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1.  Introduction
In today’s energy system, electricity and transportation fuels are delivered via distinct supply chains that are largely isolated from one another.  But this paradigm is to change.  A shift away from conventional internal combustion engines or petroleum-based fuels could lead to new interactions between the sectors; indeed, electricity and fuels supplies may “converge” into an integrated system.  

The implications could be significant, and might lead to profound changes in the way energy is supplied.  For one, a shift is likely to generate additional electricity demands from the transportation sector.  This connection is obvious for battery-electric vehicles (BEV) or plug-in hybrid vehicles (PHEV), but is apparent for hydrogen, as well.  Electricity demands are high for some hydrogen pathway components, including production from electrolysis, or liquefaction and compression requirements for hydrogen distribution.  The impacts of these new (“marginal”) demands on the electricity grid, the sector’s subsequent evolution, and the resulting economic and emissions impacts for both electricity and fuels production, will be shaped by two important factors:  total energy demand (e.g., MWh), and the timing of demand.

Direct interaction between the sectors in terms of increased electricity demand leads to higher consumption and competition for some primary energy resources, including biomass, coal, or natural gas.  But a coming-together of the sectors also provides opportunities to improve the efficiency and reliability of energy supply.  Electric-drive vehicles may include the ability to feed electricity – either stored in batteries or generated onboard with fuel cells – back to the grid, offering peaking power or ancillary services to the power sector.  If fuel cells and hydrogen penetrate the market significantly, opportunities arise for efficiency gains and cost reductions in energy supply by co-producing hydrogen and electricity at the same facility. 

The issues and opportunities associated with a convergence of the sectors are vast.  In this paper, we begin to explore this topic by investigating the greenhouse gas emissions and resource impacts associated with new transportation electricity demands in California.  We have developed an electricity dispatch model to compare generation resources used to meet marginal electricity demands for several alternative fuels and vehicle platforms, considering the current grid composition in California, and explore the effect of substituting conventional vehicles with BEVs, PHEVs with 20-mile all-electric range (PHEV20s), or FCVs supplied by various hydrogen pathways.  In this paper, we introduce a stochastic representation into the model, extending previous results to include probabilistic treatment of power plant availability [1].
2.  Electricity dispatch model
The dynamic nature of electricity demand, coupled with the inability to efficiently store electricity on a large scale, requires generation to continuously respond to demand in real time.  

Electricity dispatch is the process by which ever-changing generation requirements are assigned to available power plants.  It is used by utilities, regional transmission organizations, independent system operators (ISOs), and others to assign lowest-cost generation in day-ahead and real-time markets.  A schedule of costs versus production levels is developed for each available generator, and (theoretically) plants are dispatched in order of increasing cost until generation requirements are met.  (In competitive electricity markets, this schedule reflects unit offers bid by generators, and presumably reflects the variable costs of a generation unit.  In regulated markets, the schedule represents average generation costs.)  But practically, dispatch is more complicated, and does not simply follow a cost-based merit order.  Several constraining factors must be accounted for, which extend dispatch beyond an allocation simply according to cost or unit offers.  These include:

· Contractual obligations

· Environmental regulations

· Plant availability, operational limits, ramp rates, and start-up costs

· Reliability and reserve requirements

· Transmission constraints

2.1. Dispatch model description

While utilities and ISOs use complicated plant-level optimization models to determine lowest-cost dispatch, we represent the California electricity system in a simpler, aggregate form.  We develop our model in Excel, and classify generation in California according to 17 power plant types that are dispatched according to an ordered set of rules to meet electricity demands.  Each power plant type is characterized by cumulative capacity (in MW) or generation (in MWh), and average CO2 emissions, cost parameters, and heat rates.  Power is dispatched in merit order (see Table 1) until hourly demands are met.  
The power plant types are classified as must-run or dispatchable.  They represent aggregated data for California in 2004 from the EPA’s 2006 eGRID database [2].  Must-run plants include baseload coal and nuclear generation, firm imports, and renewables. (Some biomass and solar power plants in California use natural gas as a supplemental generation resource.  Emissions associated with those power plant types come from the natural gas contribution.)  All other plants, including system imports, are dispatched in the order listed.
Table 1:  Power plant types, in dispatch order, included in dispatch model.

