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  INTRODUCTION


  Technology is one of the most important factors that can enable the introduction of new fuel-vehicle systems to improve transportation economics and energy security, and reduce greenhouse gas emissions. In recent years, new vehicle and fuel technologies have entered the market or have started to show potential for market introduction in the transportation sector. This chapter includes an analysis of such technologies for light-duty vehicles, heavy-duty vehicles, and alternative fuels (advanced biofuels, electricity, natural gas, and hydrogen) sectors.


  Over 250 hurdles, both technical and nontechnical, were identified and evaluated, which represent barriers to the widespread commercialization of alternative fuel-vehicle systems or improvements to existing fuel-vehicle systems. This chapter focuses only on the technical hurdles. Overcoming these technology hurdles will require continued cooperation, investment, and support from government and industry.


  The analysis identified twelve priority technology hurdles, which are the primary focus of this chapter. This chapter describes the priority technology hurdles, the challenges to overcoming each hurdle, and the opportunities enabled by overcoming the hurdles. Additionally, this chapter provides recommendations on the next steps for addressing the priority technology hurdles. The twelve priority technology hurdles identified in this study are shown in Table 4-1.
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  Table 4-1. Twelve Priority Technology Hurdles


  If there is sustained research and development (R&D) focused on resolving the priority technology hurdles, and transition hurdles are overcome, then there are circumstances when all of the fuel-vehicle systems can compete on total cost of driving basis. Figure 4-1 shows improvements in cost of driving between 2015 and 2050 for light-duty fuel-vehicle systems evaluated in this study through the resolution of priority technology hurdles.
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  Figure 4-1. Cost of Driving Estimates for Small Cars, Assuming Technology Hurdles are Resolved


  Although not required for wide-scale commercialization, disruptive innovations[1] can provide an advantage to some relevant fuel-vehicle systems. Disruptive innovations have not been considered in the range of estimates for the cost of driving because they are early stage technologies with high uncertainty. It can take decades for a disruptive innovation to move through basic research, applied research, production engineering, and finally production. This chapter highlights a small sub-set of possible disruptive innovations.


  This chapter focuses on describing the priority technology hurdles. Challenges associated with making fuels available to the transportation market are discussed in more detail in Chapter Five, “Infrastructure.” The fuel-vehicle systems chapters describe the relevant hurdles to each system, both technology and nontechnology.


  This chapter is structured as follows:


  •Explanation of the technology analysis method-ology


  •Results of the analysis: the twelve priority technology hurdles followed by a detailed description and recommendations


  •Benefits (in terms of cost of driving and greenhouse gas [GHG] reduction) of investing in the priority technology hurdles


  •Short discussions on disruptive innovations that could impact the competitiveness of the relevant fuel-vehicle systems.


  METHODOLOGY


  The cornerstone of the technical analysis was the identification of current technology hurdles for each fuel-vehicle system. Technology hurdles are defined as challenges, requirements, or barriers that may prevent advances in fuels or vehicle systems from reaching wide-scale commercialization. They can be technical or non-technical.


  A rigorous evaluation considered the functionality, cost, scalability, materiality, and acceleration of technology deployment of 250 technical and non-technical hurdles. Substantial effort was made to ensure consistency in the assessment of the levels of difficulty for overcoming each hurdle. Expert assessments were also conducted to review:


  •Technology scope and team expertise


  •Analysis of technology hurdles


  •Prioritization of the technology hurdles.


  The evaluation first considered degrees of difficulty in achieving wide-scale commercialization, prioritization, and critical path analysis of the hurdles within each fuel-vehicle system. This was followed by comparing only the technical hurdles across fuel-vehicle systems that are the focus of this chapter.


  Expert Review Process and Study Briefings


  To ensure that the technology analysis was comprehensive and robust, leading scientists and economists were recruited to be expert reviewers. This team of experts (shown in Table 4-2) evaluated the following:


  •Breadth of the fuel-vehicle systems considered


  •Aggressiveness of the accelerated case


  •Quality of the data, assumptions, and analysis


  •Normalization and assessment of the relative difficulty of overcoming the technology hurdles.
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  Table 4-2. Expert Review Panel


  Three expert peer reviews were conducted, each of which had the following objectives:


  Peer Review 1: Base data, team, and source review (December 3, 2010)


  •Check the credibility and comprehensiveness of the data set used as a basis for the analysis


  •Identify gaps, other sources, or other experts who should provide input into the subgroups


  •Validate baseline data, technical assumptions, and evolution


  •Confirm technical scope, simplifying assumptions, and exclusions.


  Peer Review 2: Technology hurdles and chapter review (March 9, 2011)


  •Highlight technology assumptions and highlight inconsistencies across subgroups


  •Review the analysis of technology hurdles


  •Evaluate methodology for normalization of hurdles across fuel-vehicle systems


  •Provide initial feedback on the individual fuel-vehicle system chapters.


  Peer Review 3: Review of priority technology hurdles (October 25, 2011)


  •Review prioritization of technology hurdles


  •Review specific technology priorities


  •Verify that the right technology hurdles have been identified


  •Discuss approach to integrated analysis.


  In addition to the expert review process, study briefings on major studies and activities were organized for the study team. The study briefings are listed in Table 4-3.
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  Table 4-3. Study Briefings


  Evaluation of Technology Hurdles


  All technology hurdles were evaluated to determine which would have the greatest impact for wide-scale commercialization of the fuels and vehicles systems reviewed in this study. There were four steps in the methodology used to finalize the priority technology hurdles (see Figure 4-2):


  1.Hurdle Identification – review and assign a normalized difficulty rating to technical and non-technical hurdles for each fuel-vehicle system.


  2.Down Selection – identify the most important technology hurdles for each fuel-vehicle system.


  3.Critical Path – determine the critical path for technology hurdle resolution because some hurdles are contingent upon the resolution of others.


  4a.Light-Duty Sector Go/No-Go Analysis – determine if a fuel-vehicle system is dependent on a single hurdle to achieve wide-scale commercialization.


  4b.Medium- and Heavy-Duty Sector Cost/Benefit Analysis – determine which technology hurdles were the most important from a cost/benefit perspective.
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  Figure 4-2. Technology Prioritization Methodology


  Step 1: Hurdle Identification (250 Hurdles)


  The 250 hurdles identified in the fuel-vehicle system chapters were reviewed and assigned a normalized rating that reflects the challenge or level of difficulty each presented. The difficulty assignment reflects the current state of the hurdle and is not an estimate of where a hurdle may be at some point in the future.


  The study used difficulty rating definitions similar to the Department of Energy (DOE) Technology Readiness Levels based on the maturity of the technologies:


  •RED ranges from Basic Research to Technology Demonstration. These hurdles require invention or have high uncertainty.


  •YELLOW ranges from Technology Development to Technology Demonstration. For these hurdles, a pathway for success has been demonstrated and significantly tested, but sustained effort is required to achieve wide-scale commercialization.


  •BLUE represents systems commissioning or operational. These hurdles have minimal or no barriers to wide-scale commercialization.


  Step 2: Down Selection (30 Hurdles)


  The prioritization of each technology hurdle is a reflection of its importance in enabling wide-scale commercialization of the corresponding technology. Technology hurdles were down selected for each fuel-vehicle system based on advances needed to:


  •Realize performance


  •Attain acceptable cost


  •Accelerate deployment


  •Scale to material volumes


  •Facilitate fuel-dispensing infrastructure.


  Step 3: Critical Path (20 Hurdles)


  The critical path for the resolutions of the down selected hurdles was then mapped (i.e., gateways and deliverables, short term, medium term, and long term, were identified and sequenced). In some cases, if an earlier sequence technology hurdle could not be solved, then other technology hurdles that depend upon overcoming the first would not be pursued.


  Step 4a: Light-Duty Sector Go/No-Go Analysis (11 Hurdles)


  The final step for the light-duty vehicle hurdles was to ask the question, “If this technology hurdle is not resolved, would the fuel and vehicle system be able to reach wide commercialization another way?” If the answer was “NO,” then not resolving this single technology hurdle could prevent wide-scale commercialization. For example, if hydrogen refueling compression and storage are not solved, then hydrogen will not achieve wide commercialization.


  Step 4b: Medium- and Heavy-Duty Sector Cost/Benefit Analysis (1 Hurdle)


  The final step in narrowing the technology priorities for medium-duty (Class 3-6) and heavy-duty (Class 7&8) fuel-vehicle systems was to prioritize the technology hurdles. The technology hurdles that were more attractive from a cost/benefit perspective were assigned higher priority than hurdles with lower cost/benefit attractiveness.


  RESULTS AND DISCUSSION


  Step 1: Hurdle Identification


  Each fuel-vehicle system chapter provides a broad assessment of the technology and nontechnology hurdles across its supply chain, with the most important hurdles explained in detail. Although the assessment of very different technologies results in hurdles specific to a fuel-vehicle system, there are some hurdles that are common across natural gas, electricity, and hydrogen. The hurdle chart for electric vehicles is illustrated in Figure 4-3, and similar information for the other fuel-vehicle systems is in Appendix 4B, “Hurdle Charts.”
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  Figure 4-3. Vehicle Requirements for the Wide-Scale Adoption of Grid-Connected Vehicles


  Significant effort was made to normalize the assessment of >250 hurdles across the fuel-vehicle systems. The Technology Task Group, composed of the Assistant Chairs of all the technology groups, reviewed the rating of all of the hurdles as a group. The normalization activity is described in the detailed methodology document Appendix 4A, “Approach to Technology Analysis,” at the end of this chapter.


  Step 2: Down Selection


  The 250 hurdles identified were down selected to ~30 technology hurdles, which are highlighted in figures in Appendix 4B as “Priority Focus Area.”


  Step 3: Critical Path


  The analysis further narrowed the number of technology hurdles from ~30 to 20 critical path hurdles. The critical path analysis identified the sequence in which down selected hurdles should be addressed (short term, medium term, and long term). The evaluation methodology for light-duty compressed natural gas (CNG) vehicles is illustrated in Table 4-4, and similar information for the other fuel-vehicle systems is in Appendix 4C.
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  Table 4-4. Critical Path Analysis for CNG Vehicles


  A brief discussion of the critical path assessment for each fuel-vehicle system is provided below. Table 4-5 lists the 20 short-term critical path hurdles across all of the fuel-vehicle systems.
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  Table 4-5. Critical Path Technology Hurdles


  Light-Duty Engines and Vehicles Critical Path


  The engines and vehicles hurdle chart is split into powertrain, vehicle, fuel, industry model, and mobility model hurdles. In these five categories, there are over 20 hurdles. Based on the down selection criteria described previously, four hurdles were identified: low-cost lightweighting, technology and vehicle development time, vehicle inventory turnover, and connectivity and traffic congestion/throughput. The critical path analysis of these hurdles narrows them to one technology hurdle, which is to focus on achieving low-cost lightweighting.


  Biofuels Critical Path


  Biofuels has the largest diversity of technology hurdles. The technical analysis reviewed feedstocks, biochemical processes, thermochemical processes, algae, and distribution. Of the over 150 hurdles identified, the down selection and critical path processes resulted in six technology hurdles. Three priority technology hurdles relate to using lignocellulose in a biochemical process: hydrolysis, fermentation of C5/C6 sugars, and densification. Two priority technology hurdles use lignocelluloses in a thermochemical process: pyrolysis and gasification. The final technology hurdle is related to the feedstock availability: biotechnology to increase food and biomass.


  Natural Gas Critical Path


  No substantive technology impediments for commercializing natural gas were identified. There are three hurdle charts for natural gas fuel-vehicle systems: natural gas supply and infrastructure, light-duty natural gas vehicles, and medium-/heavy-duty natural gas vehicles. Although across these charts there are over 60 hurdles, the majority of these are not technology related. However, there are opportunities to advance certain technology hurdles.


  In the light-duty sector, the technology priorities on the critical path are incorporating new gasoline powertrain and platform technologies in CNG light-duty vehicles for enhanced fuel economy and CNG direct injection.


  In the medium-/heavy-duty sector, the technology priorities on the short-term critical path are incorporating gasoline and diesel powertrain and platform technologies in vehicles for enhanced fuel economy, as well as natural gas optimized engine design (i.e., leveraging combustion optimization technologies in medium- and heavy-duty vehicle diesel), and small-scale liquefaction.


