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Figure 16. Fossil energy consumed per mile driven for liquid hydrogen production by 
each fuel pathway (Well to Wheel) (C - Centralized production pathway; D - Distributed 

production pathway) 
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Figure 17. Greenhouse Gas emissions results for liquid hydrogen production pathway 
(Well to Wheel) (C - Centralized production pathway; D - Distributed production 

pathway) 
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Figure 18. Total Energy consumed hydrogen fuel generation for liquid hydrogen 
production by each fuel pathway (Well to Tank) (C - Centralized production pathway; D - 

Distributed production pathway) 
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Figure 19. Fossil energy consumed for hydrogen fuel generation for liquid hydrogen 
production by each fuel pathway (Well to Tank) (C - Centralized production pathway; D - 

Distributed production pathway) 
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Figure 20. Greenhouse Gas emissions results for liquid hydrogen production pathway 
(Well to Tank) (C - Centralized production pathway; D - Distributed production pathway) 

3.2 HYDROGEN LIFECYCLE ANALYSIS: ECONOMIC ANALYSIS 

Figure 21 shows the H2 production cost results for all the pathways studied. The NANG 
reforming pathways are the most cost effective for both centralized and distributed 
production. Grid powered and renewable electrolysis based pathways are the most 
expensive followed by biogas reforming. Centralized production through biomass 
gasification offers the lowest cost option using a renewable feedstock. The feedstock cost 
is the largest cost component for all pathways followed by capital costs.  The feedstock for 
the electrolysis pathways is electricity. Natural gas, biomass or upgraded biogas are the 
feedstocks for respective pathways whereas electricity is considered as utility for these 
processes. 
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Figure 21. Real levelized H2 production cost values ($/kg H2) (C - Centralized production 
pathway; D - Distributed production pathway) 

3.2.1 SENSITIVITY ANALYSIS 

Sensitivity analysis for the hydrogen production cost were performed and are shown in 
Tornado charts (Figure 22). The parameters with the largest effect on the production cost 
were selected and are shown in the charts. The production cost is most sensitive to feedstock 
costs, capital costs, and the operating capacity factor in that order. The feedstock costs and 
capital costs are varied in a ±30% range of the baseline cost. Plant design capacity and fixed 
operating costs are assumed to vary by ±25% of the baseline cost. The rest of the costs are 
assumed as ±10% of the baseline cost. The sensitivity analysis results for all the pathways 
are presented in figures 23 to 27. 
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Figure 22. Sensitivity analysis for central natural gas based hydrogen production 
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Figure 23. Sensitivity analysis for central solar electrolysis based hydrogen production 
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Figure 24. Sensitivity analysis for central biomass gasification based hydrogen production 
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Figure 25. Sensitivity analysis for distributed natural gas based hydrogen production 
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Figure 26. Sensitivity analysis for distributed grid electrolysis based hydrogen production 
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Figure 27. Sensitivity analysis for distributed biogas based hydrogen production 

3.3 BLENDING HYDROGEN WITH NATURAL GAS 

To assess the effect of blending hydrogen into natural gas pipeline networks the following 
issues are evaluated: 

 Safety 
 Leakage 
 Durability 
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 Hydrogen extraction 
 End use applications 

3.3.1 SAFETY 

Several papers have investigated the safety aspects of blending hydrogen in natural gas 
pipeline networks (GTI 2010, Melaina 2013, Messaoudani 2016, Hodges 2015, Florisson 
2009). Three identified risks are gas buildup, explosions in enclosures, and risk from failure 
of transmission pipelines. 

Gas Buildup 
Two experimental releases demonstrated that the gas buildup behavior of blended fuels is 
similar to that of pure natural gas. The steady state concentration for hydrogen blends up to 
50% is not significantly higher than for pure natural gas. 

Explosions in enclosures 
Measurements of the severity of confined vented explosions with blends up to 20% showed 
only a modest increase compared to pure natural gas. Blends over 50% show a significant 
increase of overpressure. 

