
UCRL-JC-120152 
PREPRINT 



DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



A SMOOTH TRANSITION TO HYDROGEN 
TRANSPORTATION FUEL 

Gene D. Berry, J. Ray Smith and Robert N. Schock 
Lawrence Livermore National Laboratory 

Livermore, CA 94550 

Abstract 

The goal of this work is to examine viable near-term infrastructure options for a transition to 
hydrogen fueled vehicles and to suggest profitable directions for technology development. We 
have focused in particular on the contrasting options of decentralized production using the existing 
energy distribution network, and centralized production of hydrogen with a large-scale 
infrastructure. Delivered costs have been estimated using best available industry cost and 
deliberately conservative economic assumptions. The sensitivities of these costs have then been 
examined for three small-scale scenarios: 1) electrolysis at the home for one car, and production at 
the small station scale (300 cardday), 2) conventional alkaline electrolysis and 3) steam reforming 
of natural gas. All scenarios assume fueling a 300 mile range vehicle with 3.75 kg. 

We conclude that a transition appears plausible, using existing energy distribution systems, with 
home electrolysis providing fuel costing 7.5 to lOS$/mile, station electrolysis 4.7 to 7.1$/mile, 
and steam reforming 3.7 to 4.7$/mile. The average car today costs about 6$/mile to fuel. 
Furthermore, analysis of liquid hydrogen delivered locally by truck from central processing plants 
can also be competitive at costs as low as 4$/mile. These delivered costs are equal to $30 to $70 
per GJ, LHV. Preliminary analysis indicates that electricity transmission costs favor this method of 
distributing energy, until very large (10 GW) hydrogen pipelines are installed. This indicates that 
significant hydrogen pipeline distribution will be established only when significant markets have 
developed. 

These analyses have benefited from extensive interactions with a wide range of industrial and 
university experts, including Teledyne, Princeton University, Hamilton-S tandard, Humboldt State 
University, University of California at Riverside, and Xerox. 



Background 

Hydrogen has been suggested as a convenient, clean-burning fuel for more than a century (Verne 
1874). Hydrogen made from sustainable energy can ultimately replace fossil fuels, resolving the 
environmental, political, and resource concerns of their use. As a fuel, hydrogen can benefit 
automobiles, aircraft, and utilities, while enhancing environmental quality, energy security, and 
strengthening the domestic economies of energy-importing countries worldwide. The case for 
hydrogen-powered transportation depends broadly on being the most desirable solution to the 
transportation impacts on urban air pollution, energy supply insecurity, the risk of global climate 
change, and other environmental impacts. 

Developing this case requires an assessment of the myriad methods, present and prospective, for 
producing, storing, and delivering hydrogen. Promising pathways are those which offer acceptable 
costs, while remaining consistent with a rationale under which hydrogen is among the best 
alternatives. Such pathways must offer reasonable costs while achieving maximum benefit from 
hydrogen's competitive advantages. This paper examines one of the most promising options: on- 
site production of hydrogen to fuel light-duty vehicles. 

Introduction 

Hydrogen's Competitive Advantages 

Broadly speaking, hydrogen has two dominant characteristics. First, hydrogen is more expensive 
to produce and store than today's fuels. Second, hydrogen has unparalleled cleanliness, flexibility, 
and potential as a secure, sustainable transportation fuel. In these two characteristics lie the 
challenge and promise of hydrogen energy. 

Hydrogen's high cost means that effective hydrogen use will require a high value end-use with an 
efficient production, delivery, and utilization structure. Hydrogen's high cost and desirability share 
a common Toot. Hydrogen is high cost because it must be manufactured, not simply discovered. 
This fundamental distinction is the basis of any sustainable fuel and a powerful advantage of 
hydrogen: it can be manufactured at or near the point of use. If small scale hydrogen production 
equipment can be built at reasonable cost it would allow an unprecedented level of decentralization 
and flexibility in the use of energy resources. Along with sustainability and potential versatility, 
hydrogen has additional competitive advantages over other fuels: efficiency and cleanliness in use. 
Its very high flame speed allows the highest efficiencies, lowest operating temperatures, and 
lowest emissions in internal combustion engines of any fuel. Hydrogen can achieve even higher 
efficiencies, and zero emissions, when used in fuel cells to produce electricity. 

