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Today most of the discussion for a Hydrogen Economy centers on the transportation sector.  In that arena there is a fierce competition between hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs) and all battery electric (BEVs), and hydrogen fuel cell electric vehicles (FCEVs) for the clean future technology solution.  Elon Musk has made a significant financial investment in pursuing the all electric Tesla BEV vehicle.  And has been joined by General Motors with the Chevy Volt PHEV.  Toyota and Honda have on the other hand made significant commitments to the hydrogen FCEV.  The Chief Engineer for Toyota's FCEV, the Mirai,  Yoshikazu Tanaka, recently told Reuters. “that while Toyota doesn't deny the benefits of battery-electric cars, the company thinks they're best used as short-range commuters, recharging at home at night.  In other words, they're niche products, not the mass-market future -- and hydrogen fuel cells represent a better bet.”   Is Toyota right?  Major commitments by the Japanese and European governments, and the State of California are putting in place the necessary hydrogen fueling infrastructure.  
However, the State of California has studied the expected penetrations of these vehicles and concluded that while electric vehicles will make early penetrations, they envision the hydrogen FCEV to be the predominant approach by 2050 to achieve their target of reducing greenhouse gas (GHG) emissions by 80% below 1990 levels by 2050.  There are issues associated with vehicle costs, the vehicle infrastructure costs, universality and convenience, and clean energy [image: image13.emf]
Figure 1 On Road Passenger Car Scenario to Reach 2050 Goal    
costs for the generation sector that we will discuss that should lead to the predictions shown on figure 1 from the California Air Resources Board.
 Department of Energy (DOE) research and development programs have contributed to significant cost reductions for both vehicle and generation technologies.  In the generation sector, nuclear energy has seemed to have reached a peak with cost and safety concerns seeming to blunt any future penetrations in this country.  Fossil and renewable energy are the other main candidates for electric generation, but environmental concerns make expectations of fossil plant energy costs to increase.  However, coal and natural gas electricity production are baseload options and the primary renewable competitive options are dependent on a variable environment (wind and solar) and a dislocation of the source (Midwest) from the consumer on the coasts (wind) which will have an impact on the grid system.  

EIA and DOE projections, which are similar, for these renewable generation options are projected out 40 years and while they grow modestly, they do not compete for market share compared to traditional fossil fuel electric generation which maintains about a 67% market share (EIA projections are shown in figure 2) ( 1).  A major reason why renewable energy is limited to a 16% market share is because they are not baseload options which is the pre-dominant electric generation option for the marketplace and the grid system.  There are three renewable baseload options: biomass electric, hydro and geothermal.  DOE programs for biomass electric are almost non-existent and hydro and geothermal suffer from a resource limitation.  There is a biomass electric option called Whole Tree Energy (2) that could be competitive to fossil energy but is not being pursued at this time.                                         

Figure 2 EIA Projections of Utility Grid Mix
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In order to proceed with coal based electric generation plants, it will be necessary to employ carbon capture and sequestration which is expected to be more expensive than existing coal plant technology to meet new Environmental Protection Agency clean air requirements.  It is expected that limits of 1000 to 1100 mg of carbon/MWh will be imposed and can only be met with carbon sequestration for coal.  Additionally, China, India and the rest of the developing nations are deploying coal plants as the lowest cost approach to produce energy that dwarfs any U S attempts to prevent climate change.  Thus we will be defenseless to changing the climate unless there is a serious approach to capture the carbon and sequester it that is amenable and cost effective to the world.    

There is an approach being studied by the industry and DOE for carbon capture and sequestration (CCS) that utilizes a pre-combustion separation of hydrogen from carbon dioxide with a hydrogen turbine and a bottoming cycle steam turbine which promises to be competitive to today's technology without sequestration (3).  Given also that hydrogen production today is from natural gas that leads to carbon dioxide emissions to the environment and that it could be mitigated with carbon sequestration, the question arises as to whether there is a way to co-produce electricity and hydrogen with sequestration that is competitive to today's costs for both. Such a system could potentially be conceived with the development of a hydrogen turbine that would then be able to be utilized on the world stage and may be the only real solution to planetary climate change.

We are going to address several issues in this paper including fueling infrastructure and synergies with the DOE fossil program that makes the case for hydrogen being the obvious and cost effective option for a clean energy solution for both the electric generation and transportation sectors that can significantly contribute to climate neutrality.  