Risk from failure of transmission pipelines 
This risk is the product of the frequency of pipeline failure, the probability of ignition, and 
the consequences of fire. The frequency of pipeline failure (rupture) dominates the overall 
risk (Florisson 2009). The analysis shows that risk declines as one moves away from the 
pipeline, and that the risk approaches zero closer to the pipeline as the hydrogen 
concentration increase. Higher hydrogen concentrations yield greater risks closer to the 
pipeline. 

The  main failure mode for natural gas distribution  pipelines involves leaks. The Gas 
Technologies Institute analyzed risk associated with eight failure modes (GTI 2010). 

 Corrosion leading to leakage 
 Material defect whether from component defects or construction (e.g. welding). 
 Natural force such as earthquakes 
 Excavation damage 
 Other forces not including natural forces or excavation 
 Equipment malfunction 
 Incorrect operations 
 Other 

GTI concluded that risk increased when hydrogen was added to natural gas, and the impact 
depends on the hydrogen concentration. Risk is not significant for blends of 20% or less 
hydrogen. If the hydrogen concentration exceeds 20% the risk in service lines, which are 
generally installed in confined spaces, can increase significantly. The risk is considered 
unacceptable when the hydrogen concentration exceeds 50%. 

3.3.2 LEAKAGE 
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Because hydrogen molecules are significantly smaller than natural gas molecules, hydrogen 
leakage rates can be larger than rates for natural gas. Studies of permeation through plastic 
pipes indicate that hydrogen’s permeation coefficient is 4-5 time higher than permeation for 
natural gas. In steel or iron pipes hydrogen leakage occurs primarily through threads or 
mechanical joints. Leakage rates for hydrogen were three times higher than rates for natural 
gas (Melaina 2015). 

Adding 20% hydrogen to natural gas in distribution lines can double the total gas loss. 
Higher concentrations will result in higher losses. Losses from service lines which operate 
at lower pressures will be lower. The measured loss at 20% concentrations is economically 
insignificant (Melaina 2015). 

3.3.3 DURABILITY 

Material durability refers to the effect hydrogen can have on pipeline materials. Hydrogen 
can degrade pipeline materials through physical or chemical processes. An important 
degradation process is embrittlement of steel. Hydrogen atoms can diffuse into  steel  and  
recombine to form molecules creating pressure inside the metal. The pressure can reduce 
the material’s ductility and tensile strength leading to fracture. Because hydrogen can 
degrade pipeline materials, pipeline operators must inspect, maintain, and assess natural gas 
pipelines, a process known as integrity management.   

The degradation to pipeline materials caused by hydrogen depends on the type of materials, 
hydrogen concentration, and operating parameters such as pressure and temperature. 
Hydrogen does not appear to damage iron or copper in natural gas pipelines. The magnitude 
of hydrogen embrittlement depends on the type of steel. Hydrogen has a larger effect on 
high strength steels potentially inducing cracking and fracture while low strength steels may 
only lose tensile ductility. Hydrogen does not degrade polymer materials such as 
polyethylene. 

Since hydrogen can degrade natural gas pipelines, operators must institute an integrity 
management program to determine when damage to pipelines can become problematic. 
There are a number of inspection tools used to find critical defects in the pipeline. The 
proper inspection interval depends on pipeline materials, and environmental conditions. 
Inspection intervals will be shorter for higher hydrogen concentrations 

The cost of integrity management programs depends on operating conditions. Increases in 
program cost will generally be kept lower than 10% if hydrogen concentrations remain 
below 50%, operating pressures do not exceed 66 bars, and the system design life is under 
50 years (GTI 2010). 

3.3.4 HYDROGEN EXTRACTION 

Hydrogen blended with natural gas in pipelines may be used for applications that do not 
require high purity such as domestic appliances, but an important application is use in fuel 
cell cars where the hydrogen must be extracted from the natural gas and processed to a high 
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purity. There are several technologies which can be used to extract and purify hydrogen 
(Melaina 2013). 

Pressure swing adsorption (PSA) 

PSA operates by preferentially adsorbing some molecules while allowing other species to 
pass through. The adsorption probability is a function of the material type and the partial 
pressure. PSA units use multiple materials and layers designed for the gas concentration 
entering the unit. 

