I-95 HYDROGEN HIGHWAY DEVELOPMENT: ANALYSIS OF ECONOMIC TRADEOFFS 
P. Lemar, Jr.
, and E. Schmura

1. Introduction

The Department of Energy (DOE) Multi-Year Research, Development and Demonstration Plan’s overall program goal is to develop hydrogen delivery technologies that enable the introduction and long-term viability of hydrogen as an energy carrier for transportation and stationary power.  Under Concurrent Technologies Corporation’s (CTC) Hydrogen Regional Infrastructure Program in Pennsylvania, a Phase I project quantified hydrogen delivery tradeoffs and delivery options for the State of Pennsylvania.  With analytical support from Resource Dynamics Corporation (RDC) and technical support from Air Products and Chemicals, Inc., structured analysis of a variety of meaningful alternative delivery tradeoff scenarios were completed for the State of Pennsylvania.
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Washington, DC

DC, Northern Virginia, Maryland suburbs

3,930,000

         

 

1,157

  

 

3,400

               

 

2,690,000

  

 

68%

13,500

      

 

Baltimore, MD

Baltimore and surrounding suburbs

2,080,000

         

 

683

     

 

3,000

               

 

1,420,000

  

 

68%

13,500

      

 

Philadelphia, PA

Philly, Wilmington, PA/DE/MD/NJ suburbs

5,150,000

         

 

1,800

  

 

2,900

               

 

3,310,000

  

 

64%

11,200

      

 

Trenton, NJ

City of Trenton, surrounding areas

270,000

             

 

92

       

 

2,900

               

 

200,000

     

 

74%

12,000

      

 

New York, NY

NYC, Newark, NY/NJ/CT suburbs

17,800,000

       

 

3,353

  

 

5,300

               

 

8,980,000

  

 

50%

11,100

      

 

Bridgeport, CT

Bridgeport, Stamford, CT and NY suburbs

890,000

             

 

465

     

 

1,900

               

 

680,000

     

 

76%

12,000

      

 

New Haven, CT

New Haven, surrounding areas

530,000

             

 

285

     

 

1,900

               

 

400,000

     

 

76%

12,000

      

 

Hartford, CT

Hartford and surrounding suburbs

850,000

             

 

469

     

 

1,800

               

 

670,000

     

 

79%

13,500

      

 

Providence, RI

Providence and surrounding RI/MA suburbs

1,170,000

         

 

504

     

 

2,300

               

 

870,000

     

 

74%

11,300

      

 

Boston, MA

Boston and MA, RI and NH suburbs

4,030,000

         

 

1,736

  

 

2,300

               

 

2,650,000

  

 

66%

11,900

      

 

Total I-95 Corridor

36,700,000

10,544

3,481

21,870,000

60%

12,200

    

 

Phase II focuses on the I-95 corridor from Washington, DC to Boston MA, including Philadelphia, PA (see Figure 1).  It builds upon the Phase I trade-off study by analyzing the most economically feasible hydrogen delivery scenarios based on population density, feedstock pricing, and a slate of current or near current production and delivery technologies using the DOE H2A model.  The objective of this project is to indicate the lowest cost solution for delivered hydrogen throughout the I-95 corridor.  To do so, the project team sought to assess the most economically feasible production process and location, delivery methods, and the tradeoffs between these methods.
The results elaborate on the lowest cost solution for delivered hydrogen along the I-95 corridor.  Three hydrogen demand scenarios were constructed and analyzed: an initial scenario focusing on 1 % of the current population of light duty vehicles (LDVs) fueled by hydrogen, 10 %, and 30 %.  The 1 % case is based primarily on fleet or early adopter use with the 10 % and 30 % cases representing an increased number of early adopters and initial mass market adoption.  

Within each of these scenarios, demand centers were defined to coincide with the major metropolitan statistical areas (MSAs) along the I-95 corridor and were used to define hydrogen volume and distance from potential production sources.  With these parameters defined, a variety of different production and distribution options could be analyzed and the various tradeoffs identified.
2. Background

With the relatively recent price increases and volatility in global petroleum markets, the United State’s dependence on foreign sources of petroleum is becoming more apparent.  At the same time, the use of petroleum for transportation remains a major contributor to degrading air quality.  While emissions regulations have been established to improve air quality, they may curtail economic growth.  Hydrogen has the potential to increase energy independence and to allow economic growth without a significant degradation of air quality.

