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1. Abstract

Conventional forms of truck delivery (ambient temperature compressed H2 gas at ~2600 psi or liquid hydrogen (LH2) cooled to 20 K) represent extreme regions of temperature and density within the hydrogen phase diagram. Delivering hydrogen in today's low capacity compressed H2 tube trailers is expensive. Substantial cost reductions appear possible with development of advanced pressure vessels and/or a broadened range of thermodynamic conditions under which H2 is trucked and delivered.

Here we report interim analysis results of both approaches to reduce the cost of hydrogen truck delivery to $0.50/kg H2 or less using H2A based analyses [1] provided by DOE. These savings are based on the compounding of four factors (volumetric efficiency, increased storage pressure, reduced temperature, and higher strength of glass fiber at low temperature) relative to conventional tube trailers. Based on these results, on a preliminary basis, we can recommend hydrogen truck delivery carrying hydrogen gas at pressures as high as 10,000 psi, cooled to approximately 200 Kelvin (-73 degrees Celsius) in glass fiber vessels.

2. Introduction

The Lawrence Livermore National Laboratory has a long history of pioneering hydrogen applications.  As one of three U.S. Centers of Excellence that developed nuclear devices, LLNL began with defense applications of hydrogen isotopes more than 50 years ago.  National defense applications led one of this papers authors to work on a reversible fuel cell power train for solar powered UAV’s (unmanned air vehicles) in 1990.  Some of the expertise in strong materials (mentioned later in this paper) came from the design of advanced flywheels to store electric power onboard the nuclear Navy in the 1970’s.  By the early 1990’s it became clear that many of the technical challenges that hydrogen could solve for aircraft and maritime applications would also benefit future ground vehicles.

As early as 1994 LLNL began working for the U.S. Department of Energy (DOE) to revive research in automotive pressure vessels for onboard storage in hydrogen fueled cars.  Following the contribution of aerospace-grade tanks to the FutureCar project that DOE began as part of the 1993 PNGV (Partnership for Next Generation Vehicles), LLNL tankage researchers participated in the FutureTruck competition among demonstration vehicles by directing DOE solicitation of tanks
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that carried research from the frontiers of aerospace performance into hydrogen fueled demonstration vehicles.  That tradition continues with even more advanced tanks which are currently being integrated into a demonstration vehicle capable of breaking the range barrier for hydrogen fueled vehicles (described below in Section 5).  The approach LLNL is using to break the range barrier is illustrated on the right of Figure 1 immediately below.
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Figure 1. This figure shows a variety of approaches that LLNL is developing for hydrogen storage onboard motor vehicles.  The four approaches illustrated on the left of the figure provide ‘conformability’ that allows an advanced container to store significantly more hydrogen in the available volume onboard the vehicle.  The approach illustrated on the right can store ambient compressed, cryogenic liquid, and compressed cryogenic gas to maximize vehicle range and give the driver choices between range and cost at filling stations that provide options.

3. LLNL Approach to Hydrogen Delivery

The approaches mentioned briefly in the introductory Section and Figure 1 above are advanced solution for storing hydrogen onboard motor vehicles.  Many of the issues that arise in the development of onboard storage are extremely relevant to the best configuration of a hydrogen delivery infrastructure that can fill such onboard storage.

Conformability allows onboard storage to fill more of the volume onboard a vehicle with hydrogen.  The same incentive to improve volumetric efficiency applies to the payloads of delivery trucks.  Mass efficiency, volumetric efficiency, and cost of structural materials must all be optimized to deliver the most cost effective delivery truck payload.  The cost components of onboard and delivery truck payload costs are very different, as is their scale, but the ability to find an optimum relies on the same understanding of vehicle performance models and total cost models.

