  2006,	  the	  Governor	  signed	  into	  law	  Assembly	  Bill	  32	  [AB32,	  Pavley	  and	  Nunes,	  2006],	  the	  
Global	  Warming	  Solutions	  Act,	  which	  formally	  adopted	  a	  goal	  of	  reducing	  GHGs	  to	  1990	  levels	  
by	  2020.	  	  In	  addition,	  AB32	  provided	  direction	  and	  established	  authorities	  for	  state	  agencies	  to	  
implement	  the	  law.	  	  Key	  among	  these	  was	  the	  authority	  granted	  to	  the	  Air	  Resources	  Board	  
(ARB)	  to	  establish	  “market-‐based	  compliance	  mechanisms	  to	  comply	  with	  the	  regulations.”	  	  The	  
state’s	  Cap	  and	  Trade	  regulation,	  the	  first	  of	  its	  kind	  in	  the	  U.S.,	  was	  the	  result.	  	  Notably,	  AB32	  
also	  conveyed	  rights	  and	  responsibilities	  to	  the	  ARB	  to	  enforce	  the	  requirements,	  including	  
sanctions	  for	  non-‐compliance.	  
	  
As	  many	  research	  papers	  have	  shown,	  getting	  to	  80%	  below	  1990	  GHG	  levels	  by	  2050	  will	  not	  be	  
simple.	  	  New	  technologies	  and	  new	  business	  models	  will	  certainly	  be	  needed.	  
	  
One	  of	  the	  key	  strategies	  for	  achieving	  this	  ambitious	  goal	  is	  to	  capture	  and	  contain	  the	  GHGs	  
being	  released	  by	  emitters.	  This	  process	  is	  most	  efficient	  if	  applied	  to	  higher	  volume	  emissions,	  
such	  as	  CO2.	  This	  is	  known	  as	  Carbon	  Capture	  and	  Storage	  (CCS)	  or	  Carbon	  Sequestration.	  The	  
state	  of	  California	  is	  currently	  studying	  this	  possibility	  through	  the	  California	  Carbon	  Capture	  and	  
Storage	  Review	  Panel,	  which	  has	  representatives	  from	  the	  California	  Energy	  Commission	  (CEC),	  
California	  Public	  Utilities	  Commission	  (CPUC),	  and	  the	  Air	  Resource	  Board	  (ARB).	  Together	  they	  
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are	  exploring	  the	  legislative	  and	  regulatory	  barriers	  that	  need	  to	  be	  addressed	  in	  order	  to	  
effectively	  use	  carbon	  sequestration	  as	  a	  large-‐scale	  measure	  to	  fight	  global	  warming.	  This	  panel	  
recommended	  that	  properly	  regulated	  carbon	  capture	  technology	  should	  be	  recognized	  by	  the	  
state	  as	  a	  valid	  and	  effective	  method	  of	  reducing	  CO2	  emissions	  from	  stationary	  sources	  
("Aurora").	  They	  also	  recommended	  that	  sequestered	  CO2	  be	  considered	  by	  the	  state,	  under	  
AB32,	  as	  never	  having	  been	  emitted.	  Additionally,	  the	  state	  would	  need	  to	  adopt	  protocols	  for	  
offsetting	  CO2	  emissions	  with	  carbon	  capture	  ("Aurora").	  The	  board’s	  recommendations	  also	  
cover	  safety,	  cost	  efficiency,	  transportation,	  ownership	  or	  “pore	  space”,	  and	  environmental	  
stewardship.	  The	  challenge	  will	  be	  to	  create	  legislation	  that	  regulates	  CCS	  projects	  effectively,	  
yet	  does	  not	  stunt	  the	  growth	  of	  this	  emerging	  industry	  with	  overcomplicated	  policy.	  As	  
California	  gets	  ready	  to	  take	  the	  next	  step	  in	  the	  struggle	  against	  global	  warming,	  opportunities	  
for	  California	  will	  emerge,	  creating	  new	  markets,	  products,	  technologies	  and	  services.	  	  
	  

Carbon	  Sequestration:	  Overview	  and	  Analysis	  of	  Current	  
and	  Developing	  Technologies	  

The	  Basics	  of	  Carbon	  Sequestration	  
To	  combat	  global	  warming,	  greenhouse	  gases	  (mainly	  carbon	  dioxide)	  must	  be	  removed	  from	  
the	  atmosphere	  for	  a	  long	  period	  of	  time.	  Carbon	  sequestration	  is	  the	  capture	  and	  long-‐term	  
storage	  of	  carbon	  dioxide.	  The	  capture	  of	  carbon	  dioxide	  can	  be	  accomplished	  by	  a	  wide	  range	  
of	  processes	  including	  biological,	  chemical,	  or	  physical.	  The	  long-‐term	  storage	  of	  carbon	  dioxide	  
is	  the	  second	  key	  part	  of	  sequestration.	  It	  can	  be	  stored	  in	  many	  ways	  including	  forests,	  large	  
bodies	  of	  water,	  bogs,	  underground	  storage,	  and	  landfills	  ("DOE	  Consortium	  for	  Research	  on	  
Enhancing	  Carbon	  Sequestration	  in	  Terrestrial	  Ecosystems").	  	  
	  

Capturing	  Carbon	  Dioxide	  
In	  most	  cases,	  the	  easiest	  way	  to	  efficiently	  capture	  carbon	  is	  to	  catch	  it	  at	  high	  emission	  
sources.	  Such	  places	  include	  coal	  fired	  power	  plants	  or	  petroleum	  refineries.	  These	  emissions	  
can	  either	  be	  dirty	  (including	  NOx,	  SOx,	  and	  other	  chemicals)	  or	  purified	  (containing	  fairly	  pure	  
quantities	  of	  CO2).	  	  Purified	  emissions	  are	  important	  to	  many	  carbon	  capture	  technologies	  
because	  impurities	  can	  cause	  fouling	  of	  the	  catalysts	  used	  in	  various	  processes.	  This	  is	  a	  big	  
problem	  in	  some	  types	  of	  biological,	  geological	  and	  mineral	  capture.	  	  

	  
There	  are	  two	  commonly	  used	  ways	  to	  isolate	  carbon	  dioxide	  from	  emissions,	  producing	  
purified	  emissions.	  One	  uses	  the	  traditional	  way	  of	  generating	  power	  with	  combustion	  of	  fuel	  
with	  normal	  air.	  The	  other	  uses	  pure	  oxygen	  instead	  of	  air	  during	  combustion.	  	  

	  
In	  the	  first	  case,	  combustion	  of	  fuel	  will	  release	  CO2,	  water	  vapor,	  and	  nitrogen	  (which	  
was	  already	  present	  from	  the	  atmosphere).	  An	  amine	  absorber	  chemically	  pulls	  the	  
nitrogen	  out	  leaving	  CO2	  and	  water.	  The	  chemical	  is	  placed	  in	  contact	  with	  the	  gasses,	  
and	  absorbs	  the	  nitrogen.	  It	  is	  then	  pumped	  to	  a	  regeneration	  system	  that	  removes	  the	  
nitrogen	  and	  regenerates	  the	  chemical	  so	  it	  can	  be	  used	  again	  ("Department	  of	  
Energy").	  A	  cryogenic	  cooler	  is	  then	  used	  to	  collect	  CO2.	  
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In	  the	  second	  case,	  nitrogen	  never	  enters	  the	  system.	  Combustion	  is	  done	  using	  only	  
fuel	  and	  oxygen,	  and	  therefore	  yields	  only	  CO2	  and	  water	  vapor.	  Water	  vapor	  is	  easily	  
removed	  through	  condensation.	  A	  cryogenic	  cooler	  is	  then	  used	  to	  collect	  CO2.	  The	  
problem	  is	  getting	  large	  enough	  quantities	  of	  pure	  oxygen	  ("National	  Academy	  of	  
Engineering").	  
	  

A	  third	  technique	  has	  emerged	  recently,	  known	  as	  coal-‐gasification.	  In	  this	  process,	  coal	  is	  
burned	  to	  make	  a	  gas	  composed	  of	  mainly	  hydrogen	  and	  carbon	  monoxide.	  Steam	  and	  a	  catalyst	  
are	  added,	  and	  coal	  is	  burned	  to	  produce	  a	  synthetic	  gas,	  typically	  containing	  hydrogen	  and	  
carbon	  monoxide.	  Adding	  steam,	  along	  with	  a	  catalyst,	  to	  the	  synthetic	  gas	  converts	  the	  carbon	  
monoxide	  into	  additional	  hydrogen	  and	  carbon	  dioxide	  that	  can	  be	  filtered	  out	  of	  the	  
system.	  The	  hydrogen	  can	  then	  be	  used	  in	  a	  gas	  turbine	  (similar	  to	  a	  jet	  engine)	  to	  produce	  
electric	  power	  ("Department	  of	  Energy").	  This	  technology	  is	  currently	  being	  researched	  by	  
the	  U.S.	  Department	  of	  Energy	  but	  is	  not	  yet	  commercially	  feasible.	  After	  the	  carbon	  dioxide	  is	  
captured	  from	  its	  source,	  it	  is	  ready	  to	  be	  stored	  in	  some	  kind	  of	  carbon	  sink	  or	  reservoir.	  
	   	  