Comparison of Fuel Cell Electric Vehicles to Battery and Hybrid Electric Vehicles

The most complete comparative analyses of these two electric vehicle options were done by Kromer & Heywood of MIT (4) and Steve Plotkin et al of Argonne National Laboratories (5).   Both technologies require future improvements in range, lifetimes, costs and volume constraints to achieve range and affordability.  Toyota's Tahoe already has shown a plus 350 mile range where all battery electric vehicles are around 100 miles with Tesla and GM introducing new versions with possibly 200 mile range.  These longer range battery electric vehicles (BEVs) will weigh more than their fuel cell electric vehicle counterparts (FCEVS) because larger batteries will be needed to obtain that increased range that will exceed the additional weight for hydrogen storage tanks, fuel cells and peak power batteries.  In fact the larger vehicle classes will be able to more conveniently store the hydrogen than smaller models and the larger vehicles would need particularly large battery systems.  Figure 3 presents the relative vehicle masses for batteries that meet USABC targets and hydrogen storage systems at 10,000 psi.   At 300 mile range (500 km), the FCEV will be 1500 kgs ( 3300 lbs) lighter than its electric counterpart.  And battery systems at a proposed future cost $150/kWh will be far more expensive than hydrogen tanks at $13 to $17/kWh (6).  The model used to generate Figure 3 is based on a mass-compounding calculation: for each kg of added battery mass to extend the range, other vehicle components such as brakes, the motor, mounting hardware, etc. must be heavier too, which in turn requires still more batteries to propel the heavier vehicle in a non-linear feedback process. 
Figure 3 Comparative Electric Vehicle Weights
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However, it is important to note that hydrogen storage is an issue for smaller vehicles.  There is an insufficient space for the hydrogen to provide sufficient range.  So the two technologies are synergistic in this regard. 

The Department of Energy has funded several efforts to assess the cost of fuel cells today and the cost expected in mass production.  As one can see from figure 4, the cost of the fuel cell is expected to decrease significantly above a production level of 30,000 FCEVs and asymptote to $47/kW  (7).  Expectations are that a final production of $40 to 45/kW will be attainable.  Kromer & Heywood used a $50/kW figure in their analysis for the fuel cell and $15/kWh for the 5000 psi  hydrogen storage system and $18/kWh for the 10,000 psi hydrogen storage system.
            Figure 4  Fuel Cell System Costs
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The results of the Kromer and Heywood, and Argonne National Lab studies are similar and presented comparative costs for the various electric vehicles using the expected DOE and industry targets adopted for component costs (shown in figure 5).  As can be seen the BEV with only 200 mile range is the most expensive option and the fuel cell vehicle is marginally less than either the PHEV 30 or 40.   Also to meet future EPA mileage standards (published after these studies), it is expected that advanced car body materials such as Aluminum, Carbon Fiber or High Strength Steel .   Ford is already introducing an all Aluminum F 150 truck to meet 2020 emission requirements.  It may have to be used for the electric vehicles as several manufacturers are already incorporating advanced materials in models to compensate for heavy battery packs that would not be necessary for hydrogen FCEVs.  Thus it is the perspective of the writers that FCEVs will be cost competitive if not superior to electric vehicles when both are mass produced for large vehicles, but electric vehicles will be a viable option for smaller vehicles. 

Figure 5 Comparative Electric Vehicle Costs
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FUELING INFRASTRUCTURE

There have been several infrastructure cost comparison studies that have consistently showed the electric infrastructure to be less than universal and more expensive than a hydrogen infrastructure.  For such a discussion we are excerpting verbatim material presented in Sandy Thomas' to be published book (6) because of its completeness and perceptive understanding of infrastructure issues.

ELECTRIC INFRASTRUCTURE

The industry has established three primary charging levels for batteries:

1. Level 1, the customary U.S. home circuit of 120 Volts and 20 Amps, with a maximum power of 1.92 kW
.

2. Level 2, 240 volt and 40 Amps that might be used for electric ranges or air conditioners or other high power appliances with a maximum power of 7.68 kW

3. Level 3 fast charger, 480 volts, 3 phase with powers in the range from 60 kW to 150 kW.

McKinsey & Company analyzed a long 40-year roll-out of BEVs and FCEVs in Europe (8).  They estimated that it would cost €101 billion over 40 years to install an EU-wide hydrogen infrastructure.  They also estimated that installing a charging infrastructure for BEVs and PHEVs would cost five times more at €540 billion over 40 years.
On a per vehicle basis, McKinsey analysts assumed 100 million FCEVs over this 40-year period and 200 million BEVs and PHEVs
, so the infrastructure costs per vehicle are estimated at €1,010 per FCEV and approximately €2,700 per BEV or PHEV.