Fortunately DOE has supplied the definitive model of the total cost of delivering hydrogen, known as H2A [1].  Starting in 2005, LLNL has been exercising the truck delivery from centralized production subset of that model.  All conclusions of that model discussed below are based on its 2005 version, but will continue to be broadly valid for the recently updated version and presumably for future versions.  The cost structure for near term delivery options such as truck payloads is unlikely to change, even if the specific costs of labor, energy, or interest rates vary slightly.  More futuristic options, such as distributed generation from renewables or long term storage of intermittent generation sources are quite likely to be restructured by future innovations, but truck delivery and centralized production from natural gas provide the lowest cost near-term option for a transitional infrastructure.

LLNL has exercised H2A to optimize the total cost of delivered hydrogen in this near term scenario.  Projected costs vary with the distance that trucks must be driven from centralized production, but how dense filling stations will be at any point in a transition to hydrogen isn’t currently known.  Centralized production can be sited at natural gas terminals in the near term, which provides a reasonable guess of 100 kilometer round trip delivery distance used for design purposes throughout the analyses described below.  The 100 km guess, all the other parameters already captured in H2A, and a value for the average daily demand of a filling station, suffice to perform a system level optimization that minimizes the delivered cost of hydrogen.  This “top-down” optimization them provides sufficient information to specify a delivery truck payload (trailer) and allow its capital costs to be accounted for in detail from “bottom-up” designs.

4. Operating Regimes on the Hydrogen Phase Diagram

A fundamental improvement in the cost of delivered hydrogen appears to be possible form preliminary LLNL analyses.  There are an enormous number of possible delivery scenarios, but this attractive prospect begins with the lowest cost contender currently modeled by H2A and improves it significantly with an advanced delivery truck.  The potential solution described herein was found by a through search of delivery options that could be both technically and economically feasible in the next few years.  Although this solution is not available “off the shelf”, it doesn’t rely on breakthroughs and keeps its development costs within the means of a fledgling industry.

To keep development affordable, no new classes of vehicle are developed.  Standard truck get a new variety of standard size and weight payload.  No new materials are developed, which implies that payload must be hauling pure hydrogen.  However, the kind of hydrogen that is most cost effective to haul isn’t one of the two kinds hauled by current equipment.  Figure 2 below shows the two current thermodynamic states of pure hydrogen that are currently transported.  The are most briefly called gas an liquid, and the regions of Figure two on which they appear as large, approximate dots are colored red and blue respectively.
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Figure 2. The diagram of hydrogen has been plotted as a function of temperature and density over the range of states that are relevant to the delivery of pure hydrogen.  Across this two-dimensional range of states solid lines show the amount of internal energy that must be added to hydrogen at standard pressure (1 atm) and Temperature (25 C) to achieve the state, as well as dashed lines of constant pressure.  This range has been partitioned roughly into three regions.  The red and blue regions are the proven regimes of compressed gaseous and low pressure liquid hydrogen delivery, respectively.  The green region has yet to be developed, but LLNL projects its higher capital costs will provide more economical hydrogen delivery than the high energy costs of liquifaction or the high transportation costs of lower density compressed delivery.

There is no sharp boundary between delivery vehicle payload states of stored hydrogen that might be considered compressed gas or “low pressure” liquid.  Liquid hydrogen in any container that can keep its contents from mixing with the atmosphere when heat leaks in has boiled hydrogen on top.  Chill down compressed hydrogen on the way to liquid and it becomes a supercritical fluid, again neither gas nor liquid.  The only reason to illustrate or consider the boundary between the proven delivery states of hydrogen  is that LLNL has designed supercritical hydrogen containers that should result in lower delivered hydrogen costs that the two proven alternatives.

The problem with liquid hydrogen, and the states in the blue region, is that it requires a lot of costly energy be added to produced the form of hydrogen that gets delivered.  The smooth black lines on Figure 2 above are labeled with tinteranl energy it takes to achieve a point on this graph, and going to temperatures low enough to approach liquid states is very costly.  Therefore the blue region is notionally labeled “Energy Intensive”.