	
	
	Summer capacitya (MW)
	Annual generation (GWh)
	Variable costb (¢/kWh)
	CO2 emissionsc (g/kWh)

	Must-run
	Coal
	389
	--
	--
	1,018

	
	Nuclear
	4,390
	--
	--
	0

	
	Wind
	2,439 d
	--
	--
	0

	
	Biomass
	1,004
	--
	--
	62

	
	Solar
	402
	--
	--
	150

	
	Geothermal
	2,032
	--
	--
	0

	
	Firm imports
	--
	39,311 e
	--
	721 f

	
	Baseload hydro
	900 g
	≥7,884 g
	--
	0

	Dispatchable
	Peaking hydro
	7,000 g
	Varies h
	--
	0

	
	Other
	35
	--
	0.3
	510

	
	NW imports
	--
	21,447 e
	4.4
	212 f

	
	NG Combined Cycle (NGCC)
	15,061
	--
	7.3
	562 f

	
	SW imports
	--
	21,707 e
	8.1
	579 f

	
	NG Steam Turbine (NGST)
	16,415
	--
	8.4
	585 f

	
	Oil
	789
	--
	8.7
	786

	
	NG Gas Turbine (NGCT)
	6,670
	--
	9.4
	605 f

	
	Additional SW Imports
	6,162 i
	--
	9.4
	579 f


a  Unless noted, data is from NERC’s ES&D 2007 database and updated as of 10/02/2007 [3]
b  Cost estimates from assumptions from the 2006 Annual Energy Outlook [4], based on heat rates from [2, 5] and assuming fuel costs as follows:  Natural gas ($8/MMBtu), coal ($1.50/MMBtu), biomass ($2.50/MMBtu), uranium ($0.05/MMBtu), oil ($8.58/MMBtu).

c  Unless noted, data from U.S. EPA’s eGRID2006 database [2]
d  California wind capacity as of January 16, 2008 from the American Wind Energy Association [6].

e  Annual imported energy (GWh) estimated from [7, 8].

f  Heat rates and emissions estimated from [5]
g  An average of 900 MW of hydro is assumed to be baseloaded and peaking hydro capacity is about 7,000 MW [9].  In wet years, more hydro is baseloaded.

h  Annual hydro energy is a stochastic variable based on historical data from 1983-2006 [10], ranging from 22-59 TWh, including both baseload and peaking hydro.

i  Estimated transmission line capacity available for imports from the Southwest, minus firm imports [11].
The model can dispatch each power plant type up to its full “available” capacity in a given hour.  If demand is not met by one type of plant, the model moves through the queued plant types, dispatching generation until demand is satisfied.  Power plant availability is represented stochastically, to account for intermittent resources, wet or dry years, and unexpected power plant outages.  Further details regarding the dispatch of specific plant types and the stochastic treatment of availability in the model are given below:

· Thermal plants (Coal, NG, Other, and Oil) – Annual generation is limited by historical scheduled and forced outages [12].  Scheduled outages are distributed evenly on an hourly basis throughout months of low demand (November–April).  Forced outages are represented stochastically and can occur anytime during the year.  Natural gas resources are represented by supply curves to reflect variations in cost (a function of age and heat rate) within a power plant category (for example, NGCC).

· Nuclear – California has two nuclear plants.  Scheduled outages (to replace fuel rods) tend to occur every 18 months and keep the plant offline for about 40 days [13].  In the model, the plants operate at full capacity except during scheduled outages, which take place in the winter or spring and do not overlap.  The number of outages each year is random – zero, one, or two outages may occur – with each plant having a two-thirds chance of requiring maintenance.  

· Wind – Wind generation is random in the model.  Hourly wind speed profiles are developed for four regions in California (Altamont, San Gorgonio, Solano, and Tehachapi) and a wind turbine model is applied to determine generation, according to the following relation:
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where P is the power generated by the turbine (Watts), ρ is air density (assumed constant, 1.225 kg/m3), A is rotor-swept area of the turbine (m2), Cp is the coefficient of performance of the turbine, and v is the wind speed (m/s).  Existing capacity in the state is simulated using the power curve for a 660 kW Vestas V47 turbine [14], and new capacity is based on 3 MW Vestas V90 turbines [15]. 