There is another issue associated with an electric infrastructure and that is the time needed to recharge a vehicle.  Dr. Jan Kreider of Boulder, Colorado, solicited bids from three electrical contractors to retrofit an existing 300-car parking garage to add charging outlets to each parking space (9).  The design called for 10% Level 3 fast chargers and 90% Level 2 240V outlets.  The average cost of the three competitive bids was $12,400 for each Level 2 outlet and $106,000 for each Level 3 fast charger.

One key parameter is the number of BEVs or PHEVs that could be supported by one outlet, which depends on the charging time required.  Most BEVs require 4 to 8 hours to charge with a Level 2 240-V outlet, and even the Chevy Volt PHEV requires 4 hours at 240 Volts.  So most Level 2 outlets will only support one BEV each day, unless there is extraordinary coordination between car owners, such as at a workplace where one BEV is charged in the morning and another in the afternoon from the same outlet.  Thus the charging infrastructure cost for Level 2 240-volt chargers varies between $6,200 to $12,400 per BEV based on the Kreider & Associates bids for retrofitting an existing parking garage in Boulder, Colorado, depending on whether two BEVs could share the same outlet; more than two PHEVs could potentially share an outlet if they only needed an hour or two to top off their batteries.

With a fast charger that could provide 80% of the battery charge in half an hour, one could imagine 3 or 4 BEVs being supported by one fast charge outlet (assuming cooperation between the BEV owners or a third party who would sequence the BEVs through the charging routine, but this would still imply a cost between $26,500 and $35,300 per BEV. Idaho National Laboratory has also tabulated the costs for battery chargers (10).  They estimated that the cost for a Level 1 home outlet would be $878, and a Level 2 residential outlet would cost $2,146.  The Rocky Mountain Institute (RMI) (11) broke down the costs of various charging outlets as summarized in one row of Table 1. 

Table 1 Charging Outlet Costs
[image: image4.emf]Level 1 Level 2 Level 3

1.92 kW 7.68 kW 60-150 kW

Idaho National Laboratory 878 $       2,146 $    

Kreider & Associates 12,400 $   106,000 $ 

RMI Average 7,375 $     37,525 $   

NREL Average 777 7,085 $     36,125 $   

Average 828 $       7,252 $     59,883 $   

# of BEVs 1 1 4

$/BEV 828 $       7,252 $     14,971 $   


Melaina and Penev at NREL (12) has also estimated the costs for electrical outlets for commercial locations
 as summarized in the “NREL average" row of Table 1, which also summarizes the average charging outlet costs including the average estimate for each of the three charging levels.   The Level 1 charger is not adequate for BEVs, since it would take 10 to 44 hours to recharge a BEV battery bank. We conclude that the cost of charging infrastructure for BEVs varies between $7,252 per BEV for a Level 2
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Figure 6 Comparative Infrastructure Cost Per Vehicle
outlet to $14,971 per BEV for a fast charger, assuming that 4 BEVs could be sequenced in to the charger each day.  This compares with the estimated hydrogen fueling station cost of $820 per FCEV to at most $1,059/FCEV as shown in Figure 6.  Thus the low estimate for commercial BEV charging infrastructure ($7,252/BEV) costs 6.9 times more than the high FCEV estimate per vehicle ($1,059/FCEV.)

In addition to this significant price differential, there is the issue of ability for the general public to be able to charge their vehicles.  There is a significant issue that a large number of the public park their cars on city streets overnight and wouldn't have the ability to refuel their cars.  Considering the significant time needed to recharge electric vehicles this is a restraint that has to be better addressed than is currently considered.  