Hydrogen's Most Effective Role: Fueling the Light Duty Fleet 

Given hydrogen's competitive advantages, its most effective large scale end-use is in the 
transportation sector, and specifically the light-duty vehicle fleet. There are detailed reasons for 
this, but, in essence, it is because the light-duty fleet accounts for the lion's share of the economic, 
environmental, and energy security problems associated with transportation and energy use (Office 
of Technology Assessment 1991). Also, the light duty fleet is relatively inefficient and has high 
capital stock turnover (American Automobile Manufacturers Association 1993) so hydrogen can 
make the most rapid and significant impact there. From a strictly economic perspective, hydrogen 
will make the most sense in the light duty fleet because: 
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the light duty fleet places the highest value on useful energy delivered 

energy represents the smallest share of total costs (Sachs 1992) 

Supporting Premises for Hydrogen Vehicles 

The hydrogen vehicle itself will play the most significant role in determining the desirability of 
various hydrogen pathways. Vehicle efficiency determines allowable hydrogen costs and, in 
combination with vehicle range requirements, the feasibility of various onboard storage 
technologies. The choice of onboard storage technology(s) in turn may place different requirements 
on the delivery infrastructure. The range and efficiency of the hydrogen vehicle are constrained by 
three premises. 

First, the vehicle must use much less fuel than today's vehicles, not only to reduce fuel and 
onboard storage costs, but also to minimize total fuel cycle emissions. In order for hydrogen to be 
economically feasible at today's or even future gasoline prices ($1.25-$1 SO/gallon), vehicles must 
do two things: 

require less energy to travel than today's vehicles 

produce useful energy more efficiently than today's vehicles 

Two proposed options are fuel-cell electric vehicles (FCEVs) (Deluchi 1992) and hybrid electric 
vehicles (HEV) using an internal combustion engine (Lovins 1993, Smith 1993). A critical element 
of both of these approaches is onboard peak power electrical storage. Another element is reduction 
of vehicle mass and drag to levels near those demonstrated in prototype battery electric vehicles. 

A second premise of economically competitive hydrogen vehicles is that they compete with battery- 
powered electric vehicles (BPEVs) on the basis of range. A minimum range for hydrogen vehicles 
should probably be on the order of 200 miles, easily achievable with hydrogen, but well above 
near or intermediate term BPEVs (at least for similar costs). 

The third premise necessary for hydrogen vehicles is that hydrogen is desirable over other 
alternative fuels such as methanol or natural gas. Hydrogen cannot compete on delivered fuel cost 
or vehicle range with these alternative fuels because of their higher energy density. Hydrogen 
probably cannot compete as the lowest cost solution to urban air pollution either, without strict 
zero-emission vehicle (ZEV), or "near ZEV" regulations. 

In order for hydrogen to compete in the marketplace, it must offer what other alternative fuels 
cannot: a Single. smooth, flexible and ultimate transition, for the light duty fleet; a transition that 
allows diversification of primary energy sources, but retains the potential for sustainability and 
almost negligible environmental impact, wherever and whenever the costs become worth the 
benefits. More so than any other fuel, powering the light duty fleet with hydrogen would give the 
United States greater versatility to respond (through changes in production method), without much 
disruption, to future changes in the importance and relative priority of oil imports, urban air 
pollution, greenhouse gas emissions, land and water use, and environmental quality. Pathways to 
fuel hydrogen vehicles must preserve these competitive advantages (a single, smooth, flexible 
transition) or hydrogen loses a significant edge over other alternative fuels. 
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Methods and Assumptions 