  Electricity Critical Path


  There are two hurdle charts for electric fuel-vehicle systems: vehicle and infrastructure. Across both charts, over 20 hurdles have been identified. Of those hurdles, three short-term hurdles were identified from the down selection and critical path processes: lithium-ion energy density, lithium-ion longevity, and refuel time.


  Hydrogen Critical Path


  There are two hurdle charts for hydrogen fuel-vehicle systems: fuel cell electric vehicle and hydrogen supply & infrastructure. Across both charts, over 25 hurdles have been identified. Of those hurdles, two short-term hurdles were identified from the down selection and critical path processes: fuel cell durability and compression & storage for fuel dispensing.


  Heavy-Duty Critical Path


  The heavy-duty hurdle chart is split into engines, vehicles, and fleet operations technology. In these three categories, there are over 15 hurdles. Based on the down selection and critical path processes described previously, three hurdles were identified: combustion optimization, batteries for hybrids, and advanced gasoline engines.


  Step 4a: Light-Duty Go/No-Go Analysis


  The go/no-go analysis reduced the light-duty priority hurdles from 14 to 11 as shown in Table 4-6. Resolution of these 11 technology hurdles is required for the fuel-vehicle systems under review to remain in the portfolio of future fueling options, or, as in the case of lightweighting, represents a key technology path for all systems.
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  Table 4-6. Go/No-Go Analysis


  Step 4b: Medium- and Heavy-Duty Cost/Benefit Analysis


  The cost/benefit analysis reduced the medium- and heavy-duty sector hurdles from 3 to 1: combustion optimization.


  This resulted in 12 priority technology hurdles for all of the fuel-vehicle systems considered in the study.


  Twelve Priority Technology Hurdles


  This section provides more information on the twelve priority technology hurdles identified in Table 4-1 and described in this section. Recommendations are provided for resolving the challenges for each priority technology hurdle.


  The individual fuel-vehicle system chapters address these hurdles extensively. This section leverages the discussion in those chapters, focusing on hurdle analysis and recommendations.


  Light-Duty Vehicles: Low-Cost Lightweighting


  
    Current hurdle assessment (difficulty in resolving): RED


    The technology analysis showed that lightweighting can improve the competitiveness of all vehicle technology platforms if available at the lower end of the range of estimated costs. However, lightweighting requires significant changes to original equipment manufacturers (OEM) supply chains and operating models, and lighter weight materials are still relatively expensive.

  


  It is well demonstrated that vehicle mass has a major impact on fuel consumption, but mass reduction to reduce the weight of vehicles is a complex undertaking. Vehicle design factors that impact mass include structural stiffness (noise/vibration/harshness), safety, comfort (space), manufacturing investment and throughput, and material cost. Vehicle subsystems that comprise a majority of a vehicle’s mass are body structure, body non-structural (interior seating, trim, and glass), closures, bumpers, powertrain, and chassis. Typical mass distribution of subsystems and material is shown in Figures 4-4 and 4-5. Materials that are major components of the mass include plastics and aluminum, but iron and steel (mild and high strength) comprise the majority of mass.
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  Figure 4-4. Typical Mass Distribution by Vehicle Subsystem
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  Figure 4-5. Typical Mass Distribution by Material


  If components or subsystems can be lightweighted early in the vehicle design and development process, then other vehicle systems can be lightweighted as result of the primary mass reduction. This feedback/feedforward process is called mass decompounding and can result in vehicle performance and fuel economy improvement. Introduction of clean sheet vehicle designs are required to take full advantage of mass decompounding. An analysis based on the results of reports by Malen in 2007[2] and Vebrugge in 2009[3] and estimates that for every 1 kg of primary mass removed early in the vehicle design, an additional 1 kg of secondary mass can also be removed. The National Research Council estimated secondary benefits of up to 30% of primary mass reduction,[4] based on a 2008 report by IBIS Associates.[5]


  Opportunities for mass reduction include changing vehicle design to use less material as well as substituting lighter materials for traditional materials. Mass reduction solutions can depend on whether the component has strength or stiffness as a design limitation. When strength is the design limit, steel components can be substituted with thinner components of high strength steel, reducing mass while maintaining strength. When stiffness is a design limitation, such as in structural components, technology employing layered material, with a lighter material sandwiched between outer layers of steel, can be used. This sandwich technology is expensive and difficult to join.


  Most high-volume vehicles in production today are unibody designs. Aluminum can substitute for steel in a unibody design. Aluminum can also substitute for steel in space frame designs, which have lower manufacturing investment costs but higher material costs, are economically suited to vehicle designs with low production volumes, and which tend to be premium applications with premium pricing. Magnesium is even lighter than aluminum. However, its properties such as brittleness may make it unsuitable for use in space frames or other structural materials. Work is underway to develop higher toughness magnesium alloys.


  The Minerals, Metals, and Materials Society (TMS), in a recent publication,[6] identified lightweight materials, such as aluminum, magnesium, titanium, and polymer-based materials, as key to reducing weight in transportation body and structural applications. However, according to TMS, today’s use of such materials is limited by high cost, corrosion issues, forming and assembly challenges, and end of life materials management challenges.


  Polymer matrix composites (PMC), which are polymers reinforced with glass, natural, or carbon fibers, are having increasing application in vehicle production. According to TMS, the strength and stiffness of carbon fiber PMC exceeds that of steel and it is corrosion resistant. However, TMS highlights the need for research to overcome the following gaps and limitations:


  •Processes to produce complex geometries are expensive and energy intensive.


  •Manufacturing of layered/hybrid material systems for damage tolerance and corrosion resistance is only possible at high costs.


  •Fiber-substrate adhesion limits the strength of composites.


  A major European manufacturer has announced plans for producing two new models in 2013 that incorporate advanced lightweighting technologies. The smaller of the two vehicles is a battery electric urban vehicle in which the vehicle mass reduction offsets the mass increase of the batteries and results in a vehicle that is actually lighter than many internal combustion engine (ICE) vehicles in its vehicle class. The larger performance vehicle is a plug-in hybrid. With these vehicles, the manufacturer appears to be working with a “clean sheet” effort in which new materials, suppliers (including significant equity interest in the carbon fiber supplier), vehicle design and engineering, propulsion systems, manufacturing processes, and branding are all being attempted at the same time.


  The cost/benefit estimates used in the technology analysis are largely based on two studies:


  •The National Research Council[7] analyzed 5, 10, and 20% vehicle mass reduction, which included the impact of engine resizing,[8] but did not include the impact of decompounding on redesign of other vehicle components. Including the impact of powertrain resizing, fuel consumption is reduced by about 3, 7, and 12% relative to the three levels of mass reduction.


  •The Environmental Protection Agency and the National Highway Traffic Safety Administration[9] analyzed pathways with 15, 20, and 30% vehicle mass reduction largely based on a study by Lotus Engineering.[10] At 30% mass reduction, the fuel consumption reduction is estimated at 16–22%.


  The Rocky Mountain Institute[11] sees even greater opportunity for vehicle mass reduction. Their Revolution concept car emphasized a design based on achieving low mass. The structure was carbon fiber intensive. Mechanical vehicle dynamic components were replaced with electronics. The Revolution concept had an overall 50% mass reduction compared to a benchmark. Lightweighting in the 50–70% range is beyond what has been considered in the technology analysis and is discussed separately in the “Ultra-lightweighting” portion of the “Disruptive Innovations” section.


  Recommendations and Next Steps. Lightweighting, implemented at the lower end of cost estimates, could improve the competitiveness of all of the alternative fuel-vehicle supply chains although the relative impact will differ by technology. However, significantly increasing the proportion of new lightweight materials will require new engineering and processes and significant changes to OEM operating models.


  This study recommends that the government and business invest in driving down the cost of wide-scale implementation of lightweighting (e.g., the development of new materials, supply chains, and operating models).


  Biofuels: Hydrolysis


  
    Current hurdle assessment (difficulty in resolving): YELLOW


    Hydrolysis is the process of using enzymes or chemical hydrolysis on pretreated lignocellulosic materials to breakdown cellulose, hemicellulose, and lignin into component sugars that can then be further processed. For example, the volume and type of enzymes used depends on the pre-treatment and the feedstock. The cost of cellulose converting enzymes is still ~10 times the cost of the enzymes used to convert starch in the corn ethanol process.

  


  Cellulosic biofuels have the potential to significantly reduce carbon dioxide equivalent (CO2e) per mile. However, to use lignocellulosic feedstock in a biochemical production process requires the resolution of technology hurdles that need to be overcome for the cost-effective use of cellulosic feedstock in the production of biofuels.


  In its simplest embodiment, enzymatic hydrolysis takes place in a separate process step between pretreatment and fermentation, a configuration known as separate hydrolysis and fermentation. The major advantage of separating hydrolysis and fermentation is that each process can be run at its respective optimum conditions. The enzyme dose required to achieve a given cellulose conversion level is of paramount importance in determining the overall cost of the enzymatic hydrolysis unit process, and in turn the minimum ethanol selling price. The main drawback of separate hydrolysis and fermentation is that the concentrations of cellobiose and glucose products build up during the course of the batch process and inhibit cellulases and thus limit yields.


  In simultaneous saccharification and fermentation, enzymatic hydrolysis and fermentation is concurrent in a single vessel to which both enzymes and fermentation organisms have been added. With simultaneous saccharification and fermentation, cellobiose and glucose concentrations remain low because they are consumed by the fermentation organisms present in the fermenter and no longer inhibit cellulases. A second advantage is capital cost reduction since hydrolysis and fermentation occur in a single vessel. However, optimal temperatures for fermentation do not coincide with optimal temperatures for hydrolysis, at least for the fermentation of sugars to ethanol by Saccharomyces cerevisiae. Commercial preparations for biomass hydrolysis are most effective at 50°C, which is too high for most commercially relevant fermentation organisms.


  Hybrid hydrolysis and fermentation represents a third approach in which hydrolysis is started under optimal conditions for hydrolysis. After a set time period, the temperature is lowered and fermentation organisms are added, but hydrolysis is allowed to continue under these non-optimal conditions.


  High solids loading during enzymatic hydrolysis is important because the presence of water as a diluent increases processing costs. In particular, the energy needed to distill ethanol from the fermentation beer is a strong function of ethanol concentration, which in turn is directly related to the sugar concentration in the hydrolysate. However, conversion efficiency decreases nearly linearly with solids concentration.[12] Kristensen et al. conclude that the primary impact of solids loading on conversion results from the interference with enzyme adsorption to solid substrates by products.


  Progress has been made in reducing the cost of enzymes used in biomass hydrolysis. DOE awarded two government contracts to develop more effective enzymes in the 2001–2005 time frame. In 2008, four more contracts were placed with leading enzyme companies to further develop cellulolytic enzymes for saccharification of biomass. These efforts are focused on increasing the specific activity of enzymes, leading to a reduction in the dose required to effect a given cellulose conversion level.


  In addition, enzymatic hydrolysis performance is closely related to the type and severity of pretreatment. A tradeoff often exists between pretreatment cost and enzymatic hydrolysis cost. Pretreatments that are more effective in removing lignin and in opening the lignocellulosic structure typically use more chemicals, higher temperatures, and higher pressures, and are therefore more expensive. But as a result of improved pretreatment, lower enzyme doses can be used.


  There are also chemical hydrolysis technologies. Acid hydrolysis for the production of fermentable sugars from biomass has matured in the past decade to enable higher yields of fermentable sugars. Three different avenues are being pursued to maximize this. The first is weak acid followed by enzymatic hydrolysis. This produces a soluble pentose stream and a more readily attacked cellulose substrate for subsequent enzymatic conversion. A second approach is two-stage acid hydrolysis. In this process, mild conditions are used to convert the hemicellulose to fermentable sugars followed by harsher conditions to hydrolyze the cellulose fraction. Finally, concentrated acid processes are being developed that can provide a relatively pure sugar stream under mild conditions. These latter processes require exotic materials of construction and efficient recovery and recycle of the acids. A variety of companies and research organizations are in different stages of development of these processes. As with enzymatic hydrolysis, getting to the demonstration scale to prove the economics is a key requirement.