The drawback of the red ‘gas’ region is its low density.  The same delivered mass of hydrogen takes up too large a payload volume to fit in proven truck payloads.  Some bigger truck payloads have been approved by DoT for inert gases, but not for flammable hydrogen.  Even if larger payloads can get regulatory approval, conventional compressed hydrogen has such low density that the cost of driving many more trucks to deliver the same number of kilograms of hydrogen remains unattractive.  This explains LLNL’s notional label of the red region as “Transport Intensive”.

Figure 2 above also shows dotted lines of constant pressure, and a green region where LLNL expects that delivered hydrogen cost is minimized.  The curvature of straight and dotted lines suggests that investing half the energy that would liquefy hydrogen is required to get most of the liquid’s density advantages.  It will take different chillers, compressors, and advanced containers to get to the green region.  All of these new-but-feasible pieces of equipment will cost money, which is the reason for the “Capital Intensive” label – but that capital can pay for itself with lower cost-per-delivered-kilogram of hydrogen.

Besides the direct economic advantages of lower hydrogen cost delivered to the vehicle, delivering cold hydrogen offers cost savings at the filling station and safety advantages on the road.  Figure 3 below shows another version of the phase diagram of hydrogen, wherein the energy required to get to the stored state is plotted on the vertical axis.  This graph is counterintuitive, as are many of the thermodynamic properties of hydrogen.  All of LLNL analyses are based on the properties of hydrogen as a real (not ideal) fluid, which are well characterized throughout the region of the phase diagram optimized herein.  LLNL has assisted in, and benefited from, the compilation of a smooth set of equations of state across the portion of the phase diagram of interest [2].

Cost savings at the filling station are likely based on the need for pre-chilling ambient hydrogen in order to “fast-fill” pressure vessels without a temperature transient that could be as high as 100 C in the worst-case.  The chiller that avoids risks to the plastics in a vehicle’s fuel system has a capital cost, as does the heat exchanger that allows it to cool the fuel going through the fill line.  The same function would cost less capital if was shifted to the much larger scale of centralized hydrogen generation.  Redundancy is also required in filling station capital that isn’t required at a centralized generation facility.  Further cost savings likely result from the need for physically smaller cascade hydrogen storage at the filling station to store the same amount of hydrogen while optimizing the capital costs of pumps at the station, and from the proportional decrase in real estate costs for that storage.

Safety advantages accrue from the counterintuitive flatness of the curves in Figure 3 below.  The decrease in stored energy per kilogram of hydrogen with temperature doesn’t seem unusual.  Lower temperatures store less mechanical energy, which could propel shrapnel in a catastrophic failure.  Even more important to safety, pressure increases above a few dozen atmospheres have essentially no effect on stored energy.  Those flat regions of the curves tell us that a ton of compressed hydrogen is not more dangerous at 1,000 atmospheres of pressure than it is at 75.
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Figure 3. The hydrogen phase diagram has been replotted to show the internal energy that would be the maximum mechanical energy available to propel container fragments in the event of an accident.  These curves at a various storage temperatures plotted as functions of temperature show the counterintuitive result that higher storage pressures are not capable of creating worse accidents (given the same amount of hydrogen transported), and that colder storage is safer.

5. Background in Cryogenic Storage

LLNL has approached the challenges of onboard hydrogen storage from both the high pressure and low temperature extremes.  Besides seeking mastery of the significant mass overhead and costly structure mass that suppresses it,  LLNL is advocating low temperature as a relatively high confidence route to DOE’s targets for onboard storage performance set for the 2010 and 2015 [3].  Liquid hydrogen density goes much of the way to meeting those targets, but liquid hydrogen storage alone will not meet those targets due to boiloff losses [4].  The LLNL compressed cryogenic storage state must pay for pressure vessels that solve the dormancy challenge of liquid hydrogen storage [5,6], but those pressure vessels cost much less than ambient pressure vessels because much higher stored hydrogen density reduces their size (and mass).