Dirty	  emissions	  can	  be	  used	  in	  biological	  carbon	  capture	  without	  need	  for	  scrubbing	  or	  extra	  
measures	  during	  combustion.	  Technologies	  for	  capture	  of	  dirty	  emissions	  include	  algae	  capture,	  
wetlands,	  and	  oxygenation	  ponds.	  These	  methods	  dissolve	  the	  CO2	  as	  well	  as	  other	  constituents	  
into	  water,	  and	  then	  biologically	  absorb	  or	  degrade	  them	  using	  microorganisms	  and	  algae.	  This	  
is	  not	  true	  of	  terrestrial	  biological	  carbon	  capture,	  as	  only	  CO2	  will	  be	  absorbed	  and	  the	  other	  
constituents	  (most	  notably	  NOx	  and	  SOx)	  will	  remain	  in	  the	  atmosphere.	  Other	  benefits	  of	  using	  
these	  methods	  are	  described	  in	  the	  biological	  sequestration	  section	  of	  this	  appendix.	  	  

Transport	  
In	  some	  cases,	  carbon	  dioxide	  can	  be	  stored	  at	  the	  site	  of	  capture.	  However,	  in	  most	  cases	  the	  
gas	  will	  need	  to	  be	  transported	  to	  the	  storage	  site.	  The	  cheapest	  way	  to	  do	  this	  is	  with	  a	  
pipeline.	  Oil	  companies	  have	  practiced	  this	  for	  the	  last	  few	  decades.	  They	  pipe	  carbon	  dioxide	  
from	  oil	  refineries	  back	  to	  the	  oil	  fields	  for	  injection.	  In	  this	  case,	  the	  purpose	  is	  to	  increase	  oil	  
production	  at	  a	  drill	  site,	  but	  the	  system	  can	  easily	  be	  applied	  to	  carbon	  sequestration.	  Pipeline	  
requirements	  and	  regulations	  are	  currently	  vague	  and	  poorly	  defined.	  This	  will	  likely	  change	  in	  
the	  future	  as	  carbon	  sequestration	  becomes	  more	  common	  (Parafomak).	  

Methods	  of	  Storing	  Carbon	  Dioxide	  
There	  are	  three	  major	  storage	  types:	  oceanic,	  mineral,	  biological	  and	  geological.	  Each	  type	  
stores	  the	  carbon	  dioxide	  in	  a	  different	  physical	  state.	  In	  oceanic	  storage,	  the	  gas	  is	  dissolved	  
into	  the	  ocean,	  storing	  it	  in	  a	  liquid	  state.	  In	  geological	  storage,	  the	  gas	  is	  injected	  into	  the	  earth,	  
storing	  it	  in	  a	  gaseous	  state.	  Finally,	  biological	  and	  mineral	  storage	  involves	  a	  chemical	  reaction	  
or	  biological	  processes	  that	  allow	  carbon	  dioxide	  to	  be	  stored	  in	  a	  solid	  state.	  Each	  of	  these	  
methods	  has	  different	  complications	  and	  attributes.	  To-‐date,	  only	  geological	  storage	  has	  been	  
applied	  on	  an	  industrial	  scale.	  
	  
Oceanic:	  This	  method	  of	  sequestration	  is	  not	  limited	  to	  only	  oceans,	  but	  really	  any	  large	  body	  of	  
water.	  This	  includes	  fresh	  water	  lakes,	  rivers,	  and	  aquifers.	  In	  the	  case	  of	  oceans,	  there	  are	  
several	  ideas	  of	  how	  carbon	  could	  be	  stored.	  	  
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One	  method	  is	  known	  as	  “dissolution	  injections”.	  The	  carbon	  dioxide	  is	  released	  at	  
depths	  ranging	  from	  3,000-‐9,000	  feet	  underwater	  and	  allowed	  to	  rise	  through	  the	  
ocean.	  As	  it	  rises,	  the	  gas	  will	  be	  naturally	  dissolved	  into	  the	  water.	  Although	  the	  
procedure	  up	  to	  this	  point	  is	  a	  suggested	  method,	  most	  research	  also	  includes	  additional	  
steps.	  Dissolving	  CO2	  into	  seawater	  creates	  a	  high	  concentration	  of	  carbonic	  acid,	  which	  
readily	  reacts	  with	  carbonate	  minerals	  (such	  as	  limestone)	  to	  produce	  calcium	  
bicarbonate	  solution	  that	  can	  be	  safely	  dispersed	  in	  the	  ocean.	  This	  process	  naturally	  
occurs	  in	  the	  ocean,	  but	  at	  a	  much	  slower	  rate.	  The	  additional	  steps	  are	  expected	  to	  
increase	  the	  ocean’s	  anthropogenic	  carbon	  storage	  capacity,	  as	  well	  as	  to	  reduce	  the	  
impact	  on	  ocean	  life	  (compared	  to	  simple	  injections)	  (Calderia).	  The	  anthropogenic	  
storage	  capacity	  is	  the	  increased	  amount	  of	  CO2	  stored	  in	  the	  ocean	  due	  to	  human	  
intervention.	  This	  storage	  capacity	  would	  not	  be	  utilized	  under	  natural	  conditions.	  	  

	  
Another	  method	  of	  oceanic	  sequestration	  is	  called	  “lake	  deposits”.	  Gas	  is	  again	  pumped	  
down	  into	  the	  ocean,	  but	  at	  depths	  exceeding	  9,000	  feet.	  At	  this	  depth,	  the	  pressure	  
and	  low	  temperatures	  will	  force	  the	  CO2	  to	  liquefy,	  making	  it	  denser	  than	  water.	  It	  will	  
sink	  to	  the	  bottom	  of	  the	  ocean,	  forming	  “lakes”.	  The	  CO2	  will	  then	  freeze,	  forming	  
hydrate	  ice	  crystals	  in	  porous	  rocks	  which	  will	  serve	  to	  cap	  the	  CO2	  stores.	  	  Over	  
hundreds	  of	  years,	  the	  CO2	  would	  dissolve	  into	  the	  surrounding	  water,	  and	  slowly	  make	  
it	  to	  the	  surface	  of	  the	  ocean	  to	  diffuse	  back	  into	  the	  atmosphere.	  However	  the	  time	  
estimate	  for	  this	  process	  is	  millions	  of	  years	  (Bull is).	  This	  technique	  has	  not	  yet	  been	  
applied	  commercially.	  	  

	  
The	  third	  method	  is	  to	  store	  CO2	  in	  clathrate	  hydrates,	  or	  ice	  crystals,	  with	  gas	  trapped	  
inside	  them.	  When	  water	  freezes,	  it	  forms	  a	  molecular	  crystal	  lattice,	  similar	  to	  a	  cage	  in	  
structure.	  When	  gas	  molecules	  get	  trapped	  in	  these	  molecular	  cages,	  the	  ice	  crystals	  are	  
called	  clathrate	  hydrates.	  This	  often	  occurs	  with	  methane	  molecules	  in	  deep	  sea	  ice	  
crystals	  ("Economist").	  Scientists	  at	  Monterey	  Bay	  Aquarium	  Research	  Institute	  have	  
shown	  that	  it	  is	  possible	  (and	  fairly	  easy)	  to	  trap	  CO2	  with	  clathrate	  hydrates	  at	  depths	  
around	  3,600	  meters	  ("Science	  Daily").	  The	  process	  has	  only	  been	  tested	  in	  small	  
scale	  experiments	  to	  date.	  	  
	  
Finally,	  it	  has	  been	  suggested	  that	  excess	  crops	  or	  food	  processing	  residues	  could	  be	  
gathered	  up	  and	  placed	  in	  weighted	  bales.	  These	  bales	  could	  be	  dropped	  in	  alluvial	  fans	  
or	  other	  areas	  of	  high	  sediment	  movement	  so	  that	  they	  become	  quickly	  buried	  in	  the	  
sea	  floor.	  The	  major	  problem	  with	  this	  method	  is	  that	  it	  creates	  a	  bulk	  movement	  of	  
nutrients	  as	  well	  as	  carbon.	  As	  nutrients	  are	  removed	  from	  the	  topsoil	  of	  farmland	  
(carried	  in	  the	  form	  of	  biomass	  and	  crop	  residues),	  it	  is	  placed	  in	  the	  ocean	  where	  it	  
could	  cause	  algal	  blooms	  or	  other	  detrimental	  effects	  on	  the	  local	  ecosystem.	  	  

	  
The	  oceans	  can	  provide	  a	  nearly	  endless	  space	  to	  store	  CO2	  in,	  and	  using	  natural	  processes	  and	  
reactions.	  Although	  the	  storage	  is	  not	  permanent,	  it	  is	  estimated	  that	  it	  would	  take	  at	  least	  1600	  
years	  for	  the	  CO2	  to	  reach	  the	  surface	  again.	  Although	  oceanic	  storage	  does	  show	  promise,	  
there	  are	  still	  several	  major	  problems.	  First,	  the	  effects	  of	  carbon	  storage	  on	  ocean	  biota	  are	  
poorly	  understood.	  Increased	  carbon	  dioxide	  will	  react	  with	  water	  to	  form	  carbonic	  acid,	  which	  
will	  lower	  the	  pH	  of	  the	  ocean.	  This	  could	  cause	  significant	  environmental	  problems.	  The	  
estimated	  total	  cost	  of	  oceanic	  sequestration	  is	  between	  $40-‐80	  per	  tonne	  of	  CO2.	  This	  price	  
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increases	  if	  the	  bicarbonate	  method	  is	  used	  (“ipcc”).	  To-‐date,	  oceanic	  storage	  of	  carbon	  has	  
been	  limited	  to	  experiments	  and	  small	  scale	  operations.	  
	  