  Recommendations and Next Steps. Continued investment in R&D to reduce the cost of hydrolysis, including the trade-offs/optimization between the severity of pretreatments and enzyme dosage, is required to overcome the hurdle.


  Biofuels: Fermentation of C5 and C6 Sugars


  
    Current hurdle assessment (difficulty in resolving): YELLOW


    As of the date of this report, there is no organism that can ferment two different sugars (C5 and C6) as effectively as the yeasts used to ferment C6 during the corn ethanol fermentation process.

  


  After the lignocellulose has been broken down into its component sugars using hydrolysis, these sugars need to be fermented.


  Ethanol is the primary target for many of the companies proposing to produce cellulosic biofuels. Saccharomyces cerevisiae is a yeast used extensively in industrial fermentation processes, including the production of ethanol from corn. Relatively speaking, yeast are robust and can tolerate high titers of ethanol as well as other inhibitory substances present in the hydrolysate. Another advantage of yeast is that they have the ability to ferment at low pH values, which minimizes the possibility of infection by invading microorganisms. The familiarity with yeast in existing corn ethanol plants is another advantage in using this organism for cellulosic ethanol fermentations. The major drawback of S. cerevisiae is that it is not naturally capable of fermenting pentose (five carbon) sugars such as xylose and arabinose. Fermentation of pentose sugars to a fuel product (or other value-added product) is critical to the economic viability of a cellulosic biofuel plant.


  Several researchers have genetically transformed yeast to allow utilization of xylose (usually the dominant pentose sugar in lignocellulosic substrates).[13,14]


  Yeast is not the only microorganism adept at producing ethanol. Zymomonas mobilis is an ethanol-producing gram-negative bacterium that has been genetically modified to allow it to utilize pentose sugars as well as hexose (six carbon) sugars.[15]


  Recommendations and Next Steps. Continued investment is required in R&D to genetically modifying microorganisms (e.g., yeasts, bacteria) to allow them to ferment both five and six carbon sugars.


  Biofuels: Lignocellulose Logistics/Densification


  
    Current hurdle assessment (difficulty in resolving): YELLOW


    Biomass is a relatively low-density, local product, and this is especially the case for crop residues and grasses. Feedstock logistics can be a significant portion of production cost and also limits the size of a centralized plant (and therefore available scale efficiencies).

  


  High cost and inefficient delivery of the feedstock to centralized plants has placed severe limitations on the economies of scale of biomass conversion plants. Storage of biomass, until needed by a processing plant, is also a problem because of losses to the biomass of up to 15% over a season due to natural decomposition. Additionally, a very large footprint is required to store low-density biomass for delivery to a large central plant (e.g., baled corn stover requires 7 to 8 times the volume of storage as corn grain per unit mass).


  Recommendations and Next Steps. While there are no major technical issues with developing the infrastructure for crop residues and energy crops, there is a significant capital requirement needed to build out this infrastructure. Local storage and conversion to a densified material are needed to minimize infrastructure needs, reduce energy required for transportation, and stabilize the biomass feedstock. As an example, pelletization and briquetting are two options but currently require considerable energy inputs.


  Biofuels: Higher Quality Pyrolysis Oil—An Alternative to Biochemical Production


  
    Current hurdle assessment (difficulty in resolving): RED


    Pyrolysis is a thermochemical processing option for producing liquid transportation fuels from biomass. Biomass pyrolysis technology is commercially available but has not been applied to commercial-scale fuel production. Bio-oil chemical composition is not suitable for direct biofuel production without further processing. It has high oxygen content, is corrosive (low pH), and thermally unstable (does not re-vaporize completely).

  


  Pyrolysis is an alternative to resolving the three technology hurdles related to the biochemical production of cellulosic biofuels described previously. In pyrolysis, lignocellulosic feedstock is converted through a thermochemical process into a bio-oil that can then be transported and further processed in a refinery.


  Pyrolysis in its simplest form consists of rapidly heating biomass to approximately 600°C and flashing off the volatiles, which are then condensed to produce bio-oil. Yields of up to 80% of feedstock are possible. Since biomass is made up of three major components (hemicellulose, cellulose, and lignin), each of which have their own optimal pyrolysis temperature, simple pyrolysis technology is a compromise in producing optimal bio-oil products from each of these fractions. Bio-oil produced in conventional pyrolysis is a mixture of low molecular weight acids, hydroxy acid and hydroxyl aldehydes as well as more upgradable components such as furans and phenolic compounds. This mixture poses problems for simple upgrading schemes. Current research to solve this issue is focusing on fractionation of simple pyrolysis products for more appropriate upgrading, or adopting catalytic pyrolysis methods to produce a larger fraction of components more amenable to upgrading.


  Bio-oil can be upgraded either at the source prior to full production or after the formation of the liquid product. To date, the two most popular methods in post-production upgrading are adapted from traditional hydrocarbon processing.[16] These processes are bio-oil cracking over solid acid catalysts and hydrotreating in presence of a hydrodesulfurization catalyst and high-pressure hydrogen. Although both these processes have the potential to bring down the oxygen content to desirable level, both cracking and hydrotreating are accompanied by the loss of hydrogen (as H2O) and carbon (as CO2 or CO) from the bio-oil.


  The impact of bio-oil quality and stability on hydroprocessing catalyst performance needs to be validated at the pilot- and commercial-scales. Raw bio-oil contains potential impurities such as alkali metal, chlorine, nitrogen, and sulfur that could poison hydrotreating catalysts and limit long-term activity, stability, and lifetime. Thermal stability of the bio-oil or bio-crude intermediate will have a major impact on coke formation during upgrading, and hence overall carbon efficiency. Catalytic pyrolysis processes under development may produce intermediates that have better thermal stability. Additionally, any oxygen removed before the upgrading step will lower the hydrogen demand of biofuel production and potentially improve process economics. Producing a finished fuel in a stand-alone biorefinery is not as cost effective as developing a biomass (catalytic) pyrolysis process that can be integrated within a petroleum refinery to utilize the existing capital assets and infrastructure.


  The development and upgrading of higher quality pyrolysis oil is just getting to pilot demonstration scale. Hydrotreating raw bio-oil is technically feasible using existing refining technology (catalysts and process conditions). Processing includes a mild hydrotreating step followed by hydroprocessing to finished fuel. Yields are low, carbon efficiency is poor because of extensive coke formation, and hydrogen demand is high. All of this challenges the economics of pyrolysis oil to biofuels. Processing the hydrocarbon intermediates in an existing petroleum refinery improves process economics.


  Recommendations and Next Steps. Progress has been made on some of the key challenges for pyrolysis, but continued R&D investment is required. Pyrolysis would address some of the feedstock logistics challenges and also support the integration into the existing refining infrastructure. Because pyrolysis can be done at a smaller scale than other biomass conversion processes, with the bio-oil more efficiently transported for further processing.


  Biofuels: Biotechnology to Increase Food and Biomass


  
    Current hurdle assessment (difficulty in resolving): BLUE


    To date, yield and productivity gains in both the agricultural as well as ethanol industries have enabled both food and biofuel needs to be met. Both short- and long-term trends for crop yields indicate that agriculture productivity will be able to keep up with population growth and higher standards of living in the developing world. This would indicate that the technology is in place to achieve our long-term demands for both food and fuel. While encouraging, continued focus on maintaining the rate of yield improvement and enabling the third world to achieve the same levels of productivity will be needed to meet demands for food and biofuels.

  


  Improvements in agricultural yield are due to several factors, including better agronomic practices and better seed genetics. In addition to better overall yields, the yields have become more consistent as improved technologies have minimized impacts of variations in weather conditions. Bringing the developing world to 70% of the current U.S. yields on carbohydrate-producing crops would double the total world supply of carbohydrates on existing acreage.


  The linkage between energy and food prices is difficult to trace out and the subject of considerable debate. Modern agricultural practices are still energy intensive, ranging from fuel inputs for farm equipment to fertilizers such as ammonia. As with any enterprise, agriculture needs to pay for its inputs to stay in production. To grow or maintain current production will either require crop prices that pay for these inputs or increased government support of domestic agriculture. It is clear that there is a balance between energy prices and availability as well as food prices and availability. Impacts can be minimized when agricultural yield growth is balanced by demand growth across all sectors.


  Recommendations and Next Steps. Biotechnology coupled with traditional breeding will be needed to maintain and increase the rate of improvement in food and energy crops. More efficient nutrient uptake, traits to increase the growing season, increased photosynthetic efficiency and tolerance to environmental factors such as salinity or drought are key targets to increase production and or make it more reliable from year to year. Continued investment by governments and industry in this area is a critical factor in ensuring the United States can meet the food and energy demands the future will put on agriculture and forestry.


  CNG Vehicles: Leverage Liquid ICE Fuel Economy Technology


  
    Current hurdle assessment (difficulty in resolving): YELLOW


    CNG vehicles are still primarily adaptations or retrofits of gasoline vehicles. Gasoline engines and vehicles will continue to improve by incorporating technology improvements such as highly boosted downsized engines, direct injection, variable valve timing, and dual clutch transmissions to achieve fuel economy improvements. The integration of natural gas fuel variants with these advancements will require a degree of systems engineering, including design, software control, and calibrations to incorporate the additional base powertrain complexity and tailor them for optimal CNG operation. Currently, in the United States there are no recognized OEM offerings operating on CNG that comprehend these base powertrain advancements.

  


  The transition to fully OEM developed and produced natural gas vehicles (NGVs) is critical in enabling wide-scale commercialization of NGVs in the marketplace. Current manufacturing models based on vehicle alterers or second stage manufacturers introduces substantive inefficiencies in the cost structure of NGVs.


  In addition to the inefficiencies inherent in this production model, a range of technologies discussed within the Engines and Vehicles chapters exist for both powertrain and vehicle enhancements, which, if applied to CNG light-duty vehicles, would result in a significant improvement in overall NGV fuel economy. These technologies include chassis lightweighting, aerodynamics, and powertrain technologies such as highly boosted downsizing, direct injection, dual clutch transmissions, and variable valve timing. Table 4-7 summarizes the possible impact such technologies could have, highlighting the range of fuel economy considered for NGVs in each vehicle class being evaluated in this study. Naturally, adding such technology advancements comes at a cost, and therefore the trade-off between fuel economy, vehicle cost, and fuel price is critical in determining the cost effectiveness of any given solution set for NGVs.
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  Table 4-7. Range of CNG Fuel Economy Considered in the Study (Miles per Gallon Gasoline Equivalent)


  While a number of studies are available examining the performance benefit and cost trade-off for new powertrain technologies for gasoline vehicles, few long-term performance studies have been conducted to quantify such metrics for CNG-fueled vehicles. The specific application, demonstration, and evaluation of gasoline technologies to CNG vehicles is required in order to identify optimum long-term technology configurations tailored specifically to CNG fuel. The following are areas of specific interest for research and engineering demonstration:


  •High Compression Ratio – Compression ratio optimization to take advantage of the high octane rating of natural gas.


  •High Boosting Levels (turbocharging and/or supercharging) – In light-duty applications based on gasoline engines, natural gas engines can have a lower power density, particularly on naturally aspirated (non-turbocharged) engines. The adoption of turbocharging for natural gas variants could be specified to address air charge displacement by gas.


  •Downsizing – Turbocharged, downsized, high compression ratio engines, as witnessed in the latest European gasoline engines, offer a viable path for improved fuel efficiency of both gasoline and natural gas. The high octane rating of natural gas may even offer greater benefits than for gasoline, although gasoline injection has the advantage of charge cooling.


  •Continuously Variable Valve Timing – Valve train optimization to the air and exhaust gas recirculation characteristics of natural gas engines.


  •A move toward direct injection natural gas, similar to gasoline direct injection technologies, should also translate into improved combustion efficiency (refer to Chapter Fourteen, “Natural Gas,” regarding the challenges to direct injection CNG).


  •Dual Clutch Transmissions – The same benefits as those achieved in gasoline engines are available to CNG vehicles.


  •Friction Reduction – The same benefits as those achieved in gasoline engines are available to CNG vehicles.