Figure 4 immediately below shows LLNL taking a theoretical understanding of the hydrogen phase diagram and reducing it to practice.  Two generations of cryogenic compatible pressure vessels with high performance super-insulation sufficient to solve the dormancy requirements of future DOE goals have been built and tested to date.  The solution LLNL has found to minimize the cost of hydrogen delivery as predicted by H2A doe not need to go all the way to cryogenic temperatures, but it is built on the same understanding of the technical requirements implicit in containing supercritical hydrogen.
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Figure 4. This figure shows the production steps that result in LLNL’s latest generation of prototype cryogenic pressure vessel.

LLNL is currently integrating its second generation prototype cryogenic pressure vessel onboard a hydrogen internal combustion hybrid vehicle.  This vehicle integration will allow LLNL to demonstrate and test flexible hydrogen fueling.  This effort is funded by both the Storage and Demonstration Programs within the U.S. DOE’s Hydrogen Fuel Cells and Infrastructure Program.

Some preliminary results of this integration effort are already available [7].  These results come from the next-to-final step in integration illustrated immediately below in Figure 5.  Each stage of the integration process involves an increasing number of interdependent engineering issues, and puts ever more costly hardware at risk from operator error.  The integration experience from the filling station assembled to put several states of hydrogen into this experimental vehicle, wherein every operator was an experimenter learning on the job, has provided a realistic gage of just how much development risk is implicit in the supercritical storage delivery vehicle payload LLNL is suggesting.
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Figure 5. Activities necessary to demonstrate the range capabilities of cryogenic pressure vessel hydrogen fueling systems extend from computer aided design based on finite element stress and thermal analyses, through prototype construction, component and subsystem testing, to vehicle integration and data collection from actual driving.

6. System Analysis

The optimal state of stored hydrogen for a delivery vehicle payload is not determined by the analyses portrayed above.  Rough regions of the phase diagram, rather than an exact operating point, suffice to portray an optimal delivery design with all the precision available before a value for station capacity is asserted.  Rather than assert such a value, LLNL system analysis intended to optimize a delivery vehicle payload was performed over the conceivable range of filling station hydrogen flux (measured in kilograms of hydrogen per day).

Figures 6, 7, and 8 below perform this scan versus station demand.  They all begin with the zero-innovation option captured by H2A – conventional tube trailers.  Those trailers have a low hydrogen capacity of less than 300 kg, which is limited by the high mass of their welded steel tube (tank) structure technology.  That low delivered mass means many tube trailers must be driven relatively often to supply even a few hundred kilograms a day of station demand.

The obvious innovation that would improve this delivery cost picture is to use today’s best composite structural material, strong (but costly) graphite fiber, to replace the steel tubes at the same mass limit.  This material substitution allows delivery pressure to be raised to the highest level likely to repay its energy cost, 10,000 psi.  The resulting design delivers the most hydrogen in a standard truck payload’s mass and volume envelope, and has much lower costs, especially at high station demand.  The high cost of its grapite structural material is offset by lower labor costs (to drive fewer round trips per kilogram), so this solution falls below the existing solution’s total delivery costs even at low (200 kg/day) station demand.
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Figure 6. This graph plots the delivery cost (including capital, driving fuel, and labor) to perform a 100 kilometer round trip as predicted by DOE’s H2A delivery economic analysis tool.  It compares existing technology for ambient compressed hydrogen (gas) delivery with current technology in advanced composite materials.

The next obvious improvement is to retain the high capacity specification for the composite trailer payload while driving its cost down with targeted technology development.  The DOE Hydrogen Program has attempted to capture likely progress in composite tanks production cost in the corm of its costs targets, and Figure 7 below adds the curve that results from assuming that the cost targets set for vehicle onboard storage tanks in 2010 can be applied to a delivery payload.  Assuming the entire trailer payload fits within this goal of $4 per kilowatt-hour [3] (which corresponds to a container cost of $6/kg of structure for a 6%-by-weight-hydrogen payload) results in a delivered hydrogen cost below $0.30/kg.  This cost includes only the cost of delivery by trailer, not production cost or compression+cooling energy costs, and comes in well below DOE’s target [8].