Mineral:	  Carbon	  dioxide	  can	  be	  reacted	  with	  metal	  oxides	  (usually	  magnesium	  or	  calcium	  
silicates)	  to	  produce	  heat	  and	  carbonates.	  Because	  carbonates	  are	  the	  thermodynamic	  ground	  
state	  for	  carbon,	  the	  reaction	  will	  occur	  naturally	  with	  no	  added	  energy.	  In	  fact,	  recent	  studies	  
show	  that	  carbon	  dioxide	  is	  already	  being	  absorbed	  in	  large	  quantities	  by	  areas	  with	  high	  
concentrations	  of	  magnesium	  silicate.	  Although	  it	  is	  a	  naturally	  occurring	  process,	  it	  is	  too	  slow	  
to	  counteract	  the	  high	  volume	  of	  CO2	  put	  out	  by	  industry.	  There	  is	  research	  that	  indicates	  that	  if	  
the	  reaction	  is	  carried	  out	  under	  the	  right	  conditions	  (pressure,	  temperature,	  etc.),	  then	  the	  
process	  speed	  could	  be	  greatly	  increased	  (Krevor).	  Until	  the	  process	  is	  optimized,	  however,	  it	  
would	  not	  be	  feasible	  for	  a	  large	  scale	  operation.	  
	  
Geological:	  Geological	  storage	  is	  currently	  the	  most	  practical	  and	  economic	  technique	  for	  
storing	  sequestered	  carbon.	  It	  is	  also	  sometimes	  referred	  to	  as	  geo-‐sequestration.	  It	  is	  
accomplished	  by	  injecting	  supercritical	  CO2	  directly	  into	  underground	  rock	  formations.	  Such	  
formations	  include	  oil	  fields,	  oil	  drilling	  sites,	  gas	  fields,	  saline	  formations,	  saline	  filled	  basalt	  
formations,	  and	  unprofitable	  coal	  seams.	  These	  types	  of	  sites	  represent	  significant	  potential	  for	  
geological	  storage	  because	  they	  have	  a	  large	  permeable	  cavernous	  region	  for	  storing	  material,	  
as	  well	  as	  a	  non-‐porous	  rock	  cap.	  The	  main	  reason	  geological	  storage	  is	  so	  attractive	  to	  
companies	  is	  that	  the	  technique	  has	  been	  used	  by	  oil	  companies	  for	  decades	  to	  increase	  oil	  
recovery.	  Specifically,	  oil	  companies	  harvest	  CO2	  from	  the	  nearby	  refinery,	  pipe	  it	  to	  the	  oil	  field,	  
and	  inject	  it	  back	  into	  the	  ground.	  Although	  the	  end	  goal	  is	  different,	  the	  procedure	  is	  the	  same.	  
With	  minimal	  modification	  to	  this	  technique,	  CO2	  is	  easily	  stored	  in	  underground	  geologic	  
formations	  (Benson).	  Saline	  formations	  also	  show	  promise	  for	  storage,	  but	  little	  is	  known	  about	  
them	  compared	  to	  oil	  fields.	  
	  
Biological:	  Biological	  storage	  of	  carbon	  is	  attractive	  because	  it	  uses	  or	  mimics	  natural	  processes.	  
This	  greatly	  reduces	  the	  likelihood	  of	  unexpected	  side	  effects	  when	  it	  is	  implemented	  on	  a	  large	  
scale.	  Unknown	  side	  effects	  are	  what	  keep	  oceanic	  and	  mineral	  storage	  from	  being	  
commercialized.	  There	  are	  two	  main	  categories	  for	  biological	  sequestration:	  terrestrial	  and	  
aquatic.	  While	  terrestrial	  sequestration	  focuses	  mainly	  on	  trees,	  aquatic	  is	  more	  focused	  on	  
algae	  and	  other	  microorganisms.	  	  

	  
One	  example	  of	  terrestrial	  biological	  storage	  is	  reforestation.	  Over	  the	  last	  200	  years,	  large	  
portions	  of	  the	  world’s	  forests	  have	  been	  cut	  down	  for	  timber,	  fuel,	  or	  to	  clear	  land.	  Trees	  are	  
natural	  carbon	  sinks,	  as	  they	  absorb	  CO2	  during	  photosynthesis.	  By	  replanting	  some	  areas	  or	  
planting	  more	  trees	  elsewhere,	  CO2	  levels	  can	  be	  reduced	  as	  the	  trees	  grow	  (McDermott).	  
Because	  plants	  will	  grow	  and	  consume	  more	  and	  more	  CO2,	  any	  CO2	  sequestered	  in	  plants	  will	  
increase	  that	  amount	  of	  CO2	  sequestered	  in	  the	  near	  future.	  A	  study	  done	  by	  the	  Pew	  Center	  
for	  Global	  Climate	  Change	  estimates	  that	  for	  every	  1	  tonne	  of	  CO2	  sequestered	  in	  plants,	  3.6	  
tonnes	  of	  CO2	  are	  removed	  from	  the	  atmosphere	  (Pausian,	  Antle,	  and	  et.	  al.).	  The	  study	  
concludes	  that	  total	  U.S.	  greenhouse	  gas	  emissions	  could	  be	  reduced	  by	  5-‐14%	  through	  
reforestation.	  

	  
A	  similar	  method	  is	  the	  creation	  or	  enhancement	  of	  peat	  bogs,	  which	  are	  also	  naturally	  
occurring	  carbon	  sinks	  (Lovett).	  Another	  solution	  is	  simply	  burying	  trees	  and	  vegetation.	  This	  
mimics	  the	  process	  that	  created	  all	  the	  fossil	  fuel	  we	  use	  today	  (Zeng).	  An	  extension	  of	  this	  
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process	  is	  biochar	  burial.	  Biochar	  is	  a	  charcoal	  like	  substance	  created	  from	  the	  pyrolysis	  
(thermochemical	  decomposition	  of	  matter	  without	  oxygen)	  of	  organic	  matter.	  This	  process	  
removes	  the	  carbon	  from	  the	  natural	  carbon	  cycle	  and	  makes	  it	  inert.	  Once	  buried	  and	  kept	  out	  
of	  contact	  with	  oxygen,	  the	  carbon	  cannot	  react	  to	  become	  CO2	  again	  ("International	  Biochar	  
Initiative").	  This	  concept	  can	  be	  applied	  to	  smaller	  plants,	  too.	  A	  study	  conducted	  by	  USDA’s	  
National	  Soil	  Dynamics	  Laboratory	  and	  Auburn	  University	  estimated	  the	  amount	  of	  carbon	  
placed	  underground	  through	  planting	  ornamental	  plants	  in	  pine	  bark	  based	  containers	  (common	  
biodegradable	  pots	  used	  in	  horticulture).	  The	  study	  showed	  that	  as	  much	  as	  18,150	  -‐	  19,470	  U.S.	  
tons	  of	  carbon	  are	  placed	  underground	  with	  this	  practice	  in	  Alabama	  alone	  ("USDA").	  An	  
expansion	  of	  this	  kind	  of	  practice	  could	  result	  in	  a	  significant	  amount	  of	  sequestered	  carbon.	  

	  
Aquatic	  biological	  sequestration	  is	  currently	  coming	  out	  of	  R&D	  and	  expanding	  to	  commercial	  
scale	  projects.	  The	  general	  scheme	  takes	  the	  flue	  gas	  into	  an	  absorption	  chamber,	  where	  the	  
CO2	  and	  other	  gases	  get	  absorbed	  into	  water.	  This	  water	  is	  then	  pumped	  into	  ponds	  (most	  
commonly	  raceway	  ponds)	  where	  algae	  and/or	  other	  microorganisms	  grow.	  	  A	  California	  firm,	  
Carbon	  Capture	  Corporation,	  is	  testing	  this	  technology	  to	  mitigate	  CO2	  emissions	  from	  natural	  
gas	  fired	  power	  generation).	  	  

	  
In	  many	  ways,	  algae	  is	  one	  of	  the	  most	  viable	  options	  for	  capturing	  and	  storing	  CO2.	  This	  is	  
because	  using	  algae	  has	  distinct	  benefits	  that	  make	  it	  more	  viable	  than	  other	  options.	  The	  first	  
of	  these	  benefits	  is	  that	  if	  the	  proper	  mix	  of	  algae	  and/or	  microorganism	  are	  present,	  there	  is	  no	  
need	  to	  scrub	  the	  flue	  gas.	  	  

	  
Both	  NOx	  and	  SOx	  have	  been	  shown	  to	  be	  dramatically	  reduced	  by	  treating	  flue	  gas	  using	  the	  
algae	  species	  spirulina	  (Anitha,	  and	  Narayanan	  939-‐944).	  	  Reductions	  were	  measured	  at	  65%	  for	  
SOx	  and	  84%	  for	  NOx.	  	  As	  a	  result,	  both	  capital	  and	  O&M	  costs	  are	  significantly	  reduced,	  
because	  there	  is	  no	  need	  for	  expensive	  flue	  gas	  scrubbers	  or	  consumable	  catalysts.	  Another	  
benefit	  is	  that	  carbon	  capture	  and	  sequestration	  are	  combined	  into	  one	  step.	  This	  reduces	  or	  
eliminates	  transportation	  costs	  and	  makes	  the	  process	  safer	  because	  CO2	  is	  never	  compressed.	  
It	  also	  eliminates	  the	  need	  for	  additional	  equipment	  that	  would	  be	  needed	  to	  sequester	  the	  
carbon.	  (Geological,	  mineral,	  and	  oceanic	  sequestration	  all	  require	  additional	  equipment	  after	  
the	  carbon	  is	  captured.)	  Finally,	  the	  algae	  produced	  can	  be	  used	  to	  make	  other	  products,	  such	  as	  
feed	  pellets,	  fertilizer,	  biofuels,	  health	  supplements,	  and	  more	  ("Heliae").	  These	  products	  can	  be	  
sold	  to	  create	  a	  revenue	  stream.	  	  