  •Hybridization – The same benefits as those achieved in gasoline engines are available to CNG vehicles. Packaging CNG storage and hybrid systems is a space and architecture challenge for the vehicle.


  In addition to the tailoring of the engine technologies to CNG fuel, there are further opportunities to optimize light-duty CNG engine configuration, including:


  •Improved piston chamber and intake port design to optimize air motion, turbulence, and fuel mixing for natural gas.


  •Material optimization of intake/exhaust valves and valve seats required when combusting natural gas to reduce wear since natural gas is a low lubrication fuel.


  •Improved exhaust aftertreatment systems to manage the methane emission requirements of natural gas engines to address higher light-off temperatures by considering a need for catalytic convertor precious metal loading, volume, and cell density.


  •Improvements in conventional spark plugs and ignition systems to address potential increased wear due to the greater ignition requirement and the higher spark temperature in natural gas operation.


  •Improved electronics and control systems that are fully integrated with vehicle systems including provisions for full On-Board Diagnostic 2 requirements (refer to Chapter Fourteen, “Natural Gas,” regarding the challenges to conversion).


  •Optimized trade-offs between fuel economy, driving range, and fuel storage costs.


  Recommendations and Next Steps. CNG vehicles are available in many parts of the world. The view of the study is that if some initial production scale could be achieved, then the vehicle premium for CNG vehicles would be dramatically reduced. With the inclusion of CNG in long-term product planning, these vehicles could take advantage of the technology improvements available to gasoline engines, optimized for natural gas. Coupled with low natural gas prices, this could be a compelling value proposition for U.S. consumers. However, given the current production model, current production volumes and lack of refueling infrastructure, this may not happen “naturally.” It is therefore recommended that the research and engineering demonstration activities outlined in this chapter are supported by government and industry as this could enable the development of ground up, CNG-fueled vehicles with technologies optimized specifically for this fuel.


  Electricity: Lithium-Ion Battery Energy Density


  
    Current hurdle assessment (difficulty in resolving):


    •RED for BEV100


    •YELLOW for PHEV40


    •BLUE for PHEV10


    The PHEV10 is rated BLUE because the shorter all-electric range, as well as the ability of the gasoline engine to propel and provide additional power when needed, requires a relatively small battery that causes minimal vehicle compromises. The PHEV40 is YELLOW because the battery is larger than that of the PHEV10, with attendant vehicle compromises. The large size of the battery, the limited vehicle range, and the cost of the vehicle all contribution to the RED rating for the BEV100.

  


  The focus of the technology analysis on batteries has been lithium-ion. Lithium-ion batteries are discussed in detail in Chapter Thirteen, “Electric.” The energy density of lithium-ion chemistries in today’s battery electric vehicle (BEV) models deliver a range of less than 100 miles, which is much lower than equivalent liquid fueled vehicles traveling more than 300 miles on a full tank. Improvements in battery energy density could be used to reduce the cost of the vehicle, making it more competitive to its ICE equivalent, and/or increase the driving range.


  There are two aspects of what is commonly referred to as “energy density”:


  •Specific energy density refers to the amount of “stored” energy per unit mass, typically watt-hours per kilogram.


  •Volumetric energy density refers to the amount of “stored” energy per unit volume, typically watt-hours per liter.


  This distinction is critical as either metric can be the key design driver, depending on the specific vehicle application.


  Figure 4-6 illustrates conceptually the energy density challenges of batteries in automotive applications. For a pure BEV, mass increases significantly as range is extended by increasing the battery size, and even with advances in battery energy density, the curb weight for a small BEV300 would be substantially greater than that of a small gasoline ICE vehicle with a range of 300 miles.
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  Figure 4-6. Small Vehicle Curb Weight as a Function of Range


  Figure 4-7 provides a comparison of energy densities for common electrochemistries and highlights why lithium-ion has become the electrochemistry of choice for today’s electric drive vehicles.
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  Figure 4-7. Energy Densities of Lithium-Ion Batteries


  The total amount of energy that a specific battery technology can deliver or accept is a function of the rate (power) requirement on discharge, recharge, or during energy recuperation (e.g., regenerative braking events). Therefore, the vehicle designer must also understand the functionality between power and energy for a particular battery type (chemistry).


  To improve cell-level energy density, R&D is also needed on higher-capacity anode and cathode materials for lithium-ion batteries. Potential improvements include alternative anode materials with greater energy density, such as silicon and tin, or novel cathode materials such as lithium vanadium phosphate fluoride (LiVPO4F) that operate at higher voltage, thus also increasing energy density. These higher-capacity materials, along with energy storage technologies that have potential for use in electric vehicle applications, are discussed in Topic Paper #17, “Advanced Batteries,” found on the NPC website.


  In addition to cell-level energy density, the battery system designer and powertrain engineer must consider the incremental mass and volume or burden of the non-cell battery system components. These other components include the battery protective casing, thermal management system, etc. Burden is typically defined as the ratio expressed in percent of the non-cell mass or volume to the cell mass or volume. For example, if a battery system has a cell mass of 40 kg and a non-cell mass of 40 kg, the mass burden is 100%. It is not unusual for a battery system volume burden to be well in excess of 100%.


  Recommendations and Next Steps. Based on publicly available references, battery costs by 2020 are likely be in the range of $200 to $500 per kilowatt-hour (see Chapter Thirteen, “Electric”). Costs will drop further past 2020, but not at the pace of cost reduction between 2010 and 2020. This cost reduction in lithium-ion relies heavily on continued R&D. Going forward, optimal battery system design and supporting R&D will need to focus on both the cell and pack level technologies:


  Cell Level


  •Higher-capacity anode and cathode materials for lithium-ion batteries.


  Pack Level


  •The thermal characteristics of the cells and the corresponding size, mass, complexity, and cost of the requisite thermal management subsystem.


  •Advanced thermal management technologies/devices to improve heat transfer rate, temperature uniformity, and volume/mass burden.


  •Uniformity of performance from cell to cell (manufacturing quality), which to a large extent will determine the cost, complexity, mass, and volume of subsystems to monitor and control cell operation during discharge and recharge.


  •Cell geometric format, module packing, and battery enclosure technology and design. There are many opportunities to improve battery system level performance, but these opportunities, to some extent, are tied to the choice of electrochemistry.


  •Strategies for battery monitoring and control, including the hardware burden for sensors, signal wiring, and signal processing.


  The R&D on cell-level lithium-ion improvements and on chemistries other than lithium-ion with higher theoretical energy densities are discussed in Topic Paper #17.


  Electricity: Lithium-Ion Battery Degradation and Longevity


  
    Current hurdle assessment (difficulty in resolving):


    •RED for BEV100


    •YELLOW for PHEV40


    •BLUE for PHEV10


    The longevity of lithium-ion batteries in automotive use is highly uncertain, as the vehicles have only recently been introduced, and as such there is a lack of historical data. In spite of this uncertainty, the PHEV10 and PHEV40 are both rated YELLOW because the decrease in all-electric range from natural battery degradation is compensated by the gasoline engine. The BEV100 is rated RED because the longevity is unknown and the battery degradation leads to a decrease in vehicle range that impacts the consumer.

  


  All batteries experience power and capacity fade over time as functions of cycling and time/temperature. The mechanisms that degrade battery power and capacity vary with battery chemistry, the operating profile and ambient conditions. The main cause of the decrease in battery function in most commercial lithium-ion chemistries, however, is the undesirable side reactions between the electrolyte and active materials on the electrodes. These reactions consume lithium, thereby limiting the lithium available to participate in the desirable discharge/recharge reactions. These irreversible side reactions also result in the formation of films on the active materials that impede ionic and interfacial transfer. For lithium-ion batteries, this degradation increases with temperature and state-of-charge (SOC).


  The vehicle performance ramifications of year-to-year decreases in capacity and power are most significant for BEVs. As battery capacity decreases over time, the allowable SOC swing must increase in order for the battery to deliver the same number of all-electric miles. The expanded SOC swing can accelerate the degradation and decrease battery life. Further, at a low SOC, the battery may not be able to deliver sufficient power to the vehicle. For PHEVs, the ramification of reduced power from the electric motor is not as noticeable to the driver, because as the battery loses capacity and power, the gasoline engine takes on more of the power requirements. There are two ways of measuring battery life: cycle life and calendar life.


  Cycle Life


  The cycle life of a battery is measured by the number of times the battery can be charged and discharged. Some battery chemistries are more sensitive than others to the number of charge-discharge cycles incurred.


  The cycle life of a battery is fundamentally determined by the reversibility of the electrochemical reaction(s) that are responsible for the energy storage. Cycle life degradation effects are more pronounced at elevated temperatures. The key factors responsible for the cycle life are:


  •Mechanical/structural fatigue or failure of the active materials, especially at the microscopic level: materials deteriorate due to the stress, especially cyclic stress-induced fatigue upon charge-discharge cycling.


  •Side reactions of positive and negative electrodes with the electrolyte results in the formation of highly resistive interfacial layers that impede the electrochemical reaction(s) and a loss of active materials (lithium, anode material, cathode material, and electrolyte), which lead to loss of capacity.


  Calendar Life


  The second measure of battery longevity, calendar life, is more straightforward, and is the age of the battery in years. The typical methods to increase the cell calendar life include electrode material structure and surface modification, electrolyte additives, and anode surface modification.


  Temperature Effects


  Battery life is extremely sensitive to the time–temperature characteristics of the vehicle environment, and not just during operation (i.e., storage temperature and key-off soak temperatures are important as well). As a practical matter, the “rule of thumb” employed by battery engineers is that for every 10°C increase in average temperature, battery life will be reduced by 50%. For example, a battery operated at an average temperature of 70°F (21°C) that demonstrates 15 years of calendar life, will, if operated at an average temperature of 106°F (41°C), yield at best 3.8 years of calendar life. It is important to note that thermal management for temperature control functions for both hot and cold environments. In cold operating environments, for example, it can make sense to “heat” the battery to ensure good power (acceleration/regeneration during braking) and range.


  Temperature effects can be countered by:


  •Thermal Management – Keep all cells within a pack at acceptable and similar temperatures.


  •Limiting SOC Swing – Increasing the nominal (total) capacity of the battery and limiting the SOC swing.


  The key for long cycle and calendar life is to reduce the mechanical fatigue, improve stability and reactivity between electrodes and electrolyte, and control the operating conditions of the battery (e.g., temperature, SOC swing, charge rate).


  Recommendations and Next Steps. Although battery management systems, power controls, and thermal management techniques can extend the life of the battery, substantial investment in R&D is needed to alleviate the longevity barrier and to ensure that degradation does not impact the consumer.


  Hydrogen: Compression and Storage Technology for Dispensing


  
    Current hurdle assessment (difficulty in resolving): RED


    Compression. The land, maintenance, and capital required to compress hydrogen to 350 and 700 bar can be significant as well as operationally challenging. A typical hydrogen compression system for fueling requires ~100 square feet of land at a fueling station and should be located where equipment noise is either not a concern or can be buffered.


    Storage. Based on demonstration hydrogen stations built to date, a traditional steel tube storage system with 300 kg storage capacity occupies ~450 square feet of land, not including setback requirements which vary based on site specifics (less than 5 feet to 30 feet for gaseous and 50 feet for liquid hydrogen).


    The compression and storage requirements represent significant footprint requirements at existing retail fueling locations where commercial land is leveraged for revenue generation through convenience stores, auto repair garages, car washes and other offerings. Storage and compression also account for 45–75% of the total cost of hydrogen.

  


  Technology advances are required in both compression and storage to overcome the land requirements as well as bring down the investment cost for the refueling sites.


  Compression for Dispensing


  Current fuel cell electric vehicles (FCEVs) require 350 or 700 bar (5,000 or 10,000 psi) hydrogen. The cost of a compression system can range from 20 to 50% of the total cost of hydrogen fueling infrastructure at a fueling location,[17] as well as require about 100 square feet of additional land footprint. Additionally, based on operating data from demonstration fueling stations, the reliability of high-pressure hydrogen compressors at fueling locations has to date been inadequate for commercial applications as a result of a number of issues including metal fatigue, pressure too low or temperature too high, and hydrogen leaks.