The development of a hydrogen economy is not without significant roadblocks.  The infrastructure to produce, deliver, and distribute hydrogen is currently limited and is nowhere near capable of serving even 1 % of our transportation needs.  Such an infrastructure would require significant investment in delivery and dispensing infrastructure.  In short, the road to the hydrogen economy will require significant investment and careful planning to ensure that risks are managed without burdening our economy.
The first hydrogen highway currently under development in the US is the California Hydrogen Highway.  One of the main factors leading towards this development was air quality.  California has several air quality non attainment areas for ozone, carbon monoxide, particulate matter less than 10 microns (PM-10), and PM-2.5.  
Similarly, the I-95 corridor faces these air quality issues, as shown in Figure 2, with the entire I-95 corridor being nonattainment for ozone (the same map focusing on PM2.5 emissions shows the I-95 corridor from Washington DC to New York being [image: image12.wmf]nonattainment areas).   Transportation is a major contributor to both pollutants.  Analyzing an I-95 corridor infrastructure can help identify the most cost effective path for hydrogen infrastructure along this critical transportation corridor.
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3. Hydrogen Pathways and Tradeoffs

For each pathway, both the delivered hydrogen cost and total capital investment were estimated using an analysis that employs the DOE’s H2A model and takes into account the costs of feedstocks, labor and materials, operating and maintenance, energy, and recovery of capital.  

The key tradeoffs analyzed were:

· Plant Size.  The three main distinctions were large central plants serving a single metropolitan statistical area (MSAs) such as a city, larger regional central plants that serve multiple consolidated MSAs and multiple cities, and on-site production.  Regional central plants offered improved economies of scale but longer distances from fueling stations compared with more smaller central plants, which tend to be more expensive to operate but closer to delivery locations, and distributed (on-site) production where no hydrogen delivery is required.  In addition, the costs of producing hydrogen and sequestering carbon dioxide at natural gas and coal central plants was determined for a carbon-constrained scenario.
· Feedstock and Technology Options.  Comparisons were made between using the relatively high cost of natural gas versus coal or biomass.  The comparisons consider both the capital required to invest in the technology as well as the operating costs that include the purchase of feedstocks; and

· Delivery Methods.  Compressed gas truck transport, liquid truck transport, and pipeline delivery options for each of the plant sizes and feedstock options were evaluated.  Pitted against these options was distributed production, which does not require delivery but tends to have a higher production cost.

Each of these tradeoffs was evaluated for the 1 %, 10 %, and 30 % LDV demand scenarios to gauge whether specific pathways made more economic sense early or late in the development of a hydrogen economy.

4. Key Assumptions
The I-95 Corridor from Washington, DC north to Boston, MA addresses a nearly contiguous region of high density metropolitan areas.  It includes the largest MSA (New York City) and four of the top 11 MSAs (see Table 1).  The I-95 Corridor encompasses 13 percent of the U. S. population in less than 1 percent of the U. S. land, and includes 15 percent of our nation’s light duty vehicles.

Table 1.  I-95 Corridor and Major Metropolitan Statistical Areas
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Interestingly, the four larger MSAs have lower LDV percents per capita than the smallest six MSAs, which make sense in that the larger cities have more mass transit and less available parking, making vehicle ownership more expensive and inconvenient.  New York is a particular outlier, at just 50 percent LDV per capita, which is mostly due to the lack of LDVs in the city’s core, where vehicle ownership is very expensive and mass transit more convenient.  The New York MSA, nevertheless, has over twice the base of vehicles within its boundary than Philadelphia, the second largest city.
While California is widely recognized as the leader in hydrogen mandates and incentives, several states along the I-95 corridor have hydrogen on their radar screen.  Table 2 shows that both NY and CT have developed hydrogen roadmaps, with NY also passing a zero emission vehicle (ZEV) mandate and hosting hydrogen fueling stations (in White Plains, with other stations planned).   NY, NJ, and CT have incentives that apply to hydrogen vehicles, while MA has ZEV acquisition requirements for State vehicles.  DC, while lacking any mandates or incentives, hosts a Shell fueling station at the Benning Road location.
Table 2.  State Mandates and Incentives for Hydrogen Along I-95 Corridor
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Table 3 shows that the number of fueling stations allocated to the I-95 corridor in this study, starts at 15 percent of the existing gas stations at the 1 percent scenario.  These are all the smaller, 100 kg/day station capacities, as indicated by analysis performed using the HDSAM
 model.  At the 10 percent scenario, the number of stations is kept constant but the capacity is increased for a number of stations to 1,500 kg/day.  This becomes particularly important when costs of producing hydrogen on-site are presented, due to economies of scale.  In the 30 percent demand scenario, all of the stations are anticipated to be 1,500 kg/day stations.
Table 3.  Allocation of Fueling Stations by Capacity, Along I-95 Corridor
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Another major determinant of hydrogen production cost is feedstock pricing.  Studies suggest that early hydrogen production will employ natural gas, with lower cost feedstocks such as coal could emerge as the volume of hydrogen increases and as sequestration technology and economics becomes successful
. Figure 3 illustrates that natural gas is available along the I-95 corridor, albeit at prices much greater than coal or biomass, when compared on a $/MMBtu basis.  Pennsylvania, the focus of earlier work in Phase I, offers the lowest coal prices in the region.
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Figure 3.  Feedstock Pricing Along I-95 Corridor
5. Economic Analysis and Tradeoffs of Hydrogen Production

Based on the Phase I results for Pennsylvania, where a variety of feedstock options were evaluated, the I-95 Corridor analysis focused on natural gas, coal, and biomass as these feedstocks were the most cost effective in Phase I.