	  
These	  advantages	  put	  algae	  as	  a	  top	  priority	  for	  research	  and	  development.	  The	  results	  of	  this	  
body	  of	  research	  are	  beginning	  to	  be	  seen,	  as	  numerous	  pilot	  scale	  plants	  are	  being	  developed.	  
Since	  2005,	  Carbon	  Capture	  Corporation	  has	  focused	  on	  using	  algae	  to	  reduce	  greenhouse	  gas	  
emissions	  while	  producing	  renewable	  feed	  for	  aquaculture.	  The	  firm	  is	  also	  researching	  
feedstock	  for	  fuel	  production	  (Carbon	  Capture	  Corporation).	  	  
	  	   	  
To-‐date,	  the	  only	  method	  used	  to	  store	  sequestered	  carbon	  on	  an	  industrial	  scale	  is	  geological	  
injection.	  A	  full-‐scale	  algae	  based	  carbon	  capture	  project	  is	  currently	  in	  the	  early	  stages	  of	  
development	  in	  Qatar;	  but	  so	  far,	  this	  is	  the	  only	  project	  larger	  than	  pilot	  scale	  plants	  ("Punch").	  
The	  methods	  stated	  above	  (and	  others)	  are	  either	  being	  researched	  or	  have	  only	  been	  applied	  in	  
pilot	  scale	  projects.	  However,	  it	  is	  important	  to	  note	  that	  carbon	  storage	  is	  getting	  a	  lot	  of	  
attention	  from	  the	  scientific	  community	  and	  is	  being	  heavily	  researched.	  It	  is	  likely	  that	  the	  
technology	  will	  expand	  in	  both	  breadth	  and	  depth	  in	  the	  near	  future.	  	  
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Allowances,	  Offsets,	  and	  Government	  Assistance	  
In	  addition	  to	  environmental	  incentives	  for	  carbon	  sequestration,	  there	  are	  financial	  incentives.	  
For	  example,	  AB32	  “cap	  and	  trade”	  is	  one	  potential	  incentive	  mechanism.	  Carbon	  credits	  are	  
essentially	  permits	  that	  allow	  the	  buyer	  to	  emit	  1	  tonne	  of	  carbon	  dioxide	  (or	  the	  CO2	  mass	  
equivalent	  of	  some	  other	  greenhouse	  gas).	  	  These	  credits	  can	  be	  traded	  in	  five	  
exchanges:	  	  	  European	  Climate	  Exchange,	  NASDAQ	  OMX	  Commodities	  Europe,	  Power	  
Next,	  Commodity	  Exchange	  Bratislava	  and	  the	  European	  Energy	  Exchange.	  Companies	  can	  buy	  
such	  credits	  from	  a	  carbon	  sequestration	  company	  to	  offset	  their	  own	  emissions	  ("Commodity	  
Exchange	  Bratislava").	  There	  are	  also	  Government	  incentive	  programs	  for	  carbon	  
sequestration.	  However	  the	  majority	  of	  government	  funding	  goes	  to	  research	  and	  pilot	  projects,	  
not	  utility	  scale	  projects.	  

Leakage	  and	  Other	  Concerns	  
Although	  there	  are	  many	  concerns	  about	  the	  safety	  of	  carbon	  sequestration	  processes,	  all	  of	  
them	  can	  be	  addressed	  with	  the	  right	  practices	  and	  equipment.	  The	  main	  concern	  is	  the	  
longevity	  of	  the	  carbon	  storage.	  Leaking	  carbon	  out	  of	  storage	  would	  not	  only	  be	  counter-‐
productive,	  but	  may	  also	  be	  a	  safety	  hazard.	  These	  types	  of	  problems	  can	  mitigated	  by	  choosing	  
the	  proper	  storage	  location	  and	  type.	  For	  some	  carbon	  stores	  (oceanic,	  biological,	  mineral,	  etc.),	  
unsafe	  discharges	  of	  CO2	  are	  not	  possible.	  In	  geologic	  storage,	  the	  right	  location	  makes	  all	  the	  
difference.	  By	  picking	  a	  location	  with	  an	  impermeable	  layer	  of	  rock	  over	  the	  reservoir,	  leakage	  
can	  be	  minimized.	  Most	  estimates	  for	  storage	  locations	  are	  1,000	  years	  or	  more.	  If	  the	  location	  
is	  unlikely	  to	  be	  able	  to	  hold	  the	  CO2	  for	  1,000	  years,	  a	  new	  location	  is	  selected	  (Benson).	  The	  
real	  safety	  hazard	  does	  not	  lie	  in	  capturing	  or	  sequestering	  CO2,	  but	  in	  transporting	  it.	  The	  
breakage	  of	  large	  pipelines	  and	  storage	  tanks	  has	  been	  a	  major	  concern,	  as	  compressed	  CO2	  
escaping	  from	  a	  leak	  may	  cause	  damage.	  However,	  this	  can	  be	  avoided	  with	  scheduled	  
maintenance	  and	  proper	  construction.	  	  

Cost	  Estimates	  
Because	  there	  are	  so	  few	  large	  scale	  projects,	  cost	  estimates	  are	  difficult	  to	  develop.	  
This	  is	  particularly	  true	  of	  technologies	  that	  have	  only	  been	  applied	  in	  pilot	  scale	  plants.	  
For	  this	  reason,	  only	  the	  two	  most	  developed	  technologies	  will	  have	  quantified	  costs.	  
These	  technologies	  are	  amine	  scrubbing	  or	  cryogenic	  cooling,	  combined	  with	  geologic	  
injection	  and	  aquatic	  biological	  sequestration	  (algae).	  As	  for	  carbon	  sequestration	  as	  a	  
process,	  reliable	  estimates	  indicate	  that	  to	  make	  carbon	  capture	  economically	  feasible,	  
market	  prices	  would	  need	  to	  be	  less	  than	  $60	  per	  ton	  of	  carbon	  sequestered	  (Science).	  
Currently	  carbon	  is	  captured	  from	  emissions	  using	  an	  amine	  absorber	  and	  cryogenic	  
cooling.	  Using	  this	  technology,	  the	  price	  of	  capture	  is	  roughly	  $150	  per	  ton	  of	  carbon.	  
This	  would	  raise	  the	  price	  of	  electricity	  2.5-‐4	  cents	  per	  kilowatt1.	  However,	  this	  is	  not	  the	  
total	  cost.	  The	  U.S.	  Department	  of	  Energy	  estimates	  that	  for	  a	  large	  scale	  operation,	  
carbon	  capture	  represents	  about	  75%	  of	  the	  total	  cost.	  The	  remaining	  25%	  includes	  
storage,	  transport,	  and	  sequestration	  ("Department	  of	  Energy").	  However,	  these	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  



	  B-‐8	  	  	  	  	  Water	  Energy	  Innovations,	  Inc.	   	   The	  Role	  of	  Natural	  Gas	  in	  California’s	  Water-‐Energy	  Nexus	  

projects	  are	  still	  successful	  because	  of	  the	  profit	  gained	  from	  using	  the	  CO2	  injections	  to	  
increase	  oil	  production	  in	  oil	  fields.	  
	  
It	  is	  difficult	  to	  compare	  other	  capture	  and	  sequestration	  methods	  based	  on	  price,	  as	  
only	  pilot	  scale	  projects	  have	  been	  completed.	  Estimates	  for	  algae	  based	  carbon	  
sequestration	  are	  available	  based	  on	  pilot	  scale	  project	  data.	  The	  Carbon	  Capture	  
Corporation	  anticipates	  a	  cost	  of	  $20	  per	  ton	  of	  carbon	  sequestered	  (Carbon	  Capture	  
Corporation).	  Additional	  cost	  or	  profit	  may	  be	  incurred	  in	  the	  process	  of	  disposing	  or	  
utilizing	  the	  resulting	  algae.	  	  However,	  these	  estimates	  may	  increase	  due	  to	  unforeseen	  
scale-‐up	  costs.	  	  	  	  

State	  of	  the	  Industry	  
Carbon	  sequestration	  is	  not	  an	  experimental	  technology,	  nor	  is	  it	  only	  implemented	  on	  a	  
small	  scale.	  Projects	  of	  all	  sizes	  have	  been	  completed	  by	  a	  variety	  of	  different	  companies.	  
For	  example,	  in	  2009	  BP	  and	  GE	  announced	  that	  they	  would	  be	  collaborating	  to	  build	  a	  250	  
MW	  coal	  fired	  power	  plant	  with	  a	  carbon	  capture	  system	  in	  southern	  California.	  They	  
estimated	  that	  90%	  of	  the	  CO2	  could	  be	  captured	  for	  sequestration	  ("Algaecake	  
Technologies	  Corporation").	  The	  CO2	  would	  be	  piped	  to	  a	  nearby	  oil	  field	  and	  pumped	  
underground.	  The	  project	  is	  currently	  undergoing	  a	  year-‐long	  certification	  process	  
("Environmental	  Leader").	  The	  sequestering	  of	  CO2	  in	  an	  oil	  field	  also	  can	  make	  extracting	  
oil	  easier	  at	  that	  location	  (see	  List	  of	  Projects	  for	  more	  examples)	  (Kahn).	  This	  kind	  of	  CO2	  
capture	  and	  injection	  has	  been	  practiced	  for	  decades	  by	  oil	  companies.	  There	  is	  a	  sizeable	  
group	  of	  individuals	  who	  have	  experience	  with	  the	  techniques	  and	  equipment	  needed	  to	  
perform	  CO2	  injections.	  In	  addition	  to	  the	  existing	  technology,	  there	  is	  a	  huge	  push	  for	  
research	  to	  advance	  carbon	  capture	  technology	  as	  well	  as	  other	  methods	  of	  carbon	  storage.	  
Carbon	  sequestration	  is	  not	  a	  thing	  of	  the	  future,	  it	  is	  happening	  now.	  	  