  But some advances have been made in compression technology. For example, one industrial gas provider has made advancements towards the commercial introduction of a high-pressure, high-throughput compressor that uses an ionic fluid and is expected to be more reliable and require less land than comparable traditional compressors. Although this advancement is promising, compression will still require significant land at the station.


  Reducing or eliminating the need for on-site compression through high pressure delivery (>1,000 bar) can address the land, cost, and operating challenges associated with hydrogen compression at a fueling station. Two new on-road hydrogen distribution technologies (composite gaseous tube trailers and dual phase tankers) were introduced in 2010. These new technologies utilize composite gaseous storage tubes and have the capability to increase gaseous hydrogen distribution capacity for each delivery by increasing payload capacity and integrating technologies aboard delivery trucks (refer to Chapter Fifteen, “Hydrogen,” for detail). If deliveries can be made at pressures at or above the pressure needed at the site, the need for on-site compression can be reduced and potentially eliminated.


  Storage systems aboard FCEVs may also advance in the future such that high-pressure dispensing is no longer required. DOE has made significant investment in the development of advanced materials for onboard hydrogen storage. No material has yet been identified which has a high probability of achieving the necessary performance criteria; however, technology development work is continuing. If this or other efforts to reduce or eliminate the need for high-pressure dispensing are successful, they would offer greater flexibility in on-site storage systems development because compression requirements can be based on the need for hydrogen storage capacity on site rather than dispensing pressure.


  Recommendations and Next Steps. Even if the reliability of on-site compression were to improve, addressing all of the current issues required for commercial application, the land requirements will remain a significant challenge. Continued R&D should be invested in solutions to reduce or eliminate the compression requirements on site—e.g., high-pressure deliveries or low-pressure onboard FCEV storage.


  Storage for Dispensing


  At fueling locations, hydrogen is typically stored at ground level in liquid tanks and/or a cascade of steel tubes capable of holding high-pressure hydrogen, commonly >700 bar (10,000 psi). Hydrogen is not typically stored underground due to safety practices that require visual inspection of hydrogen storage vessels, or above ground due to structural requirements and cost.


  Based on demonstration hydrogen stations built to date, a traditional steel tube storage system with 300 kg storage capacity occupies ~450 square feet of land, not including setback requirements, which vary based on site specifics (less than 5 to 30 feet for gaseous and 50 feet for liquid hydrogen). Of the total installed storage capacity of a system, approximately 70–80% is useable as dispensable fuel at service pressure. FCEVs are commonly filled by balancing the pressure within the vehicle’s tank with a pressure in the storage system. Therefore, in order to achieve full fills, some hydrogen must remain in the station’s storage system. Because greater storage capacity than that which is usable must be installed, land and capital requirements must be increased accordingly.


  In the near future, the use of composite versus steel storage tubes, approved by the American Society of Mechanical Engineers in November 2010, is expected to reduce land requirements for a comparable system by ~75%, not including setback requirements. Given limited availability of land at existing fueling locations and the land requirements for contemporary hydrogen fueling equipment, technology advancements are needed for large volume hydrogen dispensing capabilities. However, the integration of low volumes of hydrogen into some existing conventional fueling locations for commercial introduction of FCEVs is feasible and being demonstrated today.


  The cost of a storage system represents a significant portion (>25%) of the total capital required for the hydrogen fueling system. Reducing the cost of this system can materially impact total capital requirements and hydrogen fueling economics.


  Advanced storage systems that require less land and capital are needed for the mass deployment of hydrogen fueling infrastructure. One opportunity is the development of advanced compression technologies that allow for greater utilization of the total installed storage system capacity by drawing low-pressure hydrogen from storage and boosting it to fueling pressures as the FCEV is being fueled.


  On-site storage systems’ costs can be reduced through the development of advanced materials for hydrogen storage, which are not more costly than current steel or composite systems and have greater storage density. Significant efforts have been made to advanced storage material for vehicle storage systems; however, government investments in on-site storage system solutions have been limited. Because on-site systems have different considerations than vehicle storage system, it should not be assumed that advancements in one area will transfer to the other. Therefore, targeted efforts towards on-site storage system advancements could be beneficial.


  Another opportunity is to develop underground storage systems for hydrogen. This development would need to address the concerns and requirements that exist and are reflected in the codes and standards for current underground hydrogen storage systems. Successful development of underground hydrogen storage system would minimize the need for dedicated footprint at a fueling location, similar to conventional fuels today.


  Recommendations and Next Steps. The use of composite vs. steel storage tubes is expected to reduce land requirements for a comparable system by 75% from historical levels. In addition, continued R&D is required on the opportunities described above to overcome this hurdle—e.g., compression technology (boosting), advanced materials, and/or the use of underground storage. Similar to compression technology, although there are options emerging that could resolve this hurdle, the specific path to resolution is not yet clear.


  Hydrogen: Fuel Cell Degradation and Durability


  
    Current hurdle assessment (difficulty in resolving): YELLOW


    Today’s conventional light-duty vehicles typically run for 5,000 hours and cover 150,000 miles. This same 5,000 hours of vehicle run time is the target for FCEVs for commercial introduction. Hydrogen storage systems are expected to prove capable of lasting over the lifetime of their vehicles. Achievement of durability targets for FCEVs therefore rests on a durable fuel cell stack.


    In the laboratory, vehicle fuel cell systems have logged over 7,500 hours of operation, and the maximum projected durability for these laboratory systems exceeds 12,000 hours, further underscoring the potential of the next generation FCEVs to meet a 5,000 hour durability target.

  


  The fuel cell degradation and durability hurdle does not require basic science advancements. This hurdle is expected to be overcome through incremental advancements and engineering.


  Durability is a measure of whether the vehicle performs adequately over its expected lifetime of operation without material degradation in power output. Reliability, another measure that is related to durability, means that the vehicle does not fail suddenly and without warning. Achievement of durability targets for FCEVs rests on a durable fuel cell stack.


  The fuel cell stack can fail in several ways. The electrolyte membrane can physically fail due to stress, chemical attack, or high-current hot spots. A rupture in the membrane, regardless of cause, means the end of stack operation. Membrane physical failure plagued early FCEVs, but improvements over the past few years are moving the industry beyond this failure mode. Durability work now focuses on minimizing stack degradation. When the stack degrades, it loses peak power capacity and it suffers efficiency losses at intermediate power levels. The fuel cell stack, like batteries and all other electrochemical systems, is subject to degradation over usage cycles and calendar life. The goal is not to eliminate this degradation, but rather to slow its rate such that power loss over 5,000 hours (150,000 miles of operation) does not impact the ability of the vehicle to meet its performance targets. This is consistent with the approach currently used to manage conventional vehicle performance degradation.


  A common measurement point in discussing stack degradation is the number of hours until a loss of 10% of original power output. Using this definition, DOE measured stack operating life as shown in Figure 4-8 over the duration of its Controlled Hydrogen Fleet and Infrastructure Demonstration and Validation Project. The maximum projections of stack durability based on on-road data have improved from 950 hours in 2006 to over 2,500 hours in 2009. Although the average durability projection for all fleets in the DOE demonstration is less than 1,100 hours, the maximum projection of 2,500 hours for the best performing second generation fleet well exceeded DOE’s 2009 durability goal of 2,000 hours.
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  Figure 4-8. Comparison of Fuel Cell Vehicle Field and Laboratory Durability Projections


  In the laboratory, vehicle fuel cell systems have logged over 7,500 hours of operation, and the maximum projected durability for these laboratory systems exceeds 12,000 hours, supporting the potential of the next generation FCEVs to meet a 5,000-hour durability target. The next step towards achieving fuel cell durability targets is to deploy next generation FCEVs in real world settings and confirm that on-road performance compares with laboratory projections.


  A majority of the major automotive manufacturers (General Motors, Ford, Toyota, Honda, Nissan, Daimler, and Hyundai) are planning commercial introduction of FCEVs by 2015 in targeted geographies (e.g., United States, Germany, Japan, and South Korea).


  Recommendations and Next Steps. No separate R&D is recommended beyond what the OEMs are doing to prepare for commercial introduction of FCEVs in 2015.


  Medium-/Heavy-Duty Vehicles: Combustion Optimization


  
    Current hurdle assessment (difficulty in resolving): YELLOW


    Combustion optimization is not a single technology but a suite of technologies. Both in-cylinder pressure & fuel injection and gas exchange are YELLOW and friction reduction is BLUE. Although emerging compression ignition technologies is RED, many OEMs have demonstrated this technology. Overall, combustion optimization is YELLOW.

  


  Combustion optimization has the largest potential benefit across all of the medium-/heavy-duty vehicle classes (up to 12% of fuel efficiency savings), including Class 7&8 Combination where most of the fuel is consumed, and is applicable to all classes in the medium-/heavy-duty sector for the lowest relative cost ($0–$7,000 per vehicle). Combustion optimization is also important for the advanced fuel economy potential for heavy-duty CNG/LNG vehicles. Achieving the potential benefits of diesel combustion optimization is dependent on resolving hurdles in four key areas: in-cylinder pressure & fuel injection; gas exchange; emerging compression ignition technologies—homogenous charge compression ignition (HCCI), premixed charge compression ignition (PCCI), reactivity controlled compression ignition (RCCI); and friction reduction.


  Optimizing the combustion event can drive significant improvement in fuel economy in many different ways. Currently, numerous technologies have been deployed that have already increased the efficiency of the combustion event; most future technology developments will consist of “pushing the envelope” on these existing technologies.


  The National Academies has identified four major ways of optimizing the combustion event:


  •Reduce heat transfer and exhaust losses. Such losses can be reduced through increasing fuel injection pressure and cylinder pressure. Industry norms for fuel injection pressure are currently 1,800–2,200 bar (26,000–32,000 psi) while cylinder peak pressures are typically in the 140–200 bar range. Increasing fuel injection pressure up to 4,000 bar (58,000 psi) along with improvements in number of injections per cycle and rate shaping can improve fuel consumption by 1–4%. Similar increases in cylinder pressure can also yield a 1–4% fuel consumption improvement. On-Board Diagnostics (OBD) with associated sensors and closed loop controls can complement these pressure increases yielding additional benefits. In tandem, these mechanisms can lead to a 4–6% improvement in fuel consumption at an incremental cost of $2,000 and $3,000 for 6–9 liter displacement engines and 9–11 liter displacement engines, respectively. It should be noted that, while OBD technology is scheduled to be mandated as of 2013, commercially available fuel systems peak at roughly 3,000 bar (44,000 psi) capability.


  •Reduce gas exchange losses. Several evolving technologies can lead to reduced gas exchange losses and therefore to improved fuel economy. Variable valve actuation (VVA), advanced low-temperature exhaust gas recirculation, and improved efficiency in turbocharging (e.g., through supercharging) can lead to fuel economy improvements of 3–4% at an incremental cost of $2,000. These base technologies have all been developed but have seen limited commercial deployment.


  •Reduce parasitic and accessory loads. Reducing the energy draw from accessory loads leads to improved fuel economy. Alternative power sources will be addressed in the chapters in Part 2 of this report. But incremental improvements on traditionally powered accessories (e.g., through variable displacement pumps) can yield fuel economy improvements as high as 2.5% for incremental costs of $700.


  •Finally, continue to reduce friction through improvements in lubricants and bearings, which can yield fuel economy improvements of up to 2% at incremental costs of $500.


  Combining this suite of technologies can yield fuel economy improvements of up to 12% across applications for combined incremental costs of $6,000 and $7,000 for medium- and heavy-duty applications, respectively. All of these improvements can be realized through continued, incremental improvements on existing technologies; increasing fuel injection pressure to 4,000 bar is the most significant technology hurdle.


  Recommendations and Next Steps. Achieving the potential benefits of combustion optimization is dependent upon resolving hurdles in four key areas summarized in Table 4-8. If the hurdles are overcome, then combustion optimization could improve fuel efficiency from 4.5 to 12% at a cost of $0–$7,000.
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  Table 4-8. Diesel Combustion Optimization Hurdles


  The primary recommendation is continued RD&D from government and industry in the emerging compression ignition technologies. Refer to Topic Paper #6, “Low Temperature Combustion,” on the NPC website for a further discussion of this topic.