[image: image7.jpg]- $1.80

$1.60
$1.40
Tube trailer ($165Kk) 1 35
. DOE 2010/ goal ($175r() $1.00
= $0.80
7@\%\ Current cdarbon
— *di pﬁﬂle—dum )$0.60
Sl I — $0.40
BN i s PP
$0.00
200 400 600 800 1000

Refueling station demand

(kg H,/day)

°H By/$ ‘)s02 AsaAlBQ



Figure 7. This graph shows the hydrogen delivery costs savings that would result if DOE’s cost goals for onboard storage in 2010 can be met.  Those cost savings presume a much larger quantity of much smaller tanks than those required to build a delivery trailer, and presume its tanks would be wound with graphite composite (the best material to build a mass-limited trailer).
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Figure 8. This graph adds LLNL’s projected costs for an optimized delivery trailer built with advanced materials and structures.  It employs reduced temperature to produce sufficient savings to hold delivered hydrogen cost below $0.30/kg including the energy costs of compression and cooling.

The final graph in Figure 8 above shows the economic benefits of keeping the high capacity of the 10,000 psi graphite designs while changing to an economically optimized glass fiber and reducing storage temperature to 200K.  Notice that delivered hydrogen costs hit a plateau for all the high capacity composite designs at high station demand.  This plateau reduces the potential advantages of developing trailer payloads that deliver more than roughly 1000 kilograms of hydrogen.

7. Specifications for Optimized Delivery Trailer

The previous sentence provides the essential system level specification required to actually design and cost out a trailer payload of a particular technology in detail.  A delivered hydrogen payload of 1000 kilgorams corresponds to a filled hydrogen capacity of roughly 1150 kg.  Since some residual pressure of hydrogen must remain in the delivery container that is not worth the energy of pumping back up to useful pressures, the filled capacity of an optimal trailer will be roughly 15% larger than its deliverable capacity.

Temperatures drop as the payload container empties.  This effect does not assist the economics of an ambient temperature trailer payload, because cooling capital and energy costs at the station, as well as storage mass and real estate, are sized by the high pressure in the delivery cycle.  On the other hand, a 200 K container requires a bit of insulation to drive 50 km after being filled, to stay cold while being parked and through the night when it isn’t being cooled by fueling vehicles.  That insulation needs to be only good enough to store heat through the 1-2 delivery cycle that minimizes idle demand plateau between 500 and 1,000 kg/day demand.

This make insulation requirements for a 200 K delivery design much less arduous than those of cryogenic systems (with a much bigger temperature difference) that need to endure weeks at minimum temperature.  Insulation requirements are further reduced as a fraction of payload mass and volume by the large physical scale of a delivery payload (whose surface area is greatly reduced compared to its volume compared to smaller scale containers.)  Given this minimal insulation, the 200K trailer design retains ‘cold’ from gas expansion of roughly 220 kW-hr (theoretical) in the form of thermal inertia that gets driven back to the centralized hydrogen production facility to reduce the energy costs of refrigeration.

The main benefit from operation at 200K, squarely in the green region of Figure 2, is the 35% increase in density of stored hydrogen when full and driving.  This higher density produces an inversely proportional decrease in structure mass, allowing slightly lower specific strength glass to substitute for graphite while remaining within the same trailer payload mass.