Current	  Research	  and	  Development	  
The	  most	  popular	  area	  of	  research	  in	  the	  carbon	  sequestration	  world	  is	  currently	  algae	  ("Power	  
Plants	  CCS	  Report"),	  primarily	  due	  to	  relatively	  low	  cost	  estimates,	  comparative	  simplicity,	  and	  
valuable	  by-‐products.	  Using	  algae	  to	  sequester	  carbon	  from	  energy	  generation	  facilities	  is	  also	  
very	  viable,	  since	  the	  geographic	  location	  of	  the	  plant	  is	  not	  as	  important	  for	  algae	  as	  it	  would	  be	  
for	  oceanic	  or	  geologic	  sequestration.	  Considerable	  research	  is	  presently	  being	  conducted	  on	  
means	  for	  converting	  algae	  into	  a	  viable	  source	  of	  biofuels	  as	  well.	  	  
	  
 Carbon	  Capture	  Corporation	  is	  currently	  building	  a	  46	  MW	  peaker	  plant	  in	  Imperial	  

California	  near	  its	  research	  facility.	  Their	  research	  focuses	  on	  reducing	  CO2	  emissions,	  
producing	  a	  viable	  source	  of	  biofuels,	  and	  creating	  products	  from	  the	  algae	  produced	  in	  the	  
process	  (Barrows).	  

 Environmental	  Entrepreneurs	  lists	  18	  companies	  (10	  of	  which	  are	  in	  California)	  researching	  
or	  producing	  algae	  based	  biofuels	  ("Environmental	  Entrepreneurs"	  1-‐5).	  	  

 Exxon	  Mobile	  recently	  invested	  $600	  million	  in	  partnership	  with	  Synthetic	  Genomics	  Inc.	  to	  
research	  biofuels	  production	  from	  algae	  (Porretto	  ).	  
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Another	  recent	  breakthrough	  has	  developed	  in	  techniques	  for	  treating	  the	  flue	  gas	  to	  remove	  
impurities.	  Recently,	  a	  project	  funded	  by	  the	  U.S.	  Department	  of	  Energy	  that	  is	  being	  conducted	  
by	  Ohio	  State	  University	  developed	  a	  less	  expensive	  way	  to	  produce	  membranes	  that	  achieve	  
separation	  performance	  comparable	  to	  expensive	  inorganic	  membranes	  ("US	  DOE").	  	  These	  
membranes	  could	  significantly	  reduce	  the	  cost	  of	  treating	  flue	  gas	  before	  carbon	  capture	  by	  
removing	  other	  chemical	  constituents	  from	  the	  flue	  gas	  at	  a	  low	  cost.	  The	  new	  membrane	  is	  10	  
times	  more	  permeable	  for	  CO2	  than	  conventional	  membranes	  and	  removes	  up	  to	  90%	  of	  the	  
CO2	  in	  the	  flue	  gas	  stream	  ("Carbon	  Capture	  Journal").	  This	  technology	  could	  replace	  expensive	  
amine	  scrubbers	  that	  currently	  dominate	  the	  market,	  making	  carbon	  sequestration	  methods	  
that	  require	  purified	  CO2	  more	  economically	  feasible.	  	  

Overview	   	  
The	  current	  cost	  for	  injecting	  CO2	  for	  the	  sole	  purpose	  of	  sequestering	  it	  is	  too	  high	  at	  present.	  
Advancements	  in	  technology	  will	  need	  to	  be	  made	  for	  it	  to	  become	  more	  cost	  effective.	  
However,	  CO2	  injection	  for	  enhanced	  oil	  recovery	  is	  already	  profitable,	  and	  has	  been	  practiced	  
since	  the	  1980s.	  The	  CO2	  is	  generally	  made	  onsite	  by	  gas	  refineries,	  so	  long	  pipelines	  are	  not	  
necessary.	  Also	  the	  injection	  of	  gas	  increases	  oil	  recovery,	  which	  in	  turn	  increases	  profits.	  This	  is	  
only	  economically	  feasible	  for	  large	  oil	  companies,	  however,	  as	  capital	  cost	  are	  high	  and	  
economies	  of	  scale	  are	  needed	  to	  earn	  a	  profit.	  	  
	  
The	  only	  other	  realistic	  option	  at	  present	  for	  carbon	  sequestration	  from	  flue	  gas	  is	  algae.	  
Because	  there	  is	  no	  need	  for	  post-‐combustion	  treatment	  or	  transportation,	  algae	  is	  less	  
expensive	  than	  most	  other	  options.	  Additionally,	  algae	  ponds	  and	  raceways	  can	  be	  built	  to	  fit	  
any	  size	  project	  and	  do	  not	  have	  high	  maintenance	  costs.	  Finally,	  the	  algae	  produced	  can	  be	  
processed	  into	  numerous	  products	  that	  can	  be	  sold	  to	  offset	  costs.	  The	  applicability	  of	  algae	  
combined	  with	  its	  other	  benefits	  makes	  it	  a	  good	  option	  for	  many	  power	  generation	  facilities	  
trying	  to	  reduce	  CO2	  emissions.	  	  
	   	  	  

The	  Opportunity	  for	  California	  
To-‐date	  there	  have	  been	  no	  large	  scale	  projects	  in	  California	  whose	  sole	  purpose	  was	  to	  
sequester	  carbon	  to	  reduce	  GHGs	  in	  the	  atmosphere.	  However,	  there	  are	  many	  examples	  of	  
projects	  in	  other	  states	  that	  combine	  large-‐scale	  carbon	  sequestration	  with	  another	  project	  to	  
accomplish	  two	  goals	  at	  once.	  A	  common	  example	  of	  this	  is	  enhanced	  oil	  recovery.	  	  (For	  more	  
examples,	  see	  List	  of	  Projects.)	  	  
	  
California	  has	  a	  different	  opportunity	  for	  joint	  projects.	  Being	  the	  number	  one	  agricultural	  state	  
in	  the	  country	  ("Stuff	  About	  States.com"),	  there	  is	  high	  potential	  for	  successful	  biological	  
sequestration.	  Greenhouses	  and	  algae	  farms	  have	  the	  most	  potential.	  The	  climate	  in	  California	  is	  
ideal	  for	  both	  of	  these	  applications,	  as	  they	  both	  require	  a	  good	  amount	  of	  sun	  and	  warm	  
weather.	  This	  has	  led	  to	  the	  development	  of	  several	  projects	  in	  California.	  	  
	  
Research	  and	  development	  of	  algae	  based	  carbon	  sequestration	  has	  increased	  rapidly	  in	  
California,	  as	  it	  has	  strong	  economic	  and	  sustainable	  potential.	  Carbon	  Capture	  Corporation’s	  
research	  facility	  and	  pilot	  peaker	  plant	  in	  Imperial,	  CA.	  is	  an	  example	  (Barrows).	  The	  
corporation’s	  main	  goals	  are	  to	  reduce	  GHG	  emissions	  while	  using	  the	  captured	  GHGs	  to	  grow	  



	  B-‐10	  	  	  	  	  Water	  Energy	  Innovations,	  Inc.	   	   The	  Role	  of	  Natural	  Gas	  in	  California’s	  Water-‐Energy	  Nexus	  

algae	  to	  make	  sustainable	  feedstock	  for	  fish.	  To	  accomplish	  this,	  they	  built	  an	  Algae	  Research	  
Center,	  which	  has	  a	  total	  capacity	  of	  8	  million	  gallons,	  covers	  40	  acres,	  and	  grows	  several	  strains	  
of	  algae.	  It	  currently	  has	  the	  capacity	  to	  produce	  up	  to	  660	  pounds	  of	  dried	  algae	  every	  day.	  
They	  are	  also	  building	  a	  50	  MW	  natural	  gas	  fired	  peaker	  plant	  on-‐site.	  They	  will	  use	  the	  plant	  to	  
conduct	  experiments	  and	  monitor	  CO2	  removal	  efficiency	  using	  algae.	  	  
	  
Scripps	  and	  Southern	  California	  Gas	  Company	  are	  also	  performing	  research	  in	  this	  field.	  In	  
collaboration	  with	  several	  other	  San	  Diego	  based	  companies,	  they	  have	  been	  researching	  
carbon	  sequestration	  using	  algae	  for	  several	  years.	  They	  hope	  to	  perfect	  the	  process	  of	  raising	  
the	  algae	  on	  GHG	  emissions	  and	  then	  processing	  it	  into	  biofuels	  and	  animal	  feedstock	  (Aguilera).	  
Another	  California	  based	  company,	  Aurora	  Algae,	  has	  developed	  a	  strain	  of	  algae	  that	  consumes	  
more	  than	  double	  the	  CO2	  of	  conventional	  strains	  and	  produces	  roughly	  twice	  as	  much	  biofuels	  
(Woody).	  They	  recently	  used	  a	  2	  million	  Australian	  dollar	  LEED	  grant	  to	  construct	  a	  full	  size	  
demonstration	  facility	  in	  Western	  Australia.	  The	  facility	  consistently	  produces	  12-‐15	  metric	  tons	  
of	  algal	  biomass	  each	  day	  from	  6	  acres	  of	  growth	  ponds.	  The	  strain	  of	  algae	  prefers	  an	  arid	  
climate	  and	  grows	  in	  seawater,	  making	  it	  a	  possibility	  for	  Southern	  California	  (Woody).	  	  
	  