During the initial one percent demand scenario, the results of the economic analysis show that for nine out of the ten MSAs along the I-95 Corridor, hydrogen can be most cost effectively produced using natural gas.  Figure 4 shows that these costs range from just above $2/kg for New York City using biomass gasification, to just below $3.5/kg in Providence using natural gas with steam methane reformation.  New York City is the only MSA with large enough demands to support a gasification unit, and is most cost-effective using biomass as a feedstock.  These costs do not include delivery, which will be discussed in the next section, nor on-site production, which will be discussed later.
Sequestration adds appreciably to the cost of producing hydrogen at these volumes, representing an increase of about 60 cents/kg for smaller cities such as Providence or Trenton, and around 40 cents/kg for larger cities such as Washington, DC and Philadelphia.  
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Figure 4.  Hydrogen Production Costs Along I-95 Corridor, for Individual MSAs for One Percent Demand Scenario

Figure 5 shows that combining MSAs does help reduce production costs, mainly aiding the smaller city that is combined with a larger city.  For example, Boston can produce hydrogen to meet one percent demands at $2.59/kg, dropping only to $2.54 when combined with Providence.  Providence experiences a much more significant drop, from $3.41/kg to $2.54/kg, a decrease of over 25 percent.  New York has such high hydrogen demands relative to the other MSAs that it was not combined with any other cities in the analysis.
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Figure 5.  Hydrogen Production Costs Along I-95 Corridor, for Combined MSAs for One Percent Demand Scenario

As more hydrogen is needed, such as in the ten and thirty percent demand scenarios, the most cost-effective method of hydrogen production changes.  Natural gas gives way to biomass for half of the individual MSAs in the ten percent demand scenarios, and costs of hydrogen production fall to $1.60 to $2.50/kg, without any carbon regulations.  The larger MSAs such as New York or Philadelphia are at the low end of the range and smaller MSAs such as Trenton are at the high end.  For the combined MSAs, volume is high enough to justify coal gasification, and costs drop to $1.60 -$1.90/kg, again without sequestration.
The 30 percent demand scenario, without carbon regulations, shows a shift towards coal.  Five out of the ten individual MSAs and all of the combined MSAs show coal to be the most cost effective feedstock for hydrogen production.  Only the areas north of New York, except Boston, show biomass to be the most cost-effective.
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Figure 6.  Production Costs Along I-95 Corridor, Without Carbon Constraints

When carbon constraints are assumed to be in place, requiring sequestration from any fossil-fueled central plant production of hydrogen, the most cost-effective production methods show some changes.  In the ten percent demand scenario, only Washington, DC changed its most cost effective feedstock from coal to biomass when carbon constraints required coal to use sequestration.  All other MSAs remained with the same feedstock, adding sequestration if necessary (for natural gas and coal).

For the thirty percent demand scenario, carbon constraints resulted in more changes.  Without carbon constraints, the ten MSAs were split evenly between coal and biomass.  However, when carbon constraints were added only the three southern largest MSAs (NY, Philadelphia, and DC) could cost effectively use coal with sequestration due to better proximity to Mid Atlantic coal.  The results showed that the Connecticut MSAs could remain using biomass to deflect any cost impact from carbon constraints, whereas Boston should use biomass instead of coal to reduce its cost of carbon compliance to 15 cents/kg.
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Figure 7.  Impact of Carbon Constraints on Hydrogen Production Costs Along I-95 Corridor, for Combined MSAs

Table 4 shows the cost of carbon compliance depending on demand scenario and on method of hydrogen production with and without carbon constraints.
Table 4.  Cost of Carbon Compliance in Terms of Increased Hydrogen Production Cost
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6. Economic Analysis and Tradeoffs of Hydrogen Delivery

The three primary hydrogen delivery options were analyzed for each of the MSAs along the I-95 Corridor: truck delivery using compressed tube trailers, truck delivery using cryogenic (liquid) hydrogen tube trailers, and dedicated hydrogen pipelines.  For the one percent scenario, compressed trucks are the low cost option for all areas except New York, where liquid trucks are favored due to the larger metropolitan area.  These options hold for the combined MSAs as well. Delivery costs are quite high, at over $7/kg, for all cities due to the low volumes.  Combining the MSAs has a minor effect on delivery, decreasing costs by only 5 percent on average.