Economic Assumptions and Approach 

Throughout our assessment, we have used relatively conservative economic assumptions. If a 
particular strategy makes sense under conservative assumptions, then it should be relatively robust 
in the marketplace. Specifically, we have used commercial discount rates of 20% and consumer 
discount rates of 10%. Equipment lifetimes were 20 years for production plant equipment, 10 
years for other capital equipment. No salvage value was assumed. Energy prices were relatively 
high. Off-peak electricity was assumed to be available at $0.05/kwh for 128 hrs per week. Lower 
rates may be available in some areas and seasons (Thomas 1995). Natural gas was assumed at 
$4.00/GJ. Hydrogen from central plants was $9/GJ (Korentz 1992). The lower heating value of 
hydrogen was used throughout. Gasoline reference costs were $1.25/gallon in a 25 mpg vehicle. 
Capital costs of electrolyzers were somewhat higher than other estimates (Ogden 1994, Thomas 
1995) as well. 

Hydrogen Vehicle Characteristics 

Various hydrogen vehicle designs are possible. For our calculation we posit a 5-passenger 
hydrogen hybrid vehicle detailed elsewhere and shown in Fig. 1. The characteristics of this vehicle 
are drawn from GM Impact III, with allowance for the differences between hydrogen and battery- 
powered drivetrains. Such a vehicle is capable of good performance: accelerating (0-60 mph) in 10 
seconds, with a 380 mile range and 80 mpg equivalent fuel economy on the mixed EPA Federal 
Urban/Highway Driving Cycle. To achieve a 380 mile range 4.75 kg of onboard hydrogen storage 
is needed (Aceves and Smith 1994). We use a more conservative range of 300 miles (and 3.75 kg 
H2 onboard) for our base case calculations. A wide range of onboard hydrogen storage 
technologies are possible (Robinson 1994). Liquid hydrogen seems most desirable for long range. 
Although good progress has been made in Germany (Peschka 1992, Rudiger 1994) hydrogen 
filling stations delivering LH2 to vehicles are still in development. We chose a basis of comparison 
with less cost uncertainty and greater compatibility with other recent analyses. We assume 
hydrogen onboard vehicles are stored in a carbon fiber wrapped vessel at high pressure (6OOO- 
8000 psi). The weights, volumes and storage cycle energy penalties associated with compressed 
gas and other various onboard hydrogen storage technologies are presented in Fig. 2. 

Hydrogen Filling Stations 

Most scenarios of interest assume hydrogen delivery to vehicles at a filling station as gasoline is 
delivered today. We did not examine filling station economics in detail, but instead assumed a flat 
operating overhead rate of $720/day ($263,OOO/yr.) to account for labor and capital charges 
associated with any filling station operation. These costs were assumed independent of fuel choice. 
Hydrogen dispensers sized for peak demand (15% of an entire day’s vehicles in one hour). 
Operating and maintenance costs of $lOOO/yr for each compressed hydrogen (CH2) dispenser were 
added to flat overhead costs (Ogden 1995). 

Hydrogen filling stations were assumed to serve 300 cars/day. A gasoline station serving 300 cars 
per day with an average fillup of 10 gallons would take in about $3,750 per day. Our assumed 
overhead charge of $720 per day would correspond to 19.2% of gross revenues in this case, 
somewhat high, but reasonable. High overhead is especially likely considering the relatively high 
cost of stations in high urban air pollution hotspots, where hydrogen vehicles are likely to appear 
first. Quoted costs for installing a large gasoline station can be $750,000 in such areas (Ryan 
1993). 
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Results 

Truck Delivery to Filling Stations or On-Site Production? 

In considering hydrogen filling station scenarios, we asked whether there was a clear cost 
difference between hydrogen delivery by truck and on-site hydrogen production options. First 
estimates of delivered hydrogen costs by truck using liquid hydrogen and alternative storage 
methods were made, and then compared to estimates of on-site production costs. 