  Potential Benefits of Investing in Priority Technology Hurdles


  The integrated modeling in this study provides an outlook of vehicle and fuel cost for each fuel-vehicle system. That analysis assumes all 12 priority technical hurdles are overcome. The modeled costs are at a fuel-vehicle system level (e.g., BEV100) vs. component technology or hurdle level (e.g., lithium-ion battery longevity), and are based on the technical analysis in the subgroup chapters.


  Light-Duty Fuel-Vehicle Systems


  If the eleven light-duty specific priority technology hurdles are resolved, then there could be significant cost reductions across all of the fuel-vehicle systems. Figure 4-9 shows the estimated 2015 and 2050 cost per mile of the different systems. The driving cost per mile is made up of vehicle plus fuel costs.
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  Figure 4-9. Cost of Driving Estimates Assuming Technology Hurdles are Resolved


  There is a significant variation in 2015 costs, with PHEV40s, BEVs, and FCEVs significantly more expensive than the ICE equivalents. If the light-duty vehicle hurdles are resolved, then all of the alternative fuel-vehicle systems could be competitive with a gasoline ICE in 2050. In Figure 4-9, each of the fuel-vehicle systems has an estimated cost of driving (vehicle and fuel cost) in 2050 based on the VISION 2050 Reference Case assumption.


  The length of the bar shows the potential range of costs and represents the band of uncertainty associated with implementing the technology for each system. BEVs and FCEVs have the largest uncertainty in estimating future cost per mile. For the BEVs, the key uncertainty is in estimating the future battery costs. For the FCEVs, there is uncertainty in both the fuel cell vehicle as well as in the refueling infrastructure costs (compression and storage).


  In the case of biofuels, fuel costs are presumed to equal the cost of gasoline. Therefore, there is no difference in the cost of different blends or types of biofuels.


  The impact of low-cost lightweighting is included in the cost reduction between 2015 and 2050. Each fuel-vehicle system balances vehicle cost and fuel efficiency, using the amount of lightweighting optimizes economics.


  One outlier to highlight is the low cost per mile of CNG relative to the other fuel-vehicle systems. This is driven by the projection of natural gas costs relative to oil costs in the Energy Information Administration’s (EIA) Annual Energy Outlook 2010 (AEO2010).


  The impact on GHG is much more varied across the fuel-vehicle systems. Figure 4-10 shows the CO2e/mile of the different systems in 2050. The CO2e/mile is composed of fuel carbon intensity divided by vehicle fuel efficiency.
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  Figure 4-10. Comparison of CO2e Ranges in 2050 for Light-Duty Fuel-Vehicle Systems


  The comparison of CO2e/mile characteristics shows that advance biofuels have lower CO2e grams/mile than any of the other fuel-vehicle systems, if potential indirect land use change impacts are not considered. However, there is a supply constraint with advanced biofuel. FCEVs using hydrogen produced from natural gas steam methane reforming have the next lowest CO2e/mile emissions. CNG and PHEV/BEV have similar CO2e grams/mile. Important points to highlight are:


  •PHEV/BEV assumes the electricity generation sources used in the AEO2010 Reference Case. A less carbon intensive grid—a “greener grid”—would have a significant impact on CO2e grams/mile of PHEV/BEV but it may also come at a higher cost per mile. Modeling a greener grid was beyond the scope of this study.


  •Biomass or landfill gas sources of CNG were also not included in this analysis, and hence their potential benefit in terms of CO2e reduction is also not accounted for.


  •Similarly, hydrogen from renewable sources, or from steam methane reforming combined with carbon capture and sequestration, was beyond the scope of this study, but would be expected to significantly reduce the GHG impact of FCEVs.


  The potential reductions in $/mile and CO2e/mile is based on the cost and GHG data for each fuel-vehicle system. The potential reductions in $/mile and CO2e/mile and difficulty coding of the priority technology hurdles is illustrated in Figure 4-11.
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  Figure 4-11. Comparison of Inputs: Percent Reduction in GHG and Percent Reduction in Cost of Driving


  The x-axis is the reduction in the cost of driving. This is defined as the difference between the minimum and maximum (min/max) of the gasoline ICE cost per mile and the min/max of each fuel-vehicle system cost per mile. The width of the rectangle represents the extreme points—i.e., the difference between lowest ICE cost (min) and the highest alternative fuel-vehicle system (max) and the difference between the highest ICE cost and the lowest alternative fuel-vehicle system. Similarly, the y-axis is the reduction in CO2e/mile and represents the difference between the min/max of the gasoline ICE CO2e/mile and the min/max of each vehicle/fuel technology CO2e/mile. To the right is a reduction in cost of driving and upwards is a reduction in GHG. The shaded area represents improvement (i.e., the top right of the chart represents the highest reduction in cost and GHG). For example, if the light-duty CNG vehicle hurdle “Leverage Liquid ICE Fuel Economy Technology” is resolved, the potential reduction in driving cost compared to an ICE is approximately 20% and the reduction in GHG approximately 30%.


  Light-Duty Fuel-Vehicle System Portfolios


  To understand the relative impact of technology advancement for a single fuel-vehicle system on the cost of driving and GHG for the overall fleet, the light-duty integrated analysis portfolio calculations can be used—the methodology, tools, and results of which are described in Chapter Two, “Light-Duty Vehicles.” Each fuel-vehicle system is compared to the gasoline ICE baseline. Figure 4-12 shows the potential cost per mile and GHG reduction that the individual technology can achieve compared to what can be achieved by the gasoline ICE. The difference in the overall fleet comparison is the consideration of the potential market shares that can be achieved by a fuel-vehicle system in the fleet. This analysis represents the greatest potential impact to $/mile and CO2e/mile in the overall fleet because the fuel-vehicle systems do not compete with each other (e.g., electricity is not compared to hydrogen). Important notes:


  •The ICE only portfolio includes hybrid electric vehicles (HEVs). Although HEVs use a battery, the cut-off for electric was determined by the plug. It is acknowledged that HEVs do have a relationship with electric and could enable a transition to electric, particularly for PHEVs.


  •Full availability of vehicles by 2020 is assumed for all fuel-vehicle systems.


  •CNG uses the AEO industrial gas price relative to oil assumptions as the feedstock cost.


  •Transition costs and barriers are not considered in this analysis (i.e., infrastructure development is funded and fully utilized from the beginning). This assumption is discussed in more detail in Chapter Five, “Infrastructure.”
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  Figure 4-12. Relative Impact of Technology on ICE Only Case (Reference Oil Price)


  Figure 4-12 is the same chart type as 4-11, but adjusted for the assumed market shares of the different fuel-vehicle systems. The consideration of market shares (and existing fleet characteristics) has reduced the potential impact of all of the individual systems.


  •The largest potential CO2e/mile reduction is achieved by overcoming the various hurdles associated with using lignocellulosic feedstock (reduction of 20–40%). Although those relating to biochemical production are YELLOW, there are still a significant number of hurdles to overcome.


  •Of CNG, PEVs, and FCEVs, CNG has the lowest technical challenge (YELLOW hurdle) and has the potential to reduce cost of driving and GHG by over 10%. However, CNG has other nontechnical challenges that are discussed in Chapter Five, “Infrastructure,” as well as Chapter Fourteen, “Natural Gas.”


  •FCEVs and PEVs have similar potential to reduce cost of driving by ~10% and GHG by ~10% with wide range of uncertainty and RED hurdles.


  Low-Cost Lightweighting


  Unlike the other priority hurdles that are specific to a fuel-vehicle system, low-cost lightweighting can impact multiple fuel-vehicle systems. Uncertainty in the cost of lightweighting accounts for most of the variation in the range of retail price equivalent for increased fuel economy of vehicles with liquid ICE propulsion (refer to Chapter Nine, “Light-Duty Engines and Vehicles”) and, at the lower end of cost estimates, lightweighting could have an impact on other fuel-vehicle systems. To estimate the benefits, the NPC considered the extent of lightweighting available to all fuel-vehicle systems at high cost vs. low cost. Using the integrated analysis portfolios, the study team compared the difference in the cost of driving in the portfolio with all the technologies, varying only the cost of lightweighting. This comparison (illustrated in Figure 4-13) is meant to illustrate the impact that low-cost lightweighing can have if it is available to all fuel-vehicle systems. One point to note is that the reduction in GHG does not include the manufacturing process of new lightweight materials.
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  Figure 4-13. Impact of Low-Cost Lightweighting (Compared to High-Cost Lightweighting)


  Comparison of Difficulty in Overcoming Technology Hurdles


  This section has so far focused on highlighting the potential benefits of the 11 light-duty priority technology hurdles. The level of difficulty has been noted by the color coding in the previous charts. Table 4-9 aims to present the data from the perspective of difficulty and underscores the point that significant effort by government and industry will be required to overcome the hurdles and provide access to the potential benefits.
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  Table 4-9. Technology Hurdles


  Medium- and Heavy-Duty Vehicles


  Medium- and heavy-duty vehicles do not have the large number of competing fuel-vehicle system that exist in the light-duty sector. The 12th priority technology hurdle, combustion optimization, has the largest potential impact on fuel consumption and GHG because of its potential fuel savings, wide applicability across all medium- and heavy-duty classes, and relevancy to natural gas vehicle platforms. Combustion optimization may also require relatively lower levels of investment than some of the other logistical and production intensive hurdles.


  Achieving the potential benefits of combustion optimization is dependent on resolving technology hurdles in four key areas:


  •In-cylinder pressure & fuel injection


  •Gas exchange


  •Emerging compression ignition technologies (HCCI/PCCI/RCCI)


  •Friction reduction.


  If the technology hurdles are overcome, then combustion optimization could improve fuel efficiency from 4.5 to 12% at a cost of $0 to $7,000.


  It is important to note that the payback of combustion optimization depends on the medium-/heavy-duty vehicle class. For the percentages of medium-/heavy-duty vehicle fuel consumption shares, see Figure 4-14. It is estimated by the EIA that Class 3-6 trucks represent almost 4 million vehicles on the road today, and the Study Reference Case projects they will grow to over 11 million by 2050. Applications range from minibuses, step vans, and utility vans in Classes 2b and 3 to city delivery trucks and buses in Classes 4, 5, and 6. These vehicles consume from as little as 1,000 gallons per year for some Class 2b applications up to 7,000 gallons per year for some Class 6 applications.
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  Figure 4-14. Medium- and Heavy-Duty Vehicle Fuel Consumption Shares


  Class 7&8 trucks account for over 4.5 million units and are expected to grow to over 7 million in 2050 in the Reference Case. Classes 7 and 8a trucks include buses, dump trucks, trash trucks, and other hauling trucks. These trucks represent heavy working trucks consuming typically 6,000–8,000 gallons of fuel per year for Class 7 and 10,000–13,000 gallons of fuel per year for Class 8a. Class 8b trucks are typically long-haul trucks weighing more than 33,000 pounds that have one or more trailers for flatbed, van, refrigerated, and liquid bulk. These trucks typically consume 19,000–27,000 gallons of fuel per year and account for more than 50% of the total freight tonnage moved by trucks.


  Therefore, although combustion optimization is applicable to all medium- and heavy-duty classes, because it impacts Class 7&8 Combination where most of the fuel in the medium-/heavy-duty sector is consumed, its impact on fuel consumption will be significant as illustrated in Figure 4-15.


  [image: ]


  Figure 4-15. Impact of Combustion Optimization on Total Fleet Fuel Consumption (Assuming 12% Fuel Efficiency Improvement)


  The payback of an investment in combustion optimization varies depending on the average miles per year. Even at the highest estimated cost of $7,000 per vehicle, the payback period for combustion optimization in Class 7&8 would be two years or less. Figure 4-16 compares the fuel savings resulting from an investment in combustion optimization for each vehicle class.
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  Figure 4-16. Impact of Combustion Optimization on Annual Fuel Cost (Assuming 12% Fuel Efficiency, $7,000 Cost, AEO2010 Fuel Price)


  Technology Transition Costs


  One of the premises in the approach to analyzing the supply chain and technology hurdles was to push or accelerate each technology as far as feasible to understand what the technology could deliver in terms of $/mile and CO2e/mile for light-duty vehicles and reduction in fuel use for medium-/heavy-duty vehicles if the technology hurdles were overcome. Significant effort was made to ensure that the assessment of the difficulty (i.e., the coding of RED, YELLOW, and BLUE) was consistently applied across the technology hurdles.