HYDROGEN INFRASTRUCTURE

The Department of Energy developed a plan with the industry to transition a hydrogen infrastructure across the country that was sequentially deployed in major urban areas (13).  An initial deployment of 60 stations would be located in the two major metropolitan areas of Los Angeles and New York City which have population centers of about 20 million people.  That would be followed four years later by expanding the existing station networks to hundreds and introduce cluster of stations servicing Chicago, Washington     D C, San Francisco/Sacramento, Boston, Dallas and Atlanta with population centers of 5 to 10 million.  In a subsequent four year interval, stations would be introduced in Philadelphia, Houston, Miami, Seattle, Cleveland and six other major metropolitan areas with populations between 2 and 5 million.  In addition to these stations, the Federal government would be needed to provide financial aid for the construction and support of 280 hydrogen fueling stations built every hundred miles along 4 East-West Interstates and 15 North-South Interstates which could be done over the 12 year period.  This delayed roll out strategy was conceived to have stations that could dispense 1000 to 1500 kg/day to meet the marketplace demand which would be nominally self-sufficient.    Such stations would be able to support  150 to 250 FCEVs a day and be very similar to the way current vehicles would be fueled except for a latch to ensure the high pressure hydrogen gas would be dispensed to the vehicle.  

Some of the Key Findings and Conclusions:  Infrastructure Deployment Analysis from that report were:

The lowest-cost hydrogen production pathways for the early development period are:

· liquid hydrogen delivered by truck from existing hydrogen production facilities.

· Liquid hydrogen delivered by truck or gaseous hydrogen delivered by pipeline from central (about 300 tons/day) plants located 30-60 miles from the city (coal with sequestration, natural gas or biomass).

Urban areas represent the best early markets for FCEVs with Los Angeles and New York City being the two top early markets in the United States.  An “urban center” approach to deployment was recommended by industry, in which vehicle sales and fueling infrastructure build out are focused on a limited number of cities, with fueling networks radiating out and gradually connecting additional cities. 

In response to GHG reduction requirements, the State of California has passed AB 32 to reduce greenhouse gases by 15% relative to 1990 levels.  AB 118 created the California Energy Commission's Alternative and Renewable Fuel and Vehicle Technology Program. The statute authorizes the California Energy Commission to develop and deploy alternative and renewable fuels and advanced transportation technologies to help attain the state's climate change policies. The Energy Commission has an annual program budget of approximately $100 million to support projects that include hydrogen stations.  This has led to a planned deployment of about 40 hydrogen stations in the Los Angeles, Torrance, Orange County to San Diego area that will  be in place by 2017 (Figure 7) and about 18 stations in the San Francisco basin.  Figures 7 and 8 show the current location of the first 60 stations deployed and being deployed in California.  
Figure 7 Proposed Stations in Los Angeles/Orange County Area
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Figure 8 Proposed Stations in The San Francisco Bay Area
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The current and expected model is to produce hydrogen from natural gas at perhaps several city-gate plants that are within 100 miles of the expected station sites and would be trucked into the station with further consideration being given to pipelines.  Hydrogen from electrolysis from water would be too expensive from solar or wind energy and would require twice the water consumption of methane reformation. With the introduction of hydraulic fracking, natural gas is now around $2.75 to $4.10/million BTU which is a very economical feedstock cost for the production of hydrogen (14). 
Japan also is planning to proceed with 100s of hydrogen stations as is Germany and Europe.  These stations will be supported in their construction phase as well as operation since they will be typically smaller less economic stations of about 100 to 250 kg/day.  However, as more vehicles are considered, they will be increased to 1000 to 1500 kg/day.  The layout of the expected stations are shown in Figures 7 and 8.  Some consideration is being given to the New York City metropolitan area also but is less specified.  The point is that plans are already in place world wide to have adequate infrastructure in place to meet the initial demand for early vehicles.  Future station roll outs would depend on the market demand but will likely be less in number than existing gasoline stations.  

Their dispensing characteristics are similar to existing gasoline infrastructure but will require a valve to ensure the gas feed line is secure.  Additional space for hydrogen storage tanks will be required that will be more expense and require significantly more land.  So all city locations may not be available.  And typically hydrogen stations will require to pay back an initial investment that may cost from $2 to 5 million.    

PRODUCTION OF HYDROGEN AND ELECTRICITY FROM FOSSIL FUELS

Commercial hydrogen today is produced by steam methane reforming at temperatures of 700 C to 1300 C and pressures of 3 to 25 bars.  The gas produced is both hydrogen and carbon monoxide.  A lower temperature water gas shift reactor is used to further convert the CO to more hydrogen plus CO2.  Adsorbers or special membranes are used to separate the hydrogen from the gas stream.  However, the carbon dioxide is released into the environment and carbon capture is generally not considered in hydrogen production.  