Hydrogen by Truck 

The hydrogen transport technologies considered for delivery by truck were: liquid hydrogen, a 
magnesium-based hydride, a cryogenic (80K) composite pressure vessel storing hydrogen at 3600 
psi, and a microsphere storage bed storing hydrogen at 9OOO psi. Estimated delivered hydrogen 
costs are shown in Fig. 3 (broken down by storage energy, transport energy, mobile hydrogen 
storage, personnel, etc). The technical assumptions and cost characteristics for each technology are 
detailed in Table 1. Fig. 3 shows that each of the technologies can deliver hydrogen approximately 
250 miles for approximately $20/GJ. This cost is consistent with prices quoted for large, regular 
LH2 deliveries today (Ogden 1994). Slightly lower costs may be achievable ifalternative mobile 
storage technologies can meet or exceed the assumptions used in Table 1 and shorter delivery 
distances reduce the high variable costs of H2 transport by methods other than LH2. Significant 
improvements and cost reductions for alternatives to LH2 transport would be required, however, 
since the majority (50-75%) of delivered hydrogen costs are fixed (i.e., hydrogen production and 
storage energy) for all technologies. 

Hydrogen Produced On-Site 

On-site production costs of hydrogen by three technologies were estimated: natural gas steam 
reforming, alkaline electrolysis, and steam electrolysis. The first two are relatively mature 
technologies, although alkaline electrolyzer markets have been relatively small and production costs 
for electrolyzers at the filling station scale may come down with increased demand. Steam 
electrolysis is still in the development stage, and estimated costs were taken from studies in 
Germany (Quandt 1986) and SOFC stack development goals of the Gas Research Institute (GRI). 
Other costs and efficiencies calculated for hydrogen stations are shown in Table 2 (Korenz 1992, 
Ogden 1994). Compressed gas storage costs used at the station were those collected by Ogden for 
her recent detailed examination of steam reforming at hydrogen filling stations (Ogden 1994, 
1995), and represent current industrial equipment prices. Hydrogen delivery pressure was 6000 
psi. The results of these estimates are given in Fig. 4. LH2 delivery by truck, using the costs 
presented in Fig. 3, and a home electrolysis case for a single hydrogen vehicle are included for 
comparison. The fuel cost of gasoline was also included (for a 25 mpg vehicle). Figure 4 shows 
that on-site production technologies (at the station scale) achieve costs roughly similar to those for 
liquid hydrogen delivery. Alkaline electrolysis is somewhat more expensive, but the electricity and 
capital costs used for this case are conservative (Korentz 1992). 

Compressed gas storage accounts for a large amount of the cost differential between the on-site 
production options and liquid hydrogen delivery. This gap could narrow considerably when 
hydrogen storage equipment is mass produced for filling stations. On-site production technologies 
might also reduce costs if delivery scale was increased. This would involve longer range hydrogen 
vehicles, or larger stations serving more cars per day. Figure 4 also shows that on-site hydrogen 
production at stations is competitive with gasoline costs today. On-site production at much smaller 
scales (e.g., home electrolysis) is cost-competitive with battery-powered electric vehicles, 
(especially considering the range advantage of hydrogen). 
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Table 1. Estimated Technical and Cost Parameters for Truck 
Transport of Hydrogen as Liquid Hydrogen and Alternatlve Methods 

Truck a d  Dellverv Schedule Parameters 

Annual Mileage of Truck: 
Delivery Distance (round-trip) 
Trips per year: 
Capital Cost of Truck Cab 
Life of Cab 
Personnel Costs: 
Fuel Cost 
Discount Rate 

100,000 miles per year 
500 miles 
200 
$60,000 
10 years 
$1 00,00O/yr. 
$1 O/GJ ($1.25/gallon gasoline) 
2 0 O/O 

Tech nical Pa ramete rs 

Storage System cryogenic Gas M ic rosp he res Hydride LH2 

Temperature 

Pressure (psi) 
H2 mass fraction 

H2 density (kg/m3) 
(*ne) 

H2 density (kglm3) 
(system) 

Storage energy penalty 
(fraction of stored H2 
required for storage cycle) 