Although	  it	  is	  not	  being	  as	  thoroughly	  researched	  as	  algae,	  greenhouses	  are	  a	  viable	  option	  for	  
carbon	  sequestration,	  especially	  in	  California	  where	  greenhouses/nurseries	  account	  for	  10.5%	  of	  
the	  state’s	  agricultural	  production.	  California	  also	  leads	  the	  nation	  in	  greenhouse/nursery-‐based	  
agriculture,	  and	  contributes	  21%	  of	  the	  U.S.	  total	  (16).	  	  	  
	  

Houweling	  Nurseries,	  based	  in	  Camarillo	  CA,	  implemented	  the	  first	  integrated	  
CHP	  Greenhouse	  in	  the	  U.S.	  	  The	  greenhouses	  are	  connected	  to	  three	  4.4	  MW	  
G.E.	  Jenbacher	  natural	  gas	  fired	  generators.	  	  The	  heat	  from	  the	  generator’s	  
exhaust	  is	  put	  through	  a	  heat	  exchanger	  and	  used	  to	  heat	  the	  greenhouses.	  The	  
generator’s	  exhaust	  is	  cleaned	  using	  selective	  catalytic	  reduction	  and	  then	  
released	  into	  the	  greenhouses	  to	  bring	  the	  CO2	  levels	  up	  to	  700	  ppm.	  This	  clever	  
use	  of	  CO2	  and	  heat	  provides	  a	  cost	  effective	  way	  to	  provide	  a	  stable	  and	  
favorable	  environment	  for	  growing	  crops	  (in	  this	  case,	  tomatoes).	  	  	  

	  
The	  Houweling	  Nurseries	  project	  holds	  high	  promise	  for	  California’s	  agricultural	  economy.	  	  	  The	  
project	  configuration	  and	  its	  implications	  for	  California	  are	  described	  in	  Appendix	  C,	  Combined	  
Heat	  and	  Power	  Greenhouses	  -‐	  A	  Carbon,	  Energy,	  and	  Water	  Opportunity,	  to	  this	  white	  paper.	  

	  
According	  to	  the	  ARB,	  in	  2009	  California	  produced	  roughly	  146	  MMT	  of	  carbon	  emissions	  from	  
stationary	  power	  generation	  and	  industrial	  sources	  ("California	  Climate	  Change	  Portal").	  	  Under	  
optimum	  conditions,	  it	  has	  been	  demonstrated	  that	  algae	  can	  have	  CO2	  capture	  efficiencies	  of	  
99%	  in	  pond-‐like	  systems	  (Weissman	  and	  Tillett,	  1992;	  Zeiler	  et	  al.,	  1995,	  "Air	  Resource	  Board").	  
Therefore,	  the	  potential	  carbon	  savings	  is	  roughly	  144.7	  MMT	  per	  year,	  or	  a	  31.5%	  decrease	  in	  
CO2	  emissions	  in	  California	  ("California	  Climate	  Change	  Portal").	  Algaecake	  Technologies	  
estimated	  that	  one	  acre	  of	  algae	  farm	  can	  consume	  17,000	  to	  18,000	  metric	  tons	  of	  carbon	  
dioxide	  per	  year	  ("US	  DOE,	  National	  Energy	  Technology	  Laboratory").	  Therefore,	  a	  reduction	  of	  
144.7	  million	  metric	  tones	  of	  CO2	  per	  year	  could	  be	  achieved	  with	  roughly	  8,268	  acres	  of	  algae.	  
It	  is	  difficult	  to	  put	  a	  monetary	  value	  on	  this	  reduction,	  but	  the	  environmental	  value	  is	  
significant.	  It	  is	  also	  difficult	  to	  estimate	  the	  potential	  carbon	  capture	  from	  greenhouses,	  as	  
there	  are	  so	  few	  well-‐documented	  examples.	  However,	  the	  success	  at	  Houweling	  Nurseries	  
should	  certainly	  prompt	  further	  studies.	  	  
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Carbon	  Sequestration	  Projects	  
Name	  of	  Project	   Sand	  Creek	  Enhanced	  Oil	  Recovery	  
Location of Project Midwest, Wyoming 
Name of Developer Anadarko Petroleum Cooperation 
Size of Project 5.12 billion cubic meters of CO2 total 
Source(s)  On-Site Oil Refining Facility  
Technology(s) Used Enhanced Oil Recovery, CO2 pipeline 
Primary Costs/Risks Unknown 

Primary Value Streams/Benefits Since February of 2010 over 5.12 billion cubic meters of CO2 have been sequestered, oil 
recovery has increased as a side effect 

Project Sponsor(s) Anadarko Petroleum Cooperation 
Total Cost of Project Unknown (much of the infrastructure was already in place) 
Notes By revamping existing infrastructure the company was able to make this facility more 

efficient, expand the oil fields life, and benefit from carbon sequestration 
	  
Name	  of	  Project	   Enid	  Fertilizer	  
Location of Project Oklahoma City, Oklahoma  
Name of Developer Koch Nitrogen Company  
Size of Project 680,000 tonnes of CO2 annually  
Source(s)  Fertilizer Manufacturing Facility 
Technology(s) Used Enhanced Oil Recovery, 193 km CO2 pipeline 
Primary Costs/Risks Unknown 
Primary Value Streams/Benefits Nearly all the CO2 from fixed process emissions is captured and piped to the injection site 
Project Sponsor(s) Anadarko Petroleum Cooperation, Koch Nitrogen Company 
Total Cost of Project Unknown  
Notes  
	  
Name	  of	  Project	   Val	  Verde	  Natural	  Gas	  Plants	  
Location of Project Sharon Ridge, Texas 
Name of Developer  Exxon USA as well as Mitchell, Gray Ranch, Puckett, and Turrell gas processing plants 
Size of Project 1.3 million tonnes of CO2 total 
Source(s)  Five gas processing facilities: Mitchell, Gray Ranch, Puckett, Pikes Peak and Terrell 
Technology(s) Used Enhanced Oil Recovery, CO2 pipeline 
Primary Costs/Risks Unknown 
Primary Value Streams/Benefits Additional oil gained through CO2 injections, reduced greenhouse gas emissions 
Project Sponsor(s) Exxon USA 
Total Cost of Project Unknown (much of the infrastructure was already in place) 
Notes Gas is pumped from the refineries via the Val Verde pipeline to the Sharon Ridge injection 

site 
	  
Name	  of	  Project	   Rangely	  Weber	  Sand	  Unit	  CO2	  Injection	  Project	  
Location of Project Rangley Colorado 
Name of Developer Chevron Texaco 
Size of Project 50-150 million cubic feet daily 
Source(s)  On-Site Oil Refining Facility  
Technology(s) Used Enhanced Oil Recovery, CO2 pipeline 
Primary Costs/Risks $158 million 
Primary Value Streams/Benefits Recovered an additional 114 million barrels of oil  
Project Sponsor(s) Chevron Texaco 
Total Cost of Project Unknown 
Notes It cost $1 million a month to operate and maintain 
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1  Modak, Shonodeep, GE Energy, Gas Engines; Advancing U.S. Agriculture With Ultra-Clean CHP and CO2 

Fertilization for Greenhouses, U.S. Clean Heat & Power Association, Spring Forum, May 5, 2011. 
2  CO2 improves growth rates in greenhouses, Messer Group. 
3  Carbacid (CO2) Limited website: [http://carbacid.co.ke/greenhouse-enrichment.html], viewed March 15, 2013. 
4  T.K Hartz, A. Baameur and D.b. Holt; Carbon Dioxide Enrichment of High-value Crops under Tunnel Culture; 

Department of Botany and Plant Sciences; University of California Riverside; 1991. 
5  Shonodeep Modak presentation, May 5, 2011 and CO2 Now website: http://co2now.org [viewed March 14, 2013]. 
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6  E-mail correspondence with Travis Dauwalter, Senior Sales Manager, GE Gas Engines, GE Power & Water, on 

February 19, 2013. 
7  Ibid. 
8  Shonodeep Modak presentation, May 5, 2011. 
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Houweling 
Nurseries 

Camarillo, 
California 125 acres Tomatoes 3 x 4.4 MW CHP system  

Thanet Earth 
(started in 2007) 

Kent, 
England 

125 acres with 7 
greenhouses 

Peppers, 
cucumbers 
and tomatoes 

CHP System 

Van der Arend 
Roses  

Netherlan
ds  Roses 2 natural gas CHP systems  

Serres Vinet Machecou
l, France  Tomato and 

lettuce 

1 x 13 MW wood biomass-fired 
boiler + 1 x 20MW gas boiler 
allows switching between energy 
and fuel sources 

Wight Salads Ltd 
Isle of 
Wight, 
England  

6 nursery sites 
Tomatoes 
and 
cucumbers 

18 x 2 MW CHP units (total 36 
MW) 

Great Northern 
Hydroponics  
(started in 2009) 

Kingsville, 
Canada  Tomatoes 4 x 3 MW CHP units (total 12 MW)  