  This approach, however, does not consider the full transition costs of the fuel-vehicle systems. Each fuel-vehicle system has a unique set of hurdles, and the optimal transition pathway for each technology will be different. Much of the discussion on what must be done to resolve the hurdles is contained in the individual chapters. Chapter Five, “Infrastructure,” also has a significant discussion on the infrastructure development transition costs and why it has not been included in the analysis. It would not be possible, in the scope of this study, to quantify the transition costs (either R&D or infrastructure utilization) in a way that they are comparable or consistent. Therefore, any quantification has been excluded in the integrated analysis. However, it is recognized that to resolve all the priority technology hurdles and achieve the estimated 2050 costs, the effort and investment will be significant and should not be underestimated.


  Disruptive Innovations


  Research and development in disruptive innovations[18] is an area where the Department of Energy has historically played a significant role. Disruptive innovations are early in the development cycle and require invention. They are high risk in that only a small percentage is able to move from basic research to commercial production. In addition, the development path can take decades. Given the high risk, high uncertainty, and long-term commitment required, it is often difficult for industry, outside of a government-sponsored program, to fund development in these areas.


  Some innovations still in R&D were considered by this study to be not yet mature enough to analyze in the fuel-vehicle systems under review. These innovations, however, could mature and be disruptive, either by advantaging a specific pathway or creating a completely new pathway. As a result, the study commissioned topic papers on some of these disruptive innovations and provides overview descriptions of six such disruptive innovations as examples. It is important to note that the list of disruptive innovations is not exhaustive, and to some extent, reflects what the study team were able to staff. There are many disruptive innovations not included below.


  Table 4-10 lists some of the disruptive innovations for which topic papers were commissioned. The table is not an exhaustive list. The disruptive innovations listed in Table 4-10 are not required for wide-scale commercialization of the fuel-vehicle systems considered in this study. However, they do represent “disruptive” opportunities that would shift the cost curve of the relevant fuel-vehicle system and create significant future advantage. They were not considered in the core technology analysis because they are highly uncertain and, unless there is a breakthrough, may not achieve wide-scale commercialization.
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  Table 4-10. Disruptive Innovations


  The following are six examples of disruptive innovations. They are also more fully developed in the topic papers for this study, listed in Appendix 4D at the end of this chapter and found on the NPC website.


  Advanced Batteries – Beyond Lithium-Ion


  This section provides an overview of current advanced battery research. Refer to Topic Paper #17, “Advanced Batteries,” on the NPC website for a more detailed discussion.


  Lithium-ion was the basis of the cost and performance estimates used in Chapter Thirteen, “Electric.” Aggressive improvements have been assumed, bringing the low end of the range of estimates to just over $200 per kilowatt-hour at the pack level. This is in line with the most aggressive estimates of lithium-ion improvements. However, even at this level, there will be challenges on cost and range because of the inherent energy density of lithium-ion batteries.


  Figure 4-17 illustrates the justified optimism and interest in exploring higher energy density electrochemistries beyond lithium-ion. As indicated, the theoretical specific energies of electrochemistries such as lithium-sulfur, lithium-air, zinc-air, etc., are well beyond that of lithium-ion. However, this optimism must be tempered with the reality that:


  •Theoretical specific energy at a cell level is not achievable.


  •System level burdens will further reduce these performance metrics.
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  Figure 4-17. Comparison of Specific Energy for Various Battery Chemistries


  In addition to new chemistries, there is significant research on anode and cathode technology to dramatically improve lithium-ion systems as well as the use of capacitors. Topic Paper #17, “Advanced Batteries,” describes the technologies in R&D. (See Table 4-11 for a summary of the technologies reviewed in the topic paper.)
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  Table 4-11. Summary of Technologies Reviewed in the “Advanced Batteries” Topic Paper


  Impact on Relevant Fuel-Vehicle Systems. Breakthroughs in any of the battery technologies described in this section could have a significant impact on the competitiveness of electrification for transport due to improvements in energy density, battery life, and costs.


  Advanced Storage Technologies for Natural Gas and Hydrogen


  On-board fuel storage remains a key technical barrier to widespread commercialization of natural gas and hydrogen-fueled vehicles. Current storage applications for both fuels rely on compression or liquefaction, both of which have cost and performance barriers. This has led to dedicated research into alternative, low-pressure gas storage technologies that aim to meet performance and cost targets to support widespread hydrogen and natural gas vehicle deployment. This section provides a short overview of current research; refer to Topic Paper #24, “Advanced Storage Technologies for Hydrogen and Natural Gas,” on the NPC website for a more detailed discussion.


  Disruptive storage technologies seek to bypass the pressure and thermal challenges of traditional storage technologies by utilizing the chemical and physical properties of certain materials to store gas at low pressure and moderate temperatures. The common approach involves holding the hydrogen or methane atoms or molecules in storage materials that allow a greater density of fuel by adsorbing onto the material surface, absorbing into the material, or storing the fuel as a chemical compound. Using such technologies for hydrogen, it is possible to achieve volumetric and gravimetric storage densities rivaling liquid hydrogen because the H2 molecule is dissociated into atomic hydrogen within the material, such as a metal hydride.


  A range of materials is currently being assessed across these fuel-vehicle systems. This technology works by loading the gas into and forcing it out of the material by applying changes to pressure or temperature, or through a chemical reaction. Storage in materials offers great promise, but additional research is required to better understand the storage mechanism under practical operating conditions and to overcome critical challenges related to storage capacity, the uptake and release of the stored gas (i.e., kinetics), management of heat during refueling, system costs, and life-cycle impacts.


  Impact on Relevant Fuel-Vehicle Systems. Breakthroughs in the storage technologies described could significantly improve the competitiveness of CNG vehicles and FCEVs. However, in assessing disruptive storage technologies, a systems approach must be taken, looking at all benefits and costs. In addition, if significant infrastructure is built for high-pressure or liquefied fuel supply chains, transformation costs and support for legacy systems must be considered.


  Genetic Engineering to Add Traits that are Not Natural to the Feedstock


  Agricultural practices that are both intensive and sustainable are needed to keep pace with humankind’s demand for food and energy while maintaining critical environmental services. Agronomy cannot be viewed as a static field. Rapid and continual changes are needed to meet increasing production and environmental demand, while coping with changing climates and the age old problem of evolving insect, disease, and weed populations.


  Research that promotes the dual goals of productivity gains and improved environmental stewardship will need to be supported at higher levels by government, industry, farmers, and the public. A key component of this research will include new traits, developed through selective breeding, genetic engineering, agronomic research or a combination of these technologies. Some of the traits relevant to yield and stewardship improvements of both conventional and non-conventional crops include:


  •Frost tolerance and the ability to germinate at colder temperatures


  •Drought and heat tolerances


  •Nutrient use efficiency


  •Cropping systems, such as the use of cover crops


  •Saltwater tolerance


  •Perenniality for crops such as corn and wheat


  •Nitrogen fixation


  •Plant-mediated and exogenous manipulation of rhizosphere microbial populations


  •Increased photosynthetic efficiency


  •Maintained photosynthetic efficiency during grain fill


  •Controlled senescence of energy crop biomass, both annual and perennial


  •Development of output traits that improve utility per unit dry matter.


  While this list is not meant to be comprehensive, it illuminates the potential extent to which an increased understanding of how nature has been able to adapt plants to every environment will help our agricultural and forestry industries develop crops for increased yields with less intensive inputs. Most of the solutions that will be needed are already out there in the biosphere; the task is to recognize and deploy them to meet a growing global demand. More detail can be found in Topic Paper #11, “Genetic Engineering to Add Traits Not Natural to the Feedstock,” on the NPC website.


  Impact on Relevant Fuel-Vehicle Systems. Progress in this disruptive innovation will advantage biofuels, improving the yields and reducing the costs of using biomass to support the increased demand in for both food and fuel.


  Non-Precious Metal Catalyst for Oxygen Reduction in PEM Fuel Cells


  Due to the high cost of platinum, there has been considerable research on non-precious metal catalysts. However, none of the catalysts reported in the literature fully meet the requirements of electrocatalysts for oxygen reduction in proton exchange membrane (PEM) fuel cells due to:


  •Low catalytic activity


  •Poor stability


  •Low selectivity toward four-electron reduction of oxygen to water (large amount of hydrogen peroxide >5%)


  •High electronic resistance.


  A new method is under development for the synthesis of nitrogen-modified carbon-based catalysts for oxygen reduction in PEM fuel cells. The synthesis process involves the modification of the carbon surface with nitrogen-containing organic precursors followed by heat-treatment at elevated temperatures. An optimized nitrogen-doped catalyst shows an onset potential for oxygen reduction as high as 0.9 V vs. Normal Hydrogen Electrode (NHE) in 0.5 moles/liter concentration sulfuric acid solution similar to that of platinum. More detail on this technology can be found in Topic Paper #23, “Development of Non-Precious Metal Catalyst for Oxygen Reduction in PEM Fuel Cells,” on the NPC website.


  Impact on Relevant Fuel-Vehicle Systems. Replacing platinum in fuel cells with non-precious metals would dramatically reduce costs and significantly increase the competitiveness of FCEVs.


  Ultra-Lightweighting


  The NPC study team analyzed low-cost lightweighting up to approximately 20–30%. The upper percentage was largely limited by the reference material that provided the cost and fuel efficiency information within this range. In the modeling of fleet characteristics, most fuel-vehicle systems found benefit from lightweighting at the lower end of the cost/benefit curve. Lightweighting in the 50–70% range was beyond the scope of the study and falls within research and design strategies often referred to as ultra-lightweighting.


  The Rocky Mountain Institute (RMI) has long been a proponent of ultra-lightweighting. Within their work, 10 main barriers have been identified that need to be overcome to achieve 50–70% lightweighting.[19] These are covered in greater detail in Topic Paper #7, “Mass-Market Adoption of Ultralightweight Automobiles,” on the NPC website. Primary areas of focus from RMI’s work are:


  •“Clean sheet” design and engineering


  •Integrated design process that supports optimization across the entire vehicle system vs. optimizing the design of specific parts


  •Exploiting mass decompounding cycles through recursive design that shrinks and even eliminates components and subsystems


  •Maximizing unique characteristics of carbon fiber, anisotropic structures with strength and stiffness in different directions


  •Using modern, virtual tools for structural analysis and crash simulation


  •Redefining and redesigning the parts supply chain


  •Retraining engineers used to working with steel and changing the cultural biases towards specific materials and systems.


  RMI applied these strategies in its Revolution concept car, which emphasized a design based on achieving low mass. The structure was carbon fiber intensive. Mechanical vehicle dynamic components were replaced with electronics. The Revolution concept had an overall 50% mass reduction compared to a gasoline ICE benchmark.


  Impact on Relevant Fuel-Vehicle Systems. The examples of “ultra-lightweight” concept cars provide a glimpse of what is possible with a clean sheet. But before there can be wide-scale adoption of “ultra-lightweighting” in the percentages described by RMI, low-cost lightweighting as described in the twelve priority technology hurdles needs to be achieved. Wide-scale commercialization at these levels will pave the way for the operating model, design, engineering, and supply chain solutions that will make lightweighting at higher percentages possible.


  Smart Vehicle and Infrastructure (to Reduce Congestion)


  The five disruptive innovations above focus on individual components of overall vehicle and infrastructure systems that, if realized, could significantly change the prospects of one or a number of alternative fuel-vehicle systems. The final example of disruptive innovation, Smart Vehicle and Infrastructure, is different as it addresses the overall system, rather than an individual component.