Natural gas and coal are baseload electric generation options and provide the most economical electric energy.   Coal and natural gas are according to projections are going to be the mainstays of the electric generation sector for decades to come (figure 2).    The question becomes whether it is economic to take this high temperature hydrogen gas and consider it as a feed for high efficiency combined cycle plants.   

Before discussing the above, an intermediate step toward a biomass option which was initiated by the Department of Energy and Fuel Cell Energy at a water treatment facility.  The intermediate option of making hydrogen from biomass or from the anaerobic digester gas at waste water treatment plants is already operational at the Orange County Sanitation District in Fountain Valley, California.  They have installed a stationary molten carbonate fuel cell (MCFC) to produce 250 kW of electricity to help run the waste water treatment plant.  Some of the waste is heated in an anaerobic digester tank that converts the waste into methane and carbon dioxide. The MCFC converts the energy from the methane into electricity at very high efficiency (47%) which displaces electricity previously purchased from the local utility, and the waste heat is used to heat the digester tank, reducing natural gas consumption that previously heated these tanks.  In addition, some of the methane is converted to hydrogen, which is purified and used as fuel to the hydrogen fueling station in Fountain Valley.  This process is already economic, since the waste water treatment plant saves money on purchased electricity and also reduces costs for natural gas to heat the digester tanks.  Since the source of the electricity, heat and hydrogen is waste water, this process is totally renewable (as long as people keep flushing their toilets!!)  GHGs are cut substantially, since less electricity is generated from fossil fuels, less natural gas burned and the fuel cell EV running on this waste hydrogen emits no GHGs.  The station is no longer operating but was conceived to deliver hydrogen to other stations.
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Figure 8 Hydrogen Station at Fountain Valley

Sandy Thomas in his forthcoming book (6) summarizes his extensive analysis of costs and emissions for some 250 waste water facilities spread across the nation as being economical and environmentally sound.  They can fill some of the early demands for hydrogen in a cost effective manner.

“We conclude that hydrogen made from wastewater treatment plants and landfill gases can support at best only 2.6% of all US light duty vehicles, so this will not be a major source of hydrogen in the long run.  However, given the very favorable economics described above, we conclude that these tri-gen systems may be an excellent economic opportunity to install a set of zero-carbon hydrogen fueling stations across the country. “

Another option for a hydrogen station is to pipe in natural gas and produce the hydrogen at the station.  Such a station was built by Shell in Newport Beach (Figure 9).  However, typically hydrogen will be produced from larger more economically competitive natural gas gasifiers and transported to the site.  These production facilities will be 60 to 150 miles from the stations to be supplied and transported by either pipeline or liquid hydrogen trucks.  
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Figure 9 Hydrogen Station at Newport Beach
Natural gas is likely to be the next baseline option through steam methane reforming to produce hydrogen efficiently and at low cost.  However, as we previously indicated fossil fuels are likely to remain as the predominant electric power generation system.  And increasing carbon dioxide standards will likely demand carbon capture and sequestration for new coal plants.  
The Department and the industry are studying integrated coal gasification combined cycle plants (IGCC) (13).  It is a dual cascaded turbine system with a high temperature gas turbine that is fed by syngas from a coal or natural gas gasification synthesizer and heats steam from the exhaust of the gas in a “heat recovery steam generator”.  This combined cycle would benefit from the efficiency gained from the cascaded system.  The gasification process can produce syngas from a wide variety of carbon-containing feedstocks, such as high-sulfur coal, heavy petroleum residues and biomass.  An IGCC plant improves the overall process efficiency by adding the higher-temperature steam produced by the gasification process to the steam turbine cycle. This steam is then used in steam turbines to produce additional electrical power.  