Wind speeds are determined probabilistically using Markov chains derived from hourly wind data one year’s worth of hourly wind data for each region [16].  Markov chains are one of several methods used to simulate wind speeds [17].  
· Solar – Availability for photovoltaic systems varies from 6 AM to 7 PM, following a normal distribution and peaking at 100% at 1 PM.  Appropriate timing profiles will be investigated for representing future solar thermal plants, which might potentially serve as baseload generators [18].

· Biomass, Geothermal – Biomass and geothermal generation are operated continuously at their historical annual capacity factors, 64% and 49%, respectively [2].

· Firm imports – Firm imports represent out-of-state generation from facilities owned by California utilities.  Among the nine plants represented in this category, seven are coal facilities, one is a nuclear plant, and one is hydroelectric [7].  They are assumed to be baseload facilities, and run continuously throughout the year. 
· Baseload hydro, Peaking hydro – Hydro is modeled as an energy-constrained resource whose availability varies on a monthly basis reflecting seasonal river and reservoir levels.  Baseload hydro runs at constant levels (varying monthly) reflecting run-of-the-river resources and minimum flow requirements from dams.  It constitutes about 16% of in-state hydro generation [19].  The remaining resource is modeled as Peaking hydro.  Two-thirds of the monthly available energy of this resource is dispatched to full capacity (assumed to be 7,000 MW) during peak demand hours.  The remaining one-third ramps up or down or is baseloaded, as necessary.  This conforms to general practice, as hydro operators look to maximize profits by selling energy at high prices [9].  Annual available energy is a stochastic variable, derived from the distribution of annual in-state hydro generation since 1983 [10].  

· System imports (NW imports, SW imports) – Currently, available system imports are represented based on the hourly imports profile for 2005 [20].  Future versions of the model will incorporate a supply curve for imports, to better reflect the interaction with other generating resources.  The mix of system imports is derived from [8].  The Northwest mix is predominately hydro (66%), natural gas (19%), and coal (11%), with some generation from nuclear and renewables.  From the Southwest, most generation derives from natural gas (96%), with coal comprising the balance.
Hydro, wind, and nuclear resources are represented as the most variable.  Figure 1 illustrates annual hydro and wind availability as represented stochastically in the model.  The figure depicts probabilistic capacity factors based on 200 model runs represented in the results.  The upper figure illustrates them in three-dimensions, while the lower figure displays the data topographically.  Capacity factors tend to fall between 24.5% and 27% for wind generation, and between 35% and 70% for hydro.  (Note that the “peakiness” is due to the limited number of model runs.)
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Figure 1:  Stochastic representation of hydro and wind generation:  Capacity factors for 200 model runs.

2.2. California electricity demand

We model hourly electricity demands as the sum of hourly non-vehicle electricity demands and hourly vehicle electricity demands, developed as described in Section 3, below.  Total required electricity generation is equal to this sum scaled by a loss factor to account for average transmission and distribution losses (assumed to be 8%).  

Previously, we have projected energy demands in California through 2050 for five scenarios related to economic, efficiency, population, and service demand parameters [21].  The projections include hourly electricity demands for each of five economic sectors:  residential, commercial, industrial, agricultural, and ‘other’.  We use hourly electricity demands for 2007 from the baseline scenario in this model.  (The baseline scenario assumes each of the relevant parameters follows recent historical and projected near-term trends).
2.3. Model output

The model allocates generation among the 17 power plant types on an hourly basis to meet demand.  
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Figure 2:  Dispatch model output (no added vehicle electricity demand).
Figure 2 shows a sample output for the case of no added vehicle electricity demands.  The figure depicts a seven day span and divides generation into ten categories.  (Some of the 17 power plant types listed in Table 1 are combined into a broader category.  Renewables includes wind, solar, biomass, and geothermal, for example.)  As mentioned above, coal, nuclear, some hydro, and firm imports are assumed to be baseloaded resources.  Renewables and the remaining hydro vary on an hourly basis.  Natural gas-fired generation primarily serves on the margin, through one of the three in-state generation resource types (natural gas combined-cycle (NGCC), natural gas steam turbine (NGST), or natural gas combustion turbine (NGCT)), or through imports.  Coal or hydro imports, or in-state oil-fired generation (included in Other (in-state)), might be on the margin at times, as well.