Eric van den Eynde 
Greenhouse  
(started in 2007) 

Kontich, 
Belgium 9.8 acres 

Tomatoes 
and 
eggplants 

1 x 2 MW CHP system: 
� 5% of electricity is used on-site; 

balance sold to the grid 
� Exhaust cleaned using an SCR 

and oxidation system 
� CO2 provided 12-16 hrs/day 

during summer; 6 hrs/day during 
winter 

AS Grune Fee Eesti 
Greenhouse (first 
install in 1998) 

Tartu, 
Estonia  

Lettuce, 
cucumbers 
and herbs 

2 x 1 MW CHP systems; later 
added 4 generator sets  

��������������������������������������������������������
9  Tomato World website: Description of Ocap [viewed March 15, 2013]. 
10 OCAP Factsheet, The Linde Group Corporate Responsibility Report, 2007.  
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')&�,�+ &%� *�%&+�*,�� � �%+�+&�$��+�	&,.�# %��+&+�#�%���*2�*&�*&$����B�. ##�*+ ##�%����+&����
',)���*��5�
�
	&,.�# %����*�� -�%��&%* ��)��#��+�&,��+�+&�&'+ $ 1 %�� +*�.�+�)�,*���5����)�+�%+ &%�'&%��
��'+,)�*�)� %2��%���%�&%8* +��.�+�)�)��0�# %����� # +0���*����%��&%*+),�+��5���%���� %�#�'�)$ +*�
�%���'')&-�#*���-�����%�&�+� %����&)�+���)��0�# %����� # +02�	&,.�# %���)��%�&,*�*�. ##�
*,�*+�%+ �##0�)��,���',)���*�*��)&$� +*�#&��#�.�+�)�,+ # + �*�8�+&���#�-�#���&,+�G@L�#�**�+��%�+���
�$&,%+�%�������&)���+)�� + &%�#�+&$�+&���)$2���* �% � ��%+���� �-�$�%+��&)����&$$�)� �#�
�)��%�&,*��&'�)�+ &%5�
�
�����&*+��&)�B�&��+���C��	��,% +*�.�*���&,+�=AC�$ ## &%5��
%�#,� %���*+ $�+���)�-�%,�*��)&$�
*�#�*�&���/��**�'&.�)2�	&,.�# %���/'��+*���'�0���"�&%�+����	��*0*+�$*�&��H8A@�0��)*5���+��)�
�%�)�0� %-�*+$�%+*� %�#,�����A���&%8* +��*&#�)���� # +0��%��+.&���� ��+����#��+) ��-�� �#��'#,�8
 %�'�)" %��*'&+*5�
�
��������������������������������������������������������
11 Houweling Nurseries data provided by Casey Houweling, President and Tara Tashiro, Operations Controller. 
12 “GMO” = genetically modified organisms.  Houweling does not use GMO products or seeds. 
13 E-mail correspondence with Travis Dauwalter, General Electric, February 19, 2013. 
14 GE press release: The Greenest Greenhouse: GE and Houweling Announce First US Greenhouse with Captured 

CO2 Fertilization, August 23, 2012, GE website: http://www.gereports.com/the-greenest-greenhouse/ [viewed March 
14, 2013]. 

15 Two engine operations produce the opportunity for condensate recovery of 9,500 gallons/day; 3 engines would yield 
approximately 14,250 gallons/day. 
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-*5�+����$&,%+�&��#�%���%��.�+�)�%������+&�')&�,����%��(, -�#�%+�0 �#��,* %��+)�� + &%�#�
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"� ���� �# (������!���������������!�� -1�
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Tomato Production (tons) 37,500 37,500 
Land (acres) 125 1,10317 

Water 

Purchased 750 Acre-ft /year 

~ 1,100 AF  Recycled (including 
recovered condensate) 45% (~ 335 AF) 

Collected Rainwater 2% (~ 15 AF) 2,426 AF18 
Carbon Dioxide (CO2 fertilizer) 30 million kg 

 Natural Gas (heating) 450,000 MCF/year 
Electricity (lighting) 15,000 MWh/year�
�
A5 �� �-��	&,.�# %��)�(, )�*���&,+�A7A@+��+�����)�����%�������0���+)�� + &%�#���)$�+&�')&�,���

�&$'�)��#��0 �#�5��� *'#�� %��� �#��+&$�+&�*�. +���)��%�&,*��')&�,�+ &%�.&,#���)���,'�#�%��
�&)�')&�,�+ &%�&��&+��)��)&'*�&)��&)�&+��)�,*�*5��
%���� + &%2�+���#�%��%�������&)���
�)��%�&,*���&�*�%&+�%����+&������)+ #����)$#�%��9��%0�#�%��+��+� *�1&%����&)���) �,#+,)�#�&)�
 %�,*+) �#�',)'&*�*��&,#�����,+ # 1��5��

B5 ��%�#5��	&,.�# %��)�(, )�*���&,+�EEL�#�**�.�+�)�+��%��%��(, -�#�%+�0 �#��&��� �#���)&.%�
+&$�+&�*4����&,+�B2DBF���)�8���+70��)�&��.�+�)��&)�� �#���)&.%�+&$�+&�*2��&$'�)���+&�
��&,+�A2A@@���)�8���+70��)AI��&)�* $ #�)�')&�,�+ &%��0�	&,.�# %��. +��- )+,�##0�%&�
��) �,#+,)�#�),%&����%��&%#0�GE@���)�8���+70��)�&��.�+�)�',)���*�*5����+�)����&,%+ %���&)�+���
�&%+) �,+ &%�&��)��0�#���.�+�)��%����'+,)���*+&)$.�+�)2�	&,.�# %��',)���*���.�+�)�. ##�
���%��)#0�G@L�#�**�+��%�+��+�%�������&)���+&$�+&���)$�. +���(, -�#�%+��%%,�#�0 �#�5B@�

��������������������������������������������������������
16 A complete GHG net benefit comparison between Houweling operation and traditional farm grown tomatoes would 

require including comparisons of the emissions associated with fertilizer use, emissions associated with combustion 
of fuel for equipment, determination of on site natural gas and electrical usage, and an in-depth detailed assessment 
of the Houweling vs. tomato farm operations, including both mobile and stationary sources, which is beyond the 
scope of this case study.  

17 This value is based on a USDA production rate of 34 tons of tomatoes grown in California on 1 acre of land.  Source:  
Cook, Roberta and Colvin, Linda; Greenhouse Tomatoes Change the Dynamics of the North American Fresh 
Tomato Industry; Economic Research Report No. (ERR-2); U.S. Department of Agriculture; April 2005. 

18This calculation is based on an average water use for fresh tomatoes of 2.22 acre-feet per acre in California as 
calculated from Technical Memorandum: Integrated Scenario Analysis for the 2009 California Water Plant Update; 
California Department of Water Resources; February 2010. 

19 Comprised of 750 AF of purchased water plus recycled water and captured rainwater. 
20 Computation:  (2,426 AF for field crops - 750 AF purchased by Houweling)= (1,676 ��2,426). 
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C5 ��%�#��&���%*5���%- )&%$�%+�#2�',�# �����#+���%����&%&$ ����%�� +*����),��+&�+���#&��#�
�&$$,% +0��0�$ % $ 1 %����) �,#+,)�#�),%&���+��+��&,#���&%+�$ %�+��#&��#�.�+�)�*,''# �*5�

D5 � �#�*5��	&,.�# %��)�(, )�*�$&)���#��+) � +0��%��%�+,)�#���*�+��%��&�*���+)�� + &%�#���)$5��

E5 �#�� �!&$����$�$5���	�*��)&$�$&� #��*&,)��*��)��* �% � ��%+#0�#�**��+�	&,.�# %���&$'�)���
+&�+)�� + &%�#�� �#���)&'*2�* %���+����)���+��+�%���*�+&����$�%����� *�%��)#0�I@L�#�**��&)�+���
*�$���$&,%+�&��')&�,���0 �#�5����� + &%�#�)��,�+ &%*�&���	�*��)��)��# 1���+�)&,���)��,����
',)���*�*�&���&$$�)� �#���B�+��+��)��&+��). *����# -�)��� %�+�%"�)*5BA���#+�&,���
 %�)�$�%+�#��	�*��)��')&�,����- ��+����	��*0*+�$2�+���$�!&) +0�&��+���')&�,�����$ ** &%*�
�)���#��%���,'��%��',) � ���+&���)+ # 1��+���+&$�+&�*5���

���#���8C� ##,*+)�+�*�+����$&,%+�&�����+2��#��+) � +0��%����B�')&- �����0�	&,.�# %���,)*�) �*6�
�	��*0*+�$��+�� ���)�%+�#&������+&)*5�

�������)/(���"$������
"� ���� �����& !�����������*/�%�0(0�	��2�-/(.�	��& !��+�

�	������ ����%������#� %��!������%!#$� 206��!������%!#� 3/6��!������%!#�
INPUTS:  Natural Gas (fuel) MCF/year 520,00022 767,000 

Resource Requirements Annual Requirements Provided by CHP 
System 

OUTPUTS Units Quantity % Quantity % 
CO2 (fertilizer)  million kg 14.12523 47% 20.814 69% 
Waste Heat MCF/year 291,30024 65% 430,000 96% 
Electricity Requirements MWh/year 15,000 100% 15,000 100% 
Excess Energy Available for Sale MWh/year 55,626 89,000 