  There are three key categories where fuel economy can be improved and thus reduce greenhouse gases; the fuel-vehicle system, the driver’s habits, and the transportation infrastructure. In addition to improvements to the internal combustion engine to improve fuel economy and reduce GHG emissions, there are information and communication technologies that can also be incorporated into the vehicle and the surrounding transportation infrastructure to further improve fuel efficiency and reduce GHG emissions. The application of “telematics,” or the integration of telecommunication and informatics, has generated the possibility for the vehicle to communicate with the road infrastructure, for vehicles to communicate with each other, and for vehicles to obtain this information about the traffic environment in which it is operating. This section provides a short overview of smart vehicles and infrastructure activity and research. Refer to Topic Paper #5, “The Connected Car,” on the NPC website for more details.


  The push behind “connected vehicles” is to ensure that cars are driving smoothly, safely, and efficiently by reducing congestion and fuel consumption. Integrated information and communication technologies make up what is known as an “Intelligent Transportation System.” Real-time traffic data can be transmitted from field sensors, RFID readers, or cameras, and integrated into the traffic management software and traffic control center. This integrated view can allow control centers to facilitate availability of information back to vehicles directly in on board units or internet-enabled phones to allow travel choices and can intelligently and adaptively manage traffic flow through traffic signal changes to optimize road networks and reduce congestion.


  A connected vehicle can be equipped with GPS, maps, cameras, radar, lasers, and sensors that figure out where the vehicle is and convey information about the surrounding traffic and how to get to its destination. In addition, a more advanced “autonomous” self-driving vehicle may be equipped with additional advanced decision-making software. The information received and conveyed from the multiple “connected” cars on the highway allows for the car to follow traffic speeds and signals, sense other vehicles, make room for merging vehicles, pass other vehicles, adjust a vehicle’s velocity, and choose alternate routes.


  In addition to the communication infrastructure to transmit data, sensors and monitoring devices must be deployed throughout travel routes to gather data from passing vehicles and an integrated transportation center must be created to analyze the data and provide “best options” to drivers. Several such monitoring devices and control networks are already available. For example, infrared emitting and receiving units that collect and provide information and traffic monitoring at signal junctions and motorways.


  Beyond providing information between vehicles and infrastructure to improve safety and reduce congestion, the Intelligent Transportation System could also one day function as an automated highway system to significantly increase highway throughput (vehicles per lane per hour moving along the highway).


  Impact on Relevant Fuel-Vehicle Systems. The increased use of Smart vehicles and infrastructure could increase the safety of vehicles and reduce fuel consumption. This will have an impact on the type of vehicles that are built (e.g., mass requirements may be different if cars are safer), on the emissions legislation in these areas (reduced congestion results in less pollution and fuel consumption), and on demand.


  Supplemental Topics


  The following potential innovations and areas of research could materially impact development and progression of the fuel-vehicle systems under review for this study. Topic papers have been provided on supplemental topics that the study subgroups found to offer important potential. These topic papers can be found on the NPC website and a complete list can be found in Appendix 4D at the end of this chapter. Topic paper abstracts can be found in Appendix C at the back of Part 2 of this report.


  The list in Table 4-12 has been provided because these topics may be of interest to readers. This list also provides insights into the depth and range of technologies consider in this study.
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  Table 4-12. Examples of Subgroup Topic Papers


  FINDINGS


  
    Twelve Priority Technology hurdles were identified that must be overcome for wide-scale commercialization of advanced fuel-vehicle systems by 2050.

  


  •There are circumstances when all vehicle technology systems can achieve wide commercialization if there is sustained R&D investment to resolve the technology hurdles and if transition hurdles are overcome.


  •The largest potential CO2e/mile reduction is achieved by overcoming the various technology hurdles associated with using lignocellulosic feedstock.


  –Biochemical hyrolysis is the process of using enzymes on pretreated lignocellulosic materials to break down complex cellulose into component sugars. Currently, the volume of enzymes required to break down cellulose is significantly higher than is used in corn ethanol production.


  –Fermentation of C5 and C6 sugars simultaneously is still a challenge. Fermentation of pentose (five carbon) sugars to a fuel product (or other value-added product) is critical to the economic viability of a cellulosic biofuel plant.


  –Lignocellulose logistics/densification, including long-term storage and transportation to conversion facilities is a problem that has not yet been solved. Biomass is a relatively localized product and this is especially the case for crop residues and grasses. The cost and inefficient delivery of the feedstocks to centralized plants has placed severe limitations on the economies of scale of biomass conversion plants.


  –Pyrolysis is a thermochemical alternative to the biochemical conversion processes. Pyrolysis produces a bio-oil that can then be transported and further processed in a refinery. Pyrolysis can be done on a smaller scale, and so does not rely on densification.


  •Low-cost lightweighting has the potential to reduce GHG and cost of driving and is relevant to all fuel-vehicle systems, but overcoming challenges will require progress in many areas of development.


  •CNG has the lowest technical challenge. The Leverage Liquid ICE Fuel Economy Technology hurdle relates to CNG adopting and continuing to leverage the relevant ICE fuel efficiency improvements. If CNG is able to optimize around the ICE fuel efficiency technologies, the vehicle premium of CNG vehicles over ICE vehicles could be reduced through improved fuel economy and reduction in fuel storage. CNG has non-technical hurdles primarily related to infrastructure. The transition to fully OEM-developed and produced NGVs is critical in enabling wide-scale adoption of NGVs in the marketplace.


  •Among PEVs, priority hurdles exist within the battery, which represents both the technology hurdles (lithium-ion energy density and longevity). The Advanced Battery emphasis in disruptive innovations may also provide solutions to these hurdles.


  •The FCEV is unique among the fuel-vehicle systems and has technical hurdles in both the vehicle, to extend fuel cell durability and life, and more significantly in compression and storage infrastructure. Advanced storage systems that require less land and capital are needed for the mass deployment of hydrogen fueling infrastructure.


  •Medium- and heavy-duty vehicles face hurdles in Combustion Optimization, which includes a suite of technologies that can be combined for improved fuel economy. Combustion Optimization is also important for achieving the Advanced Fuel Economy Potential for heavy-duty CNG/LNG vehicles.


  
    A broad portfolio of technology options provides the opportunity to benefit from potential Disruptive Innovations.

  


  •Disruptive innovations have not been considered in the range of cost estimates for 2050 because they are early stage technologies with high uncertainty. It could be decades for a disruptive innovation to move through basic research, applied research, production engineering, and finally production.
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  This study is unique in that it compares and evaluates very different technologies. This appendix supplements the Methodology section in the chapter and focuses on:


  •Explaining the team structure and how technology expertise was structurally built into the teams at all levels


  •Describing the approach to ensure the consistency in the assessment of the levels of difficulty in overcoming each hurdle


  •Highlighting the common hurdles across the fuel-vehicle systems.


  TECHNOLOGY TEAM STRUCTURE


  From the beginning, the technology approach sought to ensure that the evaluation of technologies was a rigorous as possible and involved the leading scientists in all areas. The Methodology section of this chapter described the expert review panel. In addition to the expert review panel, the other components of the technology team structure included:


  •Core team of the Assistant Chairs of all the technology groups. This group, referred to as the Technology Task Group, ensured comparability of the analysis.


  •Experts in the technology teams. In addition to the expert review panel, each technology had their own experts as part of their core team.


  •Experts who contributed topic papers. In each area, e.g., low-temperature combustion, advanced batteries, etc., the NPC sought leading industry experts to write the papers. Refer to Appendix 4D for the authors of the topic papers.


  APPROACH TO ENSURING CONSISTENCY IN DIFFICULTY CODING


  As described in the Methodology section of this chapter, the color coding denotes the current level of difficulty. No RED or no YELLOW hurdles means that no further significant investment or effort is required. As pointed out by the expert review panel, you cannot ask for significant R&D support for a technology and have no RED hurdles—this would be contradictory. It is expected that RED hurdles will take more effort and investment than YELLOW. An all-BLUE chart would indicate that no significant government or private actions are needed to achieve wide-scale commercialization.


  Subgroup Evaluation


  Each subgroup assessed each hurdle using the definitions provided for technology and nontechnology hurdles, based on literature and/or the collective view of each subgroup. The evidence for this assessment is provided in the chapter. In particular, there is a fairly robust discussion in the chapter on any RED hurdles and all priority hurdles.


  Comparison of Treatment of RED Technology Hurdles in Subgroup Chapters


  Additional emphasis was placed on comparing the RED technology hurdles in the subgroup chapters. Key areas of comparison were:


  •Importance of technology breakthroughs for wide-scale commercialization of the fuel-vehicle system


  •Level of technical detail in the description of key technical areas


  •Assumptions on technology evolution.


  Peer Review, All Subgroup Assistant Chairs, Box-by-Box Comparison of Level of Detail and Optimism


  Significant effort was spent by all of the Subgroup Assistant Chairs on this activity. Together with the Technology Task Group Chair and Assistant Chair, every hurdle was reviewed by the group representing all content areas, comparing across the charts to ensure that the hurdles:


  •Were consistent in level of detail


  •Had consistent evidence for RED, YELLOW, BLUE coding.


  In addition, key differences in coding were discussed, so that there was a common basis of understanding. For example, why compression is YELLOW for natural gas, but RED for hydrogen.


  Expert Reviews


  The expert review panel reviewed the coding of the subgroup hurdles in the first, second, and third expert reviews.


  COMMON HURDLES FOR NATURAL GAS, ELECTRICITY, AND HYDROGEN


  The hurdles highlight the areas that will impact wide-scale commercialization of these technologies. Many hurdles are unique to the vehicle-fuel pathway, but there are some that are common for natural gas, electricity, and hydrogen. These common hurdles are listed in Table 4A-1. In the hurdle charts for these three technologies, there is the same generic definition, but in some cases this definition has been translated to a lower level of detail into something more meaningful and specific for the vehicle/fuel pathway.
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  Table 4A-1. Common Hurdles
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  Engines & Vehicles


  Figure 4B-1. Hurdles for Light-Duty Engines and Vehicles


  Biofuels


  Figure 4B-2. Hurdles for Biofuels


  Figure 4B-2. Hurdles for Biofuels (Continued)


  Electric


  Figure 4B-3. Infrastructure Requirements for Grid-Connected Vehicles


  Figure 4B-4. Vehicle Requirements for Grid-Connected Vehicles


  Natural Gas


  Figure 4B-5. Hurdles for Natural Gas Supply and Fueling Infrastructure


  Figure 4B-6. Hurdles for Light-Duty Natural Gas Vehicles


  Figure 4B-7. Hurdles for Medium- and Heavy-Duty Natural Gas Vehicles


  Hydrogen


  Figure 4B-8. Fuel Cell Electric Vehicle Hurdles – 2012 Status


  Figure 4B-9. Hydrogen Fuel Hurdles – 2012 Status


  Medium- and Heavy-Duty Vehicles


  Figure 4B-10. Hurdles for Medium- and Heavy-Duty Engines and Vehicles
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  Figure 4B-1. Hurdles for Light-Duty Engines and Vehicles
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  Figure 4B-2. Hurdles for Biofuels
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  Figure 4B-2. Hurdles for Biofuels (Continued)
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  Figure 4B-3. Infrastructure Requirements for Grid-Connected Vehicles
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  Figure 4B-4. Vehicle Requirements for Grid-Connected Vehicles
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  Figure 4B-5. Hurdles for Natural Gas Supply and Fueling Infrastructure
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  Figure 4B-6. Hurdles for Light-Duty Natural Gas Vehicles
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  Figure 4B-7. Hurdles for Medium- and Heavy-Duty Natural Gas Vehicles
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  Figure 4B-8. Fuel Cell Electric Vehicle Hurdles – 2012 Status
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  Figure 4B-9. Hydrogen Fuel Hurdles – 2012 Status
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  Figure 4B-10. Hurdles for Medium- and Heavy-Duty Engines and Vehicles
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  Table 4C-1. Light-Duty Vehicles


  Table 4C-2. Biofuels


  Table 4C-3. Electric


  Table 4C-4. Natural Gas


  Table 4C-5. Hydrogen


  Table 4C-6. Medium- and Heavy-Duty Vehicles
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  Table 4C-1. Light-Duty Vehicles
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  Table 4C-2. Biofuels
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  Table 4C-3. Electric
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  Table 4C-4. Natural Gas
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  Table 4C-5. Hydrogen
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  Table 4C-6. Medium- and Heavy-Duty Vehicles
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