The dispatch model allows us to directly compare electricity generation in a system with added demand from transportation to electricity generation in a baseline system without additional transportation electricity demands.  Thus, we are able to determine the marginal CO2 emissions from electricity generation attributable to the new demands.  

Figure 3 illustrates the dispatch model output for the same week shown in Figure 2, but with additional electricity demand for vehicles.  In this case, we replace 50% of vehicle-miles traveled (VMT) with FCVs using hydrogen derived from electrolysis.  Hydrogen production occurs onsite at refueling stations during off-peak electricity demand periods, so as to level daily electricity demand.  
[image: image5.emf]0

10,000

20,000

30,000

40,000

50,000

60,000

3/30 3/31 4/1 4/2 4/3 4/4 4/5

Electricity generation (MW)

New capacity

NGCT

Other (instate)

NGST

System imports

Hydro (instate)

NGCC

Wind

Renewables (other)

Firm Imports

Nuclear

Non-vehicle demand


Figure 3:  Dispatch model output (50% FCVs with hydrogen from electrolysis).
With the dispatch model, we can isolate the types of power plants that will serve on the margin to meet transportation energy demands (Figure 4).  In the week shown, NGCC and NGST provide the majority of electricity, along with some “new capacity” (modeled as additional imports from the Southwest).  The new demand profile shifts hydro generation, as well.  With higher “off-peak” electricity demands in the load-leveled system, there is more hydro generation at night than in the baseline case, some of which supplies vehicles.  Less hydro is available during daytime hours, and additional fossil resources (mostly NGST) are brought online to meet peak demands.  (There is “negative” hydro generation compared to the baseline case in some hours.  In those cases, where NGST drops below the “Non-vehicle demand” curve, additional fossil resources are brought on to meet demand.)
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Figure 4:  Marginal electricity generation (50% FCVs with hydrogen from electrolysis).
3.  Vehicle and fuel pathway electricity demands

We develop hourly electricity demands for six alternate vehicle and fuel pathways and add them to the projected hourly non-vehicle electricity demands.  The vehicle pathways are distinguished by two energy demand factors in the dispatch modeling:  total demand and timing of demand.  Variable timing profiles could then lead to noticeable variation in the associated costs, emissions, and resource use for a single pathway (e.g., onsite electrolysis).  A given pathway with a set annual electric energy requirement could have very different generation resources supplying it on the margin than the same pathway with the same energy requirement but a different timing profile.  

Table 2 lists the vehicle and fuel pathways included in our analysis and the electricity demands for each.  In addition to the baseline case, which takes the current light-duty vehicle fleet in California, we consider substituting BEVs, PHEV20s, and FCVs.  For the FCV case, we consider four hydrogen pathways:  onsite electrolysis, onsite natural gas steam methane reformation (SMR), and centralized SMR with pipeline or liquefied hydrogen transport.  Fuel cell vehicles using hydrogen from onsite electrolysis require more than twice as much electricity per-mile as the next most electricity-intensive pathway (BEVs).  Plug-in hybrids and FCVs using hydrogen transported as a liquid also include a significant electricity input.  Electricity demands for the remaining hydrogen pathways are relatively small, limited mostly to compression and auxiliary requirements at refilling stations.  
The table also summarizes our assumptions regarding vehicle electricity demand timing.  The direct electricity pathways (BEV, PHEV20s, and onsite electrolysis) are modeled with load-leveling demand profiles.  The daytime demand profile follows historical hourly gasoline refueling profiles for the State.  For the centralized pathways, we assume that electricity demands associated with production and distribution are constant throughout the day, and that those related to station demands follow the gasoline refueling profile.