If very high purity is needed, PSA units can be operated with more frequent cycling of the 
bed of materials. As the gas passes through the bed multiple times, more impurities are 
removed, but also some hydrogen is lost. This mode of operation sacrifices recovery rate 
for purity. 

Membrane separation 

Membrane separation operates by utilizing differential partial pressures on each side of the 
membrane. The pressure differential moves molecules from the side of higher partial 
pressure to lower partial pressure. Membranes separation technologies work efficiently for 
high concentrations of hydrogen. The purity of the hydrogen gas increases as the recovery 
rate decreases. In general membrane separation can produce hydrogen with 95-99% purity. 
Palladium membrane can achieve very high purities (e.g. 99.9999999%).  

Electrochemical hydrogen separation 

Electrochemical separation uses fuel cells passing process gas across one side of the stack. 
An electric current causes the hydrogen electron to dissociate from the proton. The proton 
passes through the stack and recombines with the electron at the other electrode. Low 
hydrogen partial pressures require high fuel cell powers to operate.  

NREL estimated the cost for hydrogen extraction from a natural gas pipeline using PSA 
units. Assuming a recovery factor of 80%, hydrogen blended at 10% concentration can be 
extracted at $3.3 - $8.3/ kg depending on the volume recovered (100-1000 kg/day). As the 
recovered volume increases, the cost decreases. For a hydrogen concentration of 20% the 
cost drops to $2.0-$7.4. This cost can be significantly reduced if the hydrogen is extracted 
at a pressure reduction facility where the natural gas does not need to be recompressed. At 
pressure reduction facilities the extraction cost could be reduced to $0.3-$1.3 (Melaina 
2013). 

3.3.5 END USE 

Even if the intent of blending hydrogen in natural gas pipeline networks is to extract and 
utilize the hydrogen in pure form, separation technology cannot recover all the hydrogen. 
Therefore, systems that operate on natural gas will be feed a blend of hydrogen and natural 
gas. An important consideration is the effect of hydrogen concentration on these end-use 
systems such as boilers, stoves, or power generation equipment. 

The conditions that determine the maximum blend percentage without adversely effecting 
end-use systems vary considerably. The composition of the natural gas, the type of appliance 
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or engine, and even the age of the appliance all effect the maximum blend percentage. 
Stationary natural gas engines likely will require modifications to the control strategy.  

The acceptable range of hydrogen concentration without requiring modifications to end-use 
applications is roughly 5-20% hydrogen by volume. Higher concentrations require changes 
or precautions and may entail costs as well (Melaina 2013).  

3.4 HYDROGEN DEMAND IN OFF-ROAD TRANSPORTATION MARKETS 

3.4.1 HYDROGEN DEMAND 

The hydrogen demand for the off-road Transportation fuel cell applications considered in 
this analysis is shown in Figures 28-31. 
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Figure28. Hydrogen demand for fuel cell forklifts in California 
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Figure 29. Hydrogen demand for fuel cell airport GSE in California 

Figure 30. Hydrogen demand for fuel cell TRUs in California 

79 



 

 

 

 

 

   
 

 

   

 
     

 
      

 
 

 
    

 

 

 

Total Non-transportation Hydrogen 
Demand 

20 ~----------------------~ 18 +-----------------------::~ ---
"' 16 +---------------------:--::,f!L----­
c 
.2 14 = 12 +---------------7!W-'--------
E 10 +-----------------...,c----------~ 8 -+-------------,,-.,,,:.'------------
f 6 +---------~ ~ -----------
~ 4 +------------,:~ '--------------­

c 2 t---::;;::::::::;;;;4....-=-----------------
~ o ----~---~---~--~---~--~ 
E 2016 
~ 
> :c 

2018 2020 2022 

Year 

2024 2026 2028 

Figure 31. Total Hydrogen demand for fuel cell off-road Transportation applications in 
California 

The market for fuel cell TRUs and airport GSE remains in the very early stages throughout 
the time period of this analysis. The market penetration for total fuel cell stock was assumed 
to be linear for this period, and therefore, the hydrogen usage increases linearly. 