�&+�4�������	����+���)����*���&%�C�/�D5D������%�����)�,% +*��+��%��'')&/ $�+��FAL��-�)����#&������+&)5��
�#+�&,���+���*0*+�$�.�*� % + �##0�* 1���+&�$��+�%��)#0��##�&��	&,.�# %���,)*�) �*6����+ %��#&��2�+���,% +*�
�)��'#�%%���+&����&'�)�+����+�+���#&.�)�FAL�#&������+&)��&)�+��� %��� % +���,+,)������,*��+����,))�%+�
:-�)0�#&.;�') ��*��&)�&��8'��"��#��+) � +0�.&,#��)�*,#+� %�%���+ -��%�+�)�-�%,�*� ��+����	��*0*+�$�.�*�
&'�)�+����,) %��+�&*��'�) &�*5�
�
�
� %���+����$ ** &%*��)&$�+���C�	&,.�# %���	��,% +*��)��',) � ����%���&%-�)+���+&���)+ # 1�)2�+���
�#��+) � +0�')&�,�����0�+����	��,% +*� *�- )+,�##0��$ ** &%*8�)��5BE���&+�&%#0�. ##�+�����B�
�$ ** &%*��**&� �+���. +����%�)�+ &%�&���#��+) � +0��)&$�	&,.�# %�����#&.�)�+��%��$ ** &%*�
�)&$�%�+,)�#���*�'&.�)�'#�%+*�:�*����,%�+ &%�&��� &#&� ��#�)��0�# %�;3�+����#��+) � +0�. ##����
')&�,����-�)0���� � �%+#0�:+������+�)�+��&��GCFI����7".�� *��&$'�)��#��+&�+��+�&��%�.2���� � �%+�
�&$� %����0�#����*�+,)� %�*;5BF�

��������������������������������������������������������
21 GE press release, August 23, 2012.  
22 Based on an average heat rate 7369 Btu/kWhr.  Source: GE engine specifications. 
23 Estimated at 0.2 kg/kWhr.  Source: Presentation by Modak, Shonodeep, May 5, 2011. 
24 Estimate of 18.171 MMBtu/hr per CHP unit provided by Houweling Nurseries. 
25 Assuming all CO2 is sequestered in tomatoes, and that minimal CO2 is vented when shedding heat load. 
26 The Role of Natural Gas in California’s Water Energy Nexus, Chapter 2. 
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��$!&#��� 
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Economy Increased crop yield 
� Strengthens California’s agricultural economy 
� Creates year-round FTE jobs 
� Increases food security by reducing imports 

Land Smaller footprint for comparable yield � Preserves land for other purposes 

Air Reduced air emissions and GHGs � Improves air quality and public health 
� Reduces global warming 

Water  Less water needed for comparable yield � Reduces impacts on regional and local water supplies  
Runoff Minimal agricultural runoff � Avoids impairment of local water supplies 
Energy Distributed generation production � Increases local and regional electric reliability 

�
����B���# -�)0�*0*+�$�* $ #�)�+&������8�',) �0 %�� %�,*+) �#�*&,)����$ ** &%*��&)���B���)+ # 1�)�
�&)���# -�)0�+&�$,#+ '#���)��%�&,*�*�9��&,#��')&�,����-�%�$&)����%�� +*2����)��* %���$ ** &%*�
�)&$�#�)���'& %+�*&,)����$ ++�)*��0��*+��# *� %���,0�)*��&)�+�� )��$ ** &%*5��
��+���'& %+�*&,)���
.�*���� ����$ ++ %���#��+) ����%�)�+&)2����)��%�&,*��&'�)�+ &%�# "��	&,.�# %���,)*�) �*��&,#��
���)��*��+����$ ** &%*��**&� �+���. +��+����#��+) � +0��%�����)��*��+���'& %+�*&,)��6*����CB�
&�# ��+ &%*5����� *�.&,#���#*&� $')&-��+���� )�(,�# +0� %�')&/ $ +0�+&�+���'&.�)�'#�%+2�')&�,� %��
'&* + -��#&��#�',�# �����#+�2�*&� �#��%���%- )&%$�%+�#���%�� +*5�����
�
��*�0�	&,.�# %�2��)�* ��%+�&��	&,.�# %���,)*�) �*2�*,���*+*��&%* ��) %��+���'&+�%+ �#� $'��+�
&��B@�	&,.�# %�8+0'��%,)*�) �*�+�)&,��&,+�+���*+�+��&����# �&)% �5�����*����� # + �*�.&,#��
�&##��+ -�#0�')&�,���GE@2@@@�+&%*�&��+&$�+&�*�&%�B2E@@���)�*��%��')&- ���A@2@@@�����!&�*5��

%�)��* %�� %8*+�+��')&�,�+ &%�&���)�*��+&$�+&�*�.&,#��)��,���+���%�����&)� $'&)+*�&���&)� �%�
+&$�+&�*��0���&,+�BFL5���:B2HEC2AFH�+&%*�&���)�*��+&$�+&�*�.�)�� $'&)+���+&�+����5�5��)&$�
&+��)��&,%+) �*��,) %����B@ABBG;5BH��
���&$� %���. +���	�2�+��*���	�8�)��%�&,*��*0*+�$*�
�&,#��')&- ���BFD���&��� ��#0���� � �%+�� *+) �,+�����%�)�+ &%�+�)&,��&,+�+���*+�+�2�
*,''&)+ %��+����&-�)%&)6*��&�#�&��AB2@@@���&��� *+) �,+�����%�)�+ &%BI��%��F2E@@���&��
�&$� %���	��+��%���&.�)��0�B@C@5C@������*���)��%�&,*�*�.&,#���#*&�)��,�����) �,#+,)�#�.�+�)�
,*���&$'�)���+&�+)�� + &%�#�+&$�+&���)$*5��
�

��������������������������������������������������������
27 USDA Economic Research Service, Vegetables and Pulses Data, USDA website:  USDA Database [viewed 

March 15, 2013]. 
28 USDA Economic Research Service website: http://www.ers.usda.gov/topics/in-the-news/north-american-fresh-

tomato-market.aspx [viewed March 15, 2013]. 
29 2012 Integrated Energy Policy Report (IEPR) Update, California Energy Commission, CEC-100-2012-001-CMF, p.2. 
30 Ibid, p.25.  
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	!&(��� ���&#$�#��$� )�1/�
125 Acres 2,500 Acres 

37,500 Tons of tomatoes 750,000 Tons of Tomatoes 
500 FTE employees 10,000 FTE employees 

13.2 MW (3 x 4.4MW) distributed generation 264 MW of distributed generation 
�
�*�%&+���')�- &,*#02��	�� %+��)�+����)��%�&,*�*���%����,*���+&��)&.���. ���-�) �+0�&���)&'*5��

%���� + &%�+&�+&$�+&�*2�$�%0�&+��)��)&'*�:�5�5��*'�)��,*2���)%�+ &%*2���#�)02���)0*�%+��$,$*2�
�,�,$��)*2��)��* �*2���)��)�2�#�++,��2�&)�� �*2�'�''�)*2�'&++���'#�%+*2�)&*�*;�+�) -��. +� %�
��)�&%�� &/ ��8) ����)��%�&,*�*5����
�

+�.&,#�������%�� � �#�+&� ��%+ �0�#&.�.�+�)8,*�2�� ���')&+� %7� �����*��-�#,���)&'*�+��+���-��
 %�)��*���'#�%+��)&.+���)&$���B���)+ # 1�+ &%5�����*��+�)��+����)&'*��&,#����-����� ���-�#,��
0 �#���+���#&.�)�*&,)����&*+�+&�+���*+�+�5������*+�+��.&,#����%�� +�*,�*+�%+ �##0�+�)&,���$&)��
�,##8+ $���)��%�!&�*2� %�)��*����&&��*��,) +02��%�� %�)��*�����&%&$ ��*+�� # +0��&)���# �&)% �6*�
��) �,#+,)�#���&%&$05����# �&)% �6*��&$$,% + �*�.&,#����-���)��+�)�����**�+&�#&��##0��)&.%2�#&.8
 $'��+2�� ��8%,+) + &%2��)�*��')&�,��5���
��

�''&)+,% +0�. +�����CB�
�* %����B��&)���)+ # 1�)� *�%&+�')�*�%+#0���(,�# � �����)�&%�&��*�+�,%��)��**�$�#0�� ##�CB�:��CB;2�
��# �&)% �6*��#&��#���)$ %���&#,+ &%*���+�&��B@@F5�CA��
����%�+,)�#���*���%�)�+ &%���� # +0�*,�!��+�
+&����CB��&$'# �%��� *��,))�%+#0�-�%+ %�� +���B��$ ** &%*2� +�*��$*�)��*&%��#��+��+���*0*+�$�+��+�
 %*+������'+,)�*��%���#��%*�,'�+�&*���$ ** &%*��&)�,*���*���)+ # 1�)�*�&,#�����)��&�% 1����*���
�	��)��,�+ &%�$��*,)�5������� )���*&,)��*��&�)�� *��&%*+�%+#0�#&&" %���&)�%�.�&��*�+�')&!��+*5��
� +��')&'�)�$��*,)�$�%+2��&�,$�%+�+ &%��%��-�) � ��+ &%2� %+��)�+����	���)��%�&,*�*���%�
')&- ����%� $'&)+�%+�*&,)���&��&��*�+*��&)���# �&)% �5�
�
�

��������������������������������������������������������
31 Email from Greg Mayeur, Ph.D.; Manager, Climate Change Program - Operations Section, Stationary Source 

Division, California Air Resources Board; February 6, 2013. 
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