Table 2:  Vehicle and fuel pathways included in analysis.

	 
	Fuel economy (mpgge)
	 
	 
	 
	 
	 

	 
	
	 
	 
	Electricity demand
	Electricity demand timinga

	Vehicle
	
	Fuel
	H2 pathway
	kWh/mi
	kWh/kg
	

	Conventional
	24.8
	Gasoline
	--
	--
	--
	--

	HEV
	37.9
	Gasoline
	--
	--
	--
	--

	BEV
	86.8
	Electricity
	--
	0.388
	--
	Load-leveling

	PHEV20b
	52.7
	Electricity
	--
	0.181
	--
	Load-leveling

	FCV
	57.5
	H2
	Onsite electrolysis
	0.944
	54.3
	Load-leveling

	FCV
	57.5
	H2
	Onsite SMR
	0.051
	2.9
	Daytime

	FCV
	57.5
	H2
	Central SMR, liquid truck
	0.240
	13.8
	Production & distribution: Continuous (24/7)

	FCV
	57.5
	H2
	Central SMR, pipeline
	0.063
	3.6
	Station demands:       Daytime


  a The daytime profile is modeled based on hourly gasoline refueling profiles in the state.
  b PHEV20 assumes 40% of VMT supplied in all-electric mode.

 Sources:  [22, 23]
4.  Dispatch model results

Figure 5 illustrates the electricity demand for each pathway, assuming 50% of VMT is met by alternative vehicles and fuels.  Adding FCVs fueled by hydrogen generated from electrolysis increases electricity demand by more than 50%.  Battery-electric vehicles and FCVs fueled by liquid hydrogen (LH2) increase electricity demand substantially as well, by 22% and 13%, respectively.  The remaining pathways increase generation requirements by 3%-4%.

Pathways with a significant electricity input require additional imports from the Southwest to meet demand.  (This is an assumption of the model.  Future versions will include capacity expansion to meet growing vehicle and non-vehicle electricity demands over time.)  Otherwise, in-state NGST and NGCT plants provide the majority of power on the margin.  
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Figure 5:  Electricity demand and associated CO2 emission rates (assumes each pathway comprises 50% of VMT).
The figure also depicts the average and marginal CO2 emission rates from electricity generation for each pathway.  Average CO2 emissions increase with electricity demand, as an increasing share of natural gas-fired generation to supply marginal demands dilutes the share of non-emitting nuclear, hydro, and renewable resources in the generation mix.  Marginal emissions are higher – roughly equal to the emission rate of an average natural gas-fired power plant (incidentally, 600 g CO2/kWh is about equal to the average emission rate of the U.S. grid mix).  Emissions are especially high for the electrolysis pathways, which meet very high demands with additional imports from the southwest, bringing more coal generation [7, 8].  

Attributing average and marginal electricity emissions to the transportation pathways yields the CO2 emissions shown in Figure 6.  The figure divides emissions by source, with those coming from electricity generation in green (the shaded portion refers to the average emissions, while the entire green portion accounts for the higher marginal emission rates).  All of the pathways except for the electrolysis pathways result in an improvement over conventional vehicles.  For reference, an improved conventional vehicle is shown as well, assumed to be a 38 mpg hybrid electric vehicle (HEV).  The HEV results in lower emissions than the energy-intensive liquid hydrogen pathway as well as the electrolysis pathway, but the remaining electricity and hydrogen pathways represent further improvements.
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Figure 6:  Fuel and vehicle pathway well-to-wheels CO2 emissions by source.
Attributing average electricity emissions to the pathways reduces emissions from the electricity sector by 20%-30%.  The issue, however, is one of allocating emissions.  If average electricity sector emission rates are attributed to vehicles, emissions from the electricity sectors would be correspondingly higher.  Combined emissions from both sectors remain the same.
Total CO2 emissions from the electricity sector and the pathways combined are illustrated in Figure 7.  Each pathway has an identical baseline electricity component, which accounts for emissions in the electricity sector associated with meeting non-vehicle electricity demands, and a gasoline component (recall that advanced vehicles and alternative fuels only account for 50% of VMT).  Natural gas emissions come from generating hydrogen, and the marginal electricity accounts for all transportation-related electricity demands.  The relative trends among pathways are similar to those discussed for Figure 6.
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Figure 7:  Combined transportation and electricity sector CO2 emissions.
Including stochastic availability in the dispatch model yields average electricity-sector emission rates as illustrated in Figure 8.  The figure depicts minimum, maximum, and quartile emission rates for each pathway based on 200 runs of the model (refer to Figure 1 for the distribution of hydro and wind generation).  Each run accounts for a new wind profile, probabilistic annual hydro energy availability, and random nuclear availability and is applied to each of the pathways (probabilistic results for each pathway are based on the same 200 availability profiles).