3.4.2 BARRIERS TO COMMERCIALIZATION 

Cost 
The major barrier to commercialization in off-road transportation markets is cost. Both the 
fuel cell capital cost and hydrogen fuel cost are relatively high. Until volume sales increase 
significantly the capital cost will remain a strong barrier. Cost analyses conclude that fuel 
cell TRUs would not be cost effective unless diesel fuel costs near $4/gallon and hydrogen 
fuel is $5/kg or less. Both of these targets are unlikely to be met in the near-term unless 
special conditions prevail.  

Companies considering purchasing fuel cell GSE or forklifts will often include the cost of 
adding hydrogen infrastructure in their cost calculations, but they don’t include 
infrastructure cost for diesel stations or electrical power because that infrastructure already 
exists. The cost comparison is weighted against fuel cells because only incremental costs 
are considered. 

Lack of Infrastructure 
Fuel cell forklifts, TRUs, and airport GSE require hydrogen infrastructure to refuel. Any 
company considering fuel cell products must install potentially costly appropriate 
infrastructure. 

Fuel cell TRU range 
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Due to the relative lack of hydrogen infrastructure, fuel cell TRUs will not be able to travel 
long distances since they cannot refuel regularly. Until hydrogen infrastructure configured 
for class 8 trucks is installed along major highways, long haul operations will not be viable. 
Fuel cell TRUs may be limited to fleets that return to base every day where they could have 
access to a fueling station (CARB 2015) 

Uncertainty 
Fuel cell forklifts have been commercialized with over 7,700 units sold. Companies 
interested in purchasing such products can readily see how well they perform and what 
operational problems exist. However, fuel cell GSE and TRUs are still in the demonstration 
phase where uncertainty concerning reliability, cost, and performance is high. Until these 
products are installed in many more locations, prospective purchasers may have significant 
concerns about the commercial readiness.  

Competition from battery electric or electric designs 
In each of the off-road Transportation sectors considered for fuel cell applications battery 
electric or electric designs have a significant lead in commercialization. The majority of 
forklifts are already powered by batteries. Airports have begun a transition to battery electric 
GSE with the percentage of battery electric GSE at or above 50% at some airports. Trucks 
are beginning to install electric TRUs (eTRUs) which can plug into power outlets when the 
vehicle is stopped at appropriate facilities.  

Battery electric forklifts or GSE and eTRUs emit no criteria pollutants and generally can 
have very low lifecycle GHG emissions. In general these technologies are considered very 
positive from an environmental standard; nevertheless, they do act as a barrier to fuel cell 
market penetration in these applications. To the extent that these electric designs are 
considered more desirable than their fuel cell competition, hydrogen demand from these 
sectors will be suppressed. 

Strategies to overcome commercialization barriers 

Incentives and subsidies 
To help mitigate the higher capital and fuel cost for fuel cell systems governments could 
offer incentives and subsidies. The US IRS could extend the Business Energy Investment 
Tax Credit for certain environmentally beneficial technologies including fuel cells. Before 
this credit lapsed, companies could receive a tax credit of 30% for purchasing  fuel cell  
products. The rebate percentage was gradually stepped down after 2019 reaching 10% by 
2022. The rule could be amended to extend the 30% credit after 2019 to ensure strong 
incentives during the period where fuel cell forklifts, GSE, and TRUs are ramping up 
commercialization. California could add incentives to this federal program. 

Emission standards and other regulation 
The emissions standard for off-road diesel engines could be lowered over time. Stricter 
standards could make zero emission technologies more attractive to companies considering 
new purchases. CARB is considering reducing the period of time that TRU diesel engines 
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can operate while stationary. If the period were reduced over time, companies could view 
fuel cell operation as a path to ensure compliance. 