(to store or deliver) 

of mobile storage 

80K 

3600 
.12 

20K 

< loo 
.20 

250°C 

9000 
-10 

250°C 

<200 
.04 

53 70.8 36 100 

40 50 20 50 

25% 35% 10% Waste Heat 

Cryogenic Gas LH2 Microspheres Hydride 

$/G J 4000 
$ per kg of storage system 60 

480 $ per kg H2 stored 
(full) 

1000 
22.5 

3000 
3 

3333 
16 

400 112 360 

H2 Trai ler Characterlst ics 

Trailer Capital Cost 
(millions of dollars) 

H2 stored on 1 truck (kg) 
Cargo weight (kg) 
Cargo volume (m3) 
Fuel economy(mpg) 

1.3 0.39 0.49 0.48 

2704 
22500 

67.6 
6.0 

3479 
17400 

67.6 
6.0 

1352 
13520 

67.6 
6.0 

1200 
30000 

30 
6.0 
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Table 2. Estimated Technical and Cost Parameters for Hydrogen Stations 

oaen Vehicle 
Vehicle Range 
Vehicle Efficiency 
Onboard H2 storage 

Economic AssumPtions 
Discount Rate 
Electricity (off -peak 128 hrshk). 
Natural Gas (at station) 
Hydrogen (at central plant) 

Cars per day 
Daily Overhead 
H2 throughput per day 
On-site storage 

Station Sto raae Corn (compressed gas) 
Compressors (multi-stage from 200-6000 psi) 
Storage Tanks (6000 psi) 
Dispensers 
Total Capital 
Storage Capital Lde 
Annual Levelized Capital Costs 
Annual Operating and Maintenance Costs 
Storage Electricity (0.1 1 kwhkwh H2) 
Total 

Station S t o r w  Costs 01 H2l 
Storage Tank 
Pumps and vaporizers 
Total Capital 
Annual Levelized Capital Costs 
LH2 Pump Electricity (0.04 kwhkwh H2) 
Annual Operating and Maintenance Costs 
Total 

droaen Production Costs at Statlow 

1 H W  
Reformer Capacity 
Reformer Capital Cost 
Reformer Life 
Annual Levelized Reformer Cost 
Reformer Ops costs 

Ref orme r Efficiency 
Reformer Output Pressure 
Natural Gas 
Total Reforming Costs per 300-mile Fillup 

300 miles 
80 mpg 
3.75 Kg (6000 psi) 

20% (Commercial) 
$0.05/kwh 
$4.00/Gigajoule 
$9.00/Gigajoule 

300 
$720/day or $2.40 per fillup 
1125 kg (0.47 MMscWday) 
1 .O days (1 125 kg H2) 

Dllars or Do llarshrc 
$350,000 
$570,000 
$1 00,000 
$1.02 million 
10 years 
$243,000 
$8800 
$0.05/kwh 

Dollars or Dollars/v[ 
$1 05,000 
$72,000 
$277,000 
$66,000 
0.27 
$7000 

Dollars or Do IlarSlyl 
0.47 MMScf/day 
$2.39 million 
20 years 
$491,000 
$0.35/kg H2 

68% 
200 psi 
$4.00/G J 

pollars/Fillup 

2.22 
0.08 
rn 
2.99 

l7ollars/Fillup 

0.60 

p96 
0.93 

4.48 
1.31 

225 
8.44 
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Table 2. Continued 

me Fl&rolv7er CQsfsu 125 QH- 
Electrolyzer Capacity 
Electrolyzer Capital Cost 
Electrolyzer Life 
Annual Levelized Electrolyzer Cost 
Electrolyzer Ops costs 

Electrolyzer Efficiency (LHV) 
Off-peak availability 
Electrolyzer Output Pressure 
Electricity 
Total Alkaline Electrolysis costs 

per 300-mile Fillup 

I 

m H m  
Electrolyzer Capacity 
Electrolyzer Capital Cost 
Electrolyzer Life 
Annual Levelized Electrolyzer Cost 
Electrolyzer Ops costs 