DOE's Fossil Energy RD&D program aims at improving the performance and cost of clean coal power systems including the development of new approaches to capture and sequester greenhouse gases (GHGs). Improved efficiencies and reduced costs are required to improve the competitiveness of these systems in today’s market and regulatory environment as well as in a carbon constrained scenario. The results of this analysis provide a starting point from which to measure the progress of RD&D achievements.
The National Energy Technology Laboratory studied several Integrated Coal and Natural Gas Combined Cycle Plants.  They used an initial  steam cycle  turbine with a combined cycle gas turbine, with various gasifier/boiler technologies, H2S separation/removal systems, sulfur removal systems and down stream CO2 separation systems.  In addition they addressed Pulverized Coal  and Natural Gas Combined Cycle Plants (13).
The following are highlights reported in that study:

• Coal-based plants using today’s technology are capable of producing electricity at relatively high efficiencies of about 39 percent, higher heating value ([HHV], without CO2 capture) on bituminous coal while meeting or exceeding current environmental requirements for criteria pollutants. 

• Total overnight cost (TOC) for the non-capture plants are as follows: NGCC, $718/kW; PC, $2,010/kW (average); IGCC, $2,505/kW (average). With CO2 capture, capital costs are: NGCC, $1,497/kW; PC, $3,590/kW (average); IGCC, $3,568/kW (average). 

• At fuel costs of $1.64/MMBtu of coal and $6.55/MMBtu of natural gas, the COE for the non-capture plants is: 59 mills/kWh for NGCC, 59 mills/kWh for PC (average), and 77 mills/kWh (average) for IGCC. 

• When today’s technology for CO2 capture and sequestration (CCS) is integrated into these new power plants, the resultant COE, including the cost of CO2 TS&M, is: 86 mills/kWh for NGCC; 108 mills/kWh (average) for PC; and 112 mills/kWh (average) for IGCC. The cost of transporting CO2 50 miles for storage in a geologic formation with over 30 years of monitoring is estimated to add about 3 to 6 mills/kWh. This represents less than 5.5 percent of the COE for each CO2 capture case.  

As can be seen from the reported results of that study:

The COE for non-capture plants vary between 59 mills/kWh to 77 mills/kWh and increase to 86 mills/kWh to 112 mills/kWh.  That is a significant penalty of between 15 to 50% to the cost of electricity to the consumer.  Because of these results combined cycle plants seem to be an expensive alternative to natural gas plants which won't sequester the carbon.  

SaskPower is the world's first commercial scale coal-fired plant that modified an existing coal plant.  The $1.4 billion Boundary Dam Project refurbishment was for a 110 MW plant  

refurbishment to deliver CO2 To Cenovus Energy Inc. for enhanced oil recovery (14).  At the cost associated with the project, it would be approximately $13,000/kW for this post combustion CO2 removal system which is a significant cost.  Perhaps at larger scale the specific costs might be lower but it does not appear to be a viable option.   

There is another option to consider for combined cycle systems where the hydrogen is separated from the carbon dioxide after  the hydrogen production step and the first high temperature turbine would then be operated on hydrogen with a steam bottoming turbine.  The United States Department of Energy’s (DOE) Strategic Center for Coal studied the impacts of technology on both process performance and cost for this type of system.  Included were:

Three models of advanced hydrogen turbines (AHT) 

Dry coal feed pump 

Improved capacity factor resulting from equipment design and operating experience 

Warm gas cleanup (WGCU) 

Hydrogen membrane 

Ion transport membrane (ITM) for oxygen production 

Pressurized solid oxide fuel cell (SOFC) 

The results reported from that study were:

“Compared to non-capture technology, requirements for carbon capture impose both performance and cost penalties. The penalties are primarily the result of the parasitic energy and the capital cost of additional technology needed to separate CO2 from process streams and compress the CO2 to a pressure suitable for pipeline transport to a sequestration site. Advanced technology not only improves process performance and reduces the cost of electricity, but it also helps to reduce the incremental cost of carbon capture. Assuming R&D success in terms of performance and cost, the conceptual process configurations for each of these advanced technologies follow a pathway to an advanced IGCC plant with 90 % carbon capture that (1) is 9.6 percentage points greater in efficiency, and (2) reduces the 20-yr levelized cost of electricity (COE) by greater than 35 % relative to the reference carbon capture IGCC plant. An alternate pathway provided by an advanced integrated gasification fuel cell (IGFC) plant provides a high efficiency, near-100 % capture solution at a COE similar to that of the advanced IGCC. “  The economic evaluation did not include the benefit of being able to sell  hydrogen gas to the vehicle marketplace.  That should make the overall electric and transportation systems cleaner and economically viable in the future. “  
The cost of electricity for a natural gas advanced hydrogen turbine combined cycle plant with carbon capture and sequestration can approach 70 mills/kWh which is economical in comparison to today's coal plants even without the development of high temperature fuel cells.  General Electric and Siemans have DOE funded efforts to develop advanced hydrogen turbines.  
Hydrogen is a challenging fluid due to its high flame speed, flashback characteristics and higher dilution requirements.   Advanced turbine aerodynamic concepts and cooling schemes are being evaluated and developed.  There is a need for advanced alloy coatings and thermal barrier coatings as well as high temperature seals and novel materials.  The first models of these turbines should be available in the next several years.  
One way to conceive of an existing electric plant as a baseload option which would have about an 80% capacity factor.  Without any increase to existing plant equipment, it would be possible to divert 20% of the hydrogen for fuel cell vehicles.  Or make the plant marginally larger for the additional hydrogen to fuel FCEVs.  The specific recommendation would be to consider local hydrogen/electric generation plants fueled by natural gas as an economical way to co-produce hydrogen and electricity.  A more centralized approach can also help the coal industry to be viable while meeting Administration climate reduction goals.  

GREENHOUSE GAS REDUCTIONS IN THE TRANSPORTATION SECTOR

Finally, Sandy Thomas in his forthcoming book analyzed the expected GHG reductions from the competitive vehicle options as shown in in figure 10.  These reductions are considered to be compatible with the clean natural gas and coal options discussed above and thereby can also attain a completely clean solution for both the transportation and generation sectors.  Clearly then “the hydrogen economy” provides the best GHG reduction option when electric generation and transportation sectors are considered.
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Figure 10 Greenhouse Gas Pollution
CONCLUSIONS

The above examines the economic viability , convenience and synergy of future vehicle and electric production options.   

1. Though often masked, it is apparent that the electrical infrastructure for battery electric vehicles will be more expensive, less convenient, not as universal, and with an order of magnitude higher time for refills than could be provided by a hydrogen infrastructure.

2. There are likely to be major range limitations and cost issues associated with electric vehicles beyond 100 to 200 mile ranges.  Hydrogen fuel cell vehicles can easily exceed these limits and are particularly applicable to larger vehicles with greater room for storage.   On the other hand, sufficient hydrogen storage is difficult to find for smaller automobiles.   BEVs or PHEVs will be good candidates for these vehicles.

3. During the introduction of Hydrogen Fuel Cell Electric Vehicles, co-produce hydrogen and electricity at Municipal Water Treatment Facilities.

4. Natural gas will represent a logical and cost-effective feedstock to produce hydrogen thru steam methane reforming that can be used for first as a competitive electric generation system with carbon sequestration and subsequently as hydrogen fuel for fuel cell vehicles.  Local city gate plants for hydrogen fuel production as originally suggested in the ORNL report should be evaluated for providing both hydrogen fuel and additionally electricity. 

5. This co-generation option will allow for a cleaner grid to provide electricity for Battery Electric and Hybrid Electric Vehicles as well as clean hydrogen for Fuel Cell Electric Vehicles.  

6. Coal generation plants are expected to decline in the U S due to EPA regulations. However, research and development by NETL  is proceeding with the development of integrated generation combined cycles with hydrogen turbines and bottoming steam turbines.  These systems offer cost effective solutions to allow for carbon capture and sequestration and for hydrogen that can be sold as a product for transportation fuels that will be cost effective for both power generation and transportation but will be larger and more centrally located.   

RECOMMENDATION:

Energy Efficiency and Renewable Energy, and Fossil Energy co-fund a demonstration project for a plant with the co-production of hydrogen and electricity with carbon sequestration at an existing hydrogen production facility or a new plant using natural gas as the feedstock with carbon sequestration.
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�	 The U.S. National Electric Code limits circuits to 80% of their maximum power, so 120  x  20 x 80% /1000 = 1.92 kW.





�	  Although there are twice as many BEVs and PHEVs as FCEVs in the McKinsey assessment, the BEVs in particular are smaller cars traveling shorter distances, since the larger vehicles replaced by FCEVs account for 75% of all EU light duty vehicle GHGs.





�	  Melaina & Penev do estimate that a Level 2 residential outlet would cost an average of only $2,318/ BEV, so Table 7-6 represents the estimated cost for commercial or public charging outlets.