Besides significant cost-per-pound savings, glass fibers are likely to have higher strength at reduced temperature [9].  This effect was noticed and measured in flywheel development (for shipboard and utility grid energy storage) performed at LLNL for DOE in the 1970’s.  Unfortunately that strength data and much of the data LLNL has found subsequently is noisy and may not be repeatable.  Problems with past data are unlikely to reflect problems with this strength effect, which is currently presumed due to residual moisture’s effect on crack propagation.  Humidity was not controlled in past experiments, while the chemistry and processes that produce modern, relevant grades of glass fiber have changed since much of the data was taken.

Although the predictions in this paper are not strictly dependent on the strength effect of low temperature on glass fiber, this potential synergy of glass fibers and low temperature optimal delivery payloads is likely to offer significant further savings.  New data reflecting modern fiber grades is being actively sought at LLNL, along with sufficient understanding of strength enhancing mechanism to preserve it in the vent of transient warming.

8. Options for Delivery Trailer Implementation

The tree diagram that appears below as Figure 9 attempts to list and organize all the available options for hydrogen storage in a hydrogen infrastructure.  Without its higher levels, some readers could confuse forms that may be optimal for longer term or buffering intermittent sources from the very restricted class of solutions relevant to near term provisioning of the transportation sector.  Within this restricted application domain, the pathway shown with hollow white arrows is H2A’s path without pipelines.
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Figure 9. A tree diagram sorts out all the currently understood options for storing hydrogen in a delivery infrastructure.

This paper considers all the options in the bottom half of Figure 9, but the particular form of solution LLNL has so far found to be optimal also optimizes the other end of the dark grey arrow on the Figure above.  The same technology that optimizes a containerized trailer payload also optimizes a transportable form of stationary storage at the filling station.

LLNL has considerable experience with prototype and small commercial liquid hydrogen containers.  These form a viable competitor to the advanced materials and structures LLNL anticipates will be capable of lower delivery costs.  In their proven form as tanker truck payloads they already delivery roughly the optimal 1,000 kilograms, but their relatively perfected state of development makes further developments costly and less rewarding.  Unless there is significant progress on liquifaction costs, the materials and concepts LLNL is pursuing appear likely to deliver hydrogen at lower costs.

LLNL is modeling the alternatives and detailed costs of various forms of wound pressure vessels.  Their technical risks are relatively low, although some risks will attach to process development sufficient to break their dependence on costly aerospace production methods.  This leaves roughly 40% further capital cost reductions possible from the unconventional replicant structures shown immediately below in Figure 10.  The photograph of the macrolattice structure in the lower right of this last Figure shows the first proof of concept, fully functional test article built at LLNL under DOE onboard storage funding in 2005.
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Figure 10. Many kinds of replicant containers could provide the most cost effective technologies capable of delivering hydrogen in trailers.  All of these advanced containers are built from large numbers of identical parts.

9. Conclusions

While debate continues at LLNL over which form of advanced non-tank container structure can actually drive manufacturing costs below $1/kg, none of the industrial partners LLNL has developed cost models with were willing to believe winding costs could be driven below $2/kg.  The costs of putting composite fibers into the right matrix, with the right orientation in the right place become increasingly significant for economically optimized glass fibers that could cost as little as $4/kg.  This low cost frontier may be very significant when the number of vehicles a transitional infrastructure must refuel rises into the hundreds of thousands.  The production of just a few hundred trailer payloads would suffice to move low cost manufacturing research at LLNL and the few remaining, ambitious winding firms interested in non-aerospace markets into serious development.

In the mean time, the conclusions of Figure 8 are robust indications that $6/kg advanced vessels can deliver hydrogen for less than $0.50/kg including all the energy and capital costs required to precondition the payload contents.  It will take reduced temperatures of roughly 200 K, pressures as high as 10,000 psi, and maximum payloads to achieve such inexpensive delivery.  Maximum payload imply regulatory approval of a new kind of road-worthy trailer, with as much contained hydrogen as today’s liquid hydrogen trailers, as heavy as today’s welded steel tube trailers, with less than 12% of the contained combustible energy in today’s gasoline trailers.
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