Electrolyzer Efficiency (LHV) 
Off-peak availability 
Electrolyzer Output Pressure 
Electricity 
Total Steam Electrolysis costs 

per 300-mile Fillup 

v 
0.62 MMScf/day 
$2.85 million 
20 yeas 
$584,000 
$0.21/kg H2 

68% 
128 hrshrvk (76%) 
200 psi 
$0.05/kw h 

jlollars or Dollars/v[ 

0.62 MMScfIday 
$1.61 million 
20 years 
$330,000 
$0.12/kg H2 

5.33 
0.78 

939 
15.30 

/)ollars/Fillup 

$3.01 
$0.44 

92% (exothermic operation) 
128 hrs/wk (76%) 
200 psi 
$0.05/kw h $6.68 

$10.13 
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Of the mature technologies, LH2 delivery can be the lowest cost source of H2, but only by a 
narrow margin. This margin is contingent on travel distance from a central plant (there are only a 
few hydrogen liquefaction plants operating in the country today) and the amount of hydrogen 
stored on vehicles. Steam reforming offers hydrogen costs competitive with gasoline with 
widespread availability. Where off-peak elecmcity rates are lower than our conservative $0.05/kwh 
to alkaline electrolysis would approach LH2 delivery or steam reforming costs. All the on-site 
station technologies appear cost competitive with gasoline in today's vehicles, and the cost 
differences are within the range of variability to make each preferred in certain cases. 

The Impact of Delivery Scale on Hydrogen Costs 

The cost comparisons and estimates above are dependent on the scale of hydrogen delivery, which 
is determined by the number of cars per day and the fuel requirement of each vehicle. To determine 
how the relative cost of hydrogen technologies varied with scale, the costs for the three station 
technologies (steam reforming, alkaline electrolysis, and steam electrolysis) were calculated as a 
function of delivery scale and compared with liquid hydrogen delivery in Fig. 5. Delivery scale 
was varied from 50 to 500 cars per day. Two scenarios were used to examine the impact of 
hydrogen storage onboard the vehicles. In the first case each car filled up with 3.75 kg H2 (enough 
for a 300 mile range). In the second case fillups were 4.75 kg (enough for a 380 mile range - 
consistent with PNGV goals). 

Daily overhead costs are omitted from Fig. 5 since these are identical for each filling station option 
and are uncertain at very small scales. Capital cost scaling data gathered by Ogden (Ogden 1994) 
was used for the steam reforming case. Electrolysis capital costs were scaled from point cost 
estimates from various sources (Korentz 1992, Kincaide 1994, Thomas 1995, Quandt et al. 1986, 
Krist 1995), and are more approximate than the steam reforming data. Liquid hydrogen station 
costs were adjusted for scale, but liquid hydrogen delivery costs were assumed constant at 
$21.30/GJ for illustrative purposes. 

Figure 5 shows that under a 300 mile assumed vehicle range (the solid lines) the breakpoint 
between steam reforming and liquid hydrogen delivery is about 400 cars per day (1500 kg H2 per 
day). Above this scale steam reforming is slightly lower cost, Below approximately 150 vehicles 
per day steam electrolysis (when further developed) could offer lower costs than steam reforming. 
Without the advance of steam electrolysis, steam reforming is lower cost than electrolysis until 
scales of about 65 cars per day. Increasing onboard storage to 4.75 kg H2 (the dashed lines in Fig. 
5) to achieve a 380 mile range, shifts the breakpoints to smaller scales. LH2 delivery becomes 
cheaper than steam reforming below 310 cars per day. Steam electrolysis becomes cheaper than 
steam reforming at 115 cars per day, and alkaline electrolysis becomes cheaper than steam 
reforming at 50 cars per day. 

Figure 5 also shows that LH2 delivery can suffer large cost increases and remain competitive with 
on-site production at small scales: as much as $40/GJ for 50 cars per day and $30/GJ for 1 0 0  cars 
per day. In the longer term, if steam electrolysis is developed, allowable costs decrease to roughly 
$30/GJ at both scales. These costs are 50-100% higher than those given (Ogden 1994) for larger 
delivery rates, but are probably achievable, since the variable costs of LH2 delivery are only a 
fraction of total costs (see Fig. 3). 