Disseminate product information 
To reduce the concerns about the reliability and performance of these new fuel  cell  
technologies, demonstration programs could be closely monitored, and information relating 
to successful outcomes could be widely disseminated. Some companies may participate in 
demonstrating fuel cell airport GSE or TRUs, but the majority may not be aware of progress 
made over time. When a product has demonstrated adequate performance, extended 
reliability, or lower costs, CARB or the California Energy Commission could work to 
ensure that other companies in the same market become aware of the progress made. 
Industry groups such as the National Fuel Cell and Hydrogen Association, the California 
Hydrogen Business Council, and the California Fuel Cell Partnership could assist in 
disseminating appropriate information. 

Industrial parks (hub and spoke)  
The high cost of hydrogen fuel acts as a disincentive to purchase fuel cell technologies. The 
cost is generally a function of the volume produced. During the early commercialization 
phase, the demand for hydrogen will be relatively low. To potentially reduce this cost 
companies could look to locate fuel cell products near already existing markets. For 
example, if a warehouse that operates fuel cell forklifts is serviced by trucks with TRUs, 
those trucks could operate fuel cell TRUs. Both markets could utilize the same hydrogen 
infrastructure or portions of the same infrastructure thus reducing the cost of hydrogen.   
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4 SUMMARY AND CONCLUSIONS 

4.1 TECHNOLOGICAL ASSESSMENT 

An assessment of renewable hydrogen production pathways was conducted and a list of 
near, mid and long term pathways was developed based on the anticipated 
commercialization timeframes. The key technology pathways expected to be commercially 
available in the near to mid-term are: 

 Near Term: 5 years (commercially available by 2020) 
o Water electrolysis based hydrogen production 
o Biogas reforming to hydrogen 

 Mid Term: 10 years (commercially available by 2025) 
o Biomass gasification based hydrogen production 

Life Cycle Analysis and economic analysis were conducted for select centralized and 
distributed hydrogen production pathways using the CA-GREET Tier 2 model. Fossil 
natural gas reforming, the dominant industrial hydrogen production technology, is used as 
the baseline against which renewable hydrogen production technologies are compared. The 
renewable resource based pathways such as electrolysis using solar power, biomass 
gasification and biomethane reforming result in reduced GHG emissions as well as reduced 
fossil energy consumption. The key results from the life cycle and economic analysis 
include: 

 The Well-to-Wheel analysis has been performed for different fuel pathways and 
shows that the biomethane reforming pathway results in the lowest GHG 
emissions. Electrolysis using renewable power from a solar PV facility results in 
the lowest GHG emissions among centralized production pathways. Grid 
electricity based hydrogen production via electrolysis uses the highest amount of 
total and fossil energy and results in significantly higher GHG emissions compared 
to the baseline. 

 Hydrogen production cost was evaluated for the traditional steam methane 
reforming process as well as other alternative pathways. As expected, natural gas 
reforming offers the most cost effective production option through central & 
distributed production. Electrolysis using renewable electricity (solar PV) results 
in the highest production cost through a centralized pathway, roughly 226% higher 
than the baseline cost. Centralized biomass gasification offers the most cost 
effective approach to production using a renewable feedstock. Electrolysis is the 
highest production cost option among distributed pathways. Grid electricity based 
electrolysis results in approximately 183% higher production costs whereas biogas 
reforming pathway results in 64% higher costs than the baseline process.  

 Based on the life cycle GHG emissions and cost performance, centralized biomass 
gasification pathway offers the most cost effective option to reduce GHG 
emissions among renewable hydrogen production pathways.  
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Based on the technology assessment and analysis results, the following recommendations 
are provided. 

 Although renewable hydrogen production is technologically feasible in the near to 
mid-term, commercial viability will be difficult to achieve without sufficient 
incentives and other governmental support. An assessment of the most feasible 
commercialization approaches and steps needed to realize commercial production 
is necessary. 

 Many of the technologies evaluated here are under development and are evolving 
rapidly. Publicly available data are often out of date or are not reflective of specific 
technology options. A more focused analysis of select pathways using data from 
commercial installations or demonstration projects will result in technology 
specific data that can guide further research, development and commercialization 
strategy. 

4.2 BLENDING HYDROGEN WITH NATURAL GAS 

The following conclusions summarize results from the review of blending hydrogen in 
natural gas pipeline networks. 