As can be seen by the figure, emission rates may vary significantly from one year to the next, based on hydro and nuclear availability, predominately.  The difference between minimum and maximum emission rates is more than 20% in the baseline case.  The spread in emission rates is smallest in the Electrolysis case, where greater amounts of natural gas-fired generation dampens fluctuations in hydro, nuclear, and wind generation.  This finding might have significant policy implications if average emission rates are to be attributed to economic sectors.
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Figure 8:  Electricity sector emission rates using stochastic power plant availability.
5.  Conclusions

This paper describes an electric sector dispatch model and the preliminary application of the model to investigate the impact of electric-drive vehicles on the electricity sector in California.  It provides a useful tool for investigating the response of the electricity system to changing demand load profiles, and matches well with how the current system is operated.  Specific findings from this initial application include:

· Additional electricity for supplying transportation fuels will vary in quantity and timing,
· Generation, emissions, and the evolution of electricity grid (e.g., the need for new plants, the type of plants, load factor) depend on these two issues (quantity and timing),
· The addition of significant vehicle demands to the electricity system will affect the composition of the grid, even during periods of zero marginal demand, 

· How emissions are allocated will affect the distribution of emissions among sectors, but not total emissions, unless sector-specific emissions limits are imposed,
· Replacing conventional vehicles with fuel cell vehicles using hydrogen generated by electrolysis from the current California grid increases CO2 emissions,

· Fuel cell vehicles using liquefied hydrogen (whose energy for liquefaction comes from the current California electricity grid) reduce CO2 emissions compared to conventional vehicles, but increase CO2 emissions compared to conventional hybrid vehicles,

· BEVs, PHEV20s, and FCVs using natural gas-derived hydrogen that is either piped in or generated onsite reduce emissions compared to both conventional vehicles and HEVs, 
· Electricity sector emissions can vary widely for different electric-drive vehicle pathways, and can vary significantly within a single pathway, depending power plant availability.  A dispatch model is needed to accurately account for marginal electricity generation and emissions.
6.  Future work
Future work will build upon the existing analyses to further investigate issues associated with transportation and electricity sector convergence.  The model will be applied to investigate vehicle demand impacts on future grids.  For example, the future electricity grid in California is likely to include a greater fraction of intermittent renewables in compliance with the State’s Renewable Portfolio Standard.  In a climate-affected future, precipitation trends will shift, affecting snowpack, and thus hydro generation.  We will investigate the impact of new vehicles and fuels within such contexts, to develop understanding as for integrating electricity, vehicles, and renewable energy supplies.  

Additionally, the authors are developing a California-specific MARKAL/TIMES economic optimization model (along with others at ITS-Davis) to investigate the impacts of transportation sector electricity demand on capacity additions and retirements in the electricity sector.  Ultimately, that model will be coupled with the dispatch model to detail interactions between the sectors.  Future analyses will consider additional issues associated with sector convergence, including:

· Transitions to alternative vehicles and fuels, 
· Environmental constraints such as emissions of criteria pollutants,

· Vehicle-to-grid applications,

· Hydrogen and electricity co-production pathways, 
· The effects of various electricity supply scenarios (e.g., adding significant intermittent renewables capacity, simulating the proposed Renewables Portfolio Standard in California), and
· The implementation of carbon mitigation policies, through taxes, caps or other mechanisms.
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