Cost Breakdowns and Delivery Scale from 100-500 carslday. 

The relative importance of various portions of the total delivered hydrogen cost is a function of 
delivery scale. Capital and operating costs become more important at small scales, for example, 
while energy costs remain steady. The cost breakdowns as a function of delivery scale (from 100- 
300 cardday) for on-site production are shown in Figs. 6-8. Costs are subdivided into capital, 
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energy, and operating costs for production, storage, and overhead. Vehicles were assumed to have 
a 300 mile range and store 3.75 kg of H2 onboard (80 mpg equivalent). Station related overhead 
was essentially a flat $720/day. 

Figures 6-8, show that at large scales (300-500 cardday) delivered hydrogen costs from on-site 
production are from 4.5-6.5 cents per mile (gasoline is roughly 5 cents/mile today). Steam 
reforming is the lowest cost, with cheaper energy inputs and low capital cost, but steam 
electrolysis has even lower capital costs and is competitive with steam reforming. Alkaline 
electrolysis costs 6.5 cents per mile, 2 cents/mile more than steam reforming. Notably, this 
difference is not entirely due to electricity costs. The additional capacity required because of limited 
off-peak availability increases the electrolysis capital investment. The investment for alkaline 
electrolysis is so high that it roughly equals the combined capital und energy costs for steam 
reforming. Figs. 6-8 also show that compressed storage costs are dominated by capital costs which 
don't scale very much and are roughly 1.0 cents per mile. 

At smaller scales delivered H2 costs rise to 7.5-9.0 cents per mile at 100 cars/day. Capital costs for 
steam reforming increase much faster than for electrolysis, as implied in the earlier discussion of 
Fig. 5. However simple overhead costs (non-H:! related costs of the station) rise faster than any 
other portion of total costs at small scales, accounting for roughly 2.0 cents per mile at 100 
cars/day. The essential conclusions from Figs. 6-8 are: 

1) Compressed H2 Storage costs are capital dominated and are not a strong function of scale 
in the range of 100-500 cars/day (in comparison to capital costs). Storage costs are in the 
range of 1.0 cents per mile. Therefore the delivered fuel cost benefits of alternative onboard 
storage technologies to compressed gas would be $120/year at most (i.e., if station storage 
were zero cost for other onboard vehicle storage options). 

2) Reduced capital costs would be necessary for alkaline electrolysis to achieve lower costs 
than steam reforming at large scales (300-500 cars/day). This not unlikely given the 
maturity differences between the two industries. 

3) At small scales steam reforming costs rise quickly due to increasing capital costs, but 
operating costs rise even faster for all on-site technologies. Any technology that would 
allow lower labor and overhead costs at small scales could have a significant advantage. 

4) Total hydrogen fueling costs are 4.5-6.5 cents per mile for 300 cardday and 7.5-9 cents 
per mile at 100 cardday. For electrolysis technologies over half of the cost increase is 
overhead. For steam reforming the increase is mostly the capital cost of the reformer. 

Figures 4-8, in combination, show that hydrogen can be delivered for total costs in the range of 
4.5-7 cents per mile (in an 80 mpg equivalent hydrogen electric vehicle) by any of a number of 
conventional options: LH2 delivery from a central plant, steam reforming, or off-peak alkaline 
elecmlysis. Steam electrolysis could reduce future electrolysis costs significantly. All technologies 
are within the cost range necessary to be competitive with gasoline in cars today. At small scales 
(50-100 cars per day) the lowest cost on-site production technology shifts from steam reforming to 
electrolysis. However, it is possible that LH2 truck delivery, if available, could compete with any 
on-site production technology except large stations (300-400 cars/day) using steam reforming. 