Safe blend percentage 
Based on safety, durability, and end-use considerations, hydrogen blend percentages 
ranging from 5-15% of hydrogen by volume are acceptable in natural gas pipeline networks. 
This level does not require modifications to end-use equipment, does not reduce public 
safety, and does not cause damage to pipeline systems. 

Case specific results 
The wide range of parameters for pipeline networks including natural gas composition, 
pipeline pressures and temperatures, and pipeline materials may require individual analysis 
of each situation in order to determine appropriate hydrogen concentrations.  

Integrity management programs  
The potential for hydrogen to cause pipeline degradation requires modifications to integrity 
management programs developed for natural gas pipeline networks. Proper monitoring and 
maintenance can lower the probability that the introduction of hydrogen into the network 
will cause unacceptable damage. 

High blend percentages 
Caution must be exercised in utilizing blend percentages above 15%. While some situations 
could support increased hydrogen percentages, significant issues must be addressed. 

4.2.1 RECOMMENDATIONS 

Blending hydrogen in natural gas pipeline networks may provide a solution to the problem 
of hydrogen distribution from remote or centralized production facilities. To better 
understand the implications of a blended infrastructure, the following recommendations 
are suggested: 
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 Make funding available for detailed analyses of the distribution cost for hydrogen 
blended into natural gas pipelines. This cost should be compared to other 
distribution options. 

 Given the wide variability of pipeline conditions, conduct studies of the necessary 
modifications to natural gas pipelines to allow hydrogen blending at various 
percentages. 

 Conduct studies to understand the effect of various blend percentages on end-use 
equipment.  

4.3 HYDROGEN DEMAND IN OFF-ROAD TRANSPORTATION MARKETS 

This study estimated the potential hydrogen demand for off-road Transportation equipment. 
The estimate assumed that conditions for market penetration were realistic but towards the 
optimal side.  

The hydrogen demand for off-road Transportation fuel cell markets in California is 
dominated by forklifts. Fuel cell forklifts are presently commercialized and stakeholders 
believe that market penetration could increase significantly. Most forklifts are presently 
battery electric and fuel cell forklifts have some significant advantages over battery powered 
forklifts – faster refueling, constant power output, lower cost operation and maintenance, 
and space savings. Potential market penetration for fuel cell forklifts could be as high as 
30% of new sales by 2026. 

On the other hand, both fuel cell TRUs and airport GSE are in the demonstration phase and 
not ready for commercialization. With the right incentives and regulation these markets 
could be commercialized within 5 years or so, but total market penetration is only assumed 
to reach roughly 2% by 2026. In addition the fleet stock of TRU and airport equipment is 
much smaller than the stock of forklifts. The total contribution to the hydrogen demand for 
fuel cell TRUs and airport GSE is negligible compared to that of forklifts.  

The potential total hydrogen demand for off-road Transportation equipment in California 
reaches roughly 18 million kg/year in 2026. In their mid-energy demand scenario the 
California Energy Commission (CEC) estimates that hydrogen demand from fuel cell light-
duty vehicles may reach roughly 30 million kg/year by 2026 (CEC 2016).  

4.3.1 RECOMMENDATIONS 

Disseminate product information 
Reliability and performance may be a concern for companies considering off-road 
transportation fuel cell technologies. To alleviate these concerns information from 
successful demonstration programs could be widely disseminated. While some companies 
participate in these demonstrations, many others may be unaware of potential progress. 
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When a fuel cell product has demonstrated good performance and costs have been reduced, 
CARB or the California Energy Commission could disseminate these results so potentially 
interested companies can become aware of the progress.  

Industrial parks (hub and spoke)  
Hydrogen fuel cost is presently high and can result in fuel cell technologies not being cost 
effective. The cost generally decreases as the volume produced increases. Companies may 
be able to reduce hydrogen cost by locating products near existing fuel cell markets or by 
identifying industrial parks where products can be co-located. These industrial parks can act 
to increase overall hydrogen demand, and therefore, reduce the cost. 
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