Home or Commercial Electrolysis 

There is a scale below which H2 delivery is not feasible. Introducing hydrogen vehicles at this 
scale may be crucial to beginning a smooth transition to hydrogen vehicles either at home or small 
fleets, such as taxis or postal service vehicles. We have therefore estimated costs for producing 
hydrogen by electrolysis at the individual vehicle level. Informal estimates from electrolyzer 
manufacturers suggest that an electrolyzer sufficient for a single vehicle (around 2 kW H2 output) 
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could cost about $2400/kW of H2 output with somewhat higher production rates than today. 
Electrolyzer efficiency would be around 50% (LHV) (Kincaide 1994). For the home electrolysis 
case off-peak electricity was assumed available on weekends and 8 hourdnight on weekdays (50% 
availability) for $0.05/kwh. On-site storage of low pressure (200-300 psi) hydrogen was estimated 
to conservatively cost $1500 for 3.75 kg of H2. The technical feasibility of a system similar to the 
one proposed has been investigated and demonstrated for more than a year at Humboldt State 
University, using a small electrolyzer and low pressure storage to power a PEM fuel cell (Lehman 
et al. 1994). They achieved electrolyzer efficiencies of 60-65%. The costs for home electrolysis as 
well as the other larger scale options was shown previously in Fig. 4. We assumed hydride storage 
onboard the vehicle to avoid home high pressure storage issues. Recently, however, home 
electrolysis using high pressure PEM electrolyzers (at least 2000 psi) and compressed H2 on 
vehicles has been advanced. Home electrolysis could compete with today's gasoline costs (Le., 
delivered H2 for less than 5 cents per mile) if electrolyzer, compressor, and storage tank capital 
costs were reduced sharply (from the values we used) through economies of mass production 
(Molter 1994, Thomas 1995). 

Summary 

The costs of delivered hydrogen using centralized production and delivery and on-site hydrogen 
steam reforming or electrolysis have been estimated for station and smaller scales. 80 mpg 
equivalent hydrogen electric vehicles were assumed, using compressed gas onboard storage. 
Hydrogen delivery by truck was found to have similar costs for a variety of mobile storage 
technologies ($20-25/GJ). None appear to have a strong cost advantage over liquid hydrogen. 
Delivered hydrogen costs at stations (300 cadday) are in the range of 4.5-7 cents per mile and 8-9 
cents per mile at smaller scales 50-100 cars per day. Compressed H2 storage at stations accounts 
for about 1.0 cents per mile of delivered H2 costs and was not as strongly affected by scale as 
other components of delivered H2 costs. At small scales (below 80 cars/day) alkaline electrolysis 
offered lower costs than steam reforming. The breakpoint between electrolysis and steam 
reforming would rise to 125 cars/day if steam electrolysis research results and cost estimates can 
be translated to commercial reality. Hydrogen refueling from very small electrolyzers (2 kw) at 
home or work had conservative costs of 10 cents per mile using low pressure home storage and 
hydride storage onboard the vehicle. 

CONCLUSIONS 

All hydrogen delivery and on-site production pathways were competitive with fuel costs for 
gasoline cars today, at station scales (300 cars/day). The cost differences between various methods 
were about 1-2 cents per mile or $120-240/yr. for a hydrogen vehicle driven 12,000 miles/yr. 
Such cost differences are small compared to the life cycle cost of hydrogen electric vehicles 
($0.40/mile or $4800/yr.) and suggests that costs of LH2 truck delivery and/or on-site production 
by reforming or electrolysis are low enough to allow a smooth hydrogen transition. A transition 
strategy using any or all of these options can be formulated without the hard constraint of fuel 
costs. 

The critical issues surrounding a transition to hydrogen vehicles may lie outside the realm of fuel 
cost (given the high efficiency vehicles used here). Issues for future consideration should include 
vehicle capital cost and operating life, development of small-scale hydrogen technologies to begin a 
smooth transition, emissions and environmental impact of various transition strategies, and 
whether hydrogen pathways complement or compete with the existing energy system. 
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Figure 8: 
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