Pipeline becomes the low cost option for most areas at ten percent, except for the larger more spread out areas such as NY, Philadelphia, and Boston.  When MSAs are combined, then economies of scale favor truck delivery, although cost drops by only 1.5 percent.  At thirty percent demands, pipeline is the low cost option for all areas, and combining MSAs is no longer beneficial as delivery costs on average increase.
Table 5.  Delivery Costs and Most Cost Effective Delivery Method for Each Demand Scenario, by MSA
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7. Economic Analysis and Tradeoffs of Delivered Hydrogen

In the final analysis, the cost of producing hydrogen on-site is compared with the combined costs of production and delivery.  This analysis determines the most cost effective method for making hydrogen available at the site of refueling, thus comparing apples to apples.
For the one percent demand scenario, distributed production is clearly the lowest cost option, even with high natural gas prices.  For all metropolitan areas along the I-95 Corridor, Figure 8 illustrates that the costs of producing hydrogen on-site using natural gas reforming are in the $6.85-7.45/kg range, and are substantially less costly than delivered hydrogen from central production plant.  These costs are based on the high natural gas prices, ranging from $8-13/MMBtu, as well as the smaller 100kg/day refueling station capacity, which leads to higher capital cost per unit production capacity.  The high competing cost of delivered hydrogen is mostly due to the delivery costs at these low volumes, which range from $6-10/kg for delivery alone.
With hydrogen costing $7/kg in the early scenario, some may dismiss hydrogen’s strong environmental benefits as being too costly.  When the efficiency of fuel cell vehicles is considered, which the automotive industry
 believes will attain fuel efficiency of twice that of current automobiles, a “well-to-wheels” factor of two is obtained.  That means that since hydrogen fuel cell vehicles can travel twice as far on a mile per unit fuel basis, the cost of hydrogen should be divided by two to compare options.  This would put the well-to-wheels comparison at $3.50/gallon of gasoline equivalent, which is competitive (untaxed) with today’s prices of gasoline at the pump.  As prices of hydrogen drop, it becomes even more competitive solely on the basis of fuel cost.

Moving to the ten percent demand scenario, cost of production and delivery drop appreciably as more volume of hydrogen is needed.  Due to the larger station sizes, with most now being enlarged to 1,500 kg/day in capacity to handle more vehicle refueling, the cost of producing hydrogen on-site has dropped to $4.21-5.10/kg.  On-site production costs are still less expensive than delivered hydrogen in all but three (Philadelphia, NY, and Providence) metropolitan areas (see Figure 9).  When carbon constraints are considered, however, the cost of adding sequestration to the coal gasification plants serving NY and Philadelphia drives these costs higher, and on-site production using natural gas becomes more cost effective.  It should be noted that while Providence is the only metropolitan area that calls for delivered hydrogen even with carbon constraints (using biomass), sources indicate that the supply of biomass will be unable to meet demand at these volumes
.  The biomass stocks do not consider cultivating energy crops, however, and these may be capable of meeting additional biomass demand.

Figure 8.  Delivered Costs of Hydrogen Along I-95 Corridor, for One Percent Demand Scenario


Figure 9.  Delivered Costs of Hydrogen Along I-95 Corridor, for Ten Percent Demand Scenario

In the thirty percent demand scenario, delivered hydrogen finally breaks through as the most cost effective for all areas.  Costs range from $3.45-4.05/kg delivered, using biomass or coal.  When carbon constraints are considered, this holds true for all areas except New York, where the added cost of sequestration pushes delivered cost of hydrogen beyond the $4.11/kg cost of on-site production using natural gas.  This is mostly due to relatively high cost of distributing hydrogen via pipeline in the New York metropolitan area.  Due to the low percentages of light duty vehicle ownership in the city area, a more extensive pipeline network is required to serve the area.  Because of this, hydrogen costs with carbon constraints would continue to favor distributed production in New York.  Also, in New Haven and Providence
, biomass and coal are very competitive, so carbon constrained costs are roughly equal to costs without such constraints and thus no premium for carbon constraints is seen.
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Figure10.  Delivered Costs of Hydrogen Along I-95 Corridor, for Thirty Percent Demand Scenario

8. Findings and Conclusions

This paper presented the preliminary findings of the study of economic tradeoffs for hydrogen production and delivery along the I-95 Corridor from Washington, DC to Boston, MA.  The analysis is founded on the assumptions that hydrogen demand will emerge where population is high and where high concentrations of LDVs reside.

The preliminary results of the study have indicated that while hydrogen production capacity is important to reduce delivered cost, distance is even more important due to cost of delivering hydrogen.  On-site production of hydrogen using natural gas is the most cost-effective option in the one to ten percent demand scenarios, with delivered hydrogen using coal or biomass gasification and pipeline distribution becoming most cost effective when thirty percent of the light duty vehicles use hydrogen.
While consolidating metropolitan areas helps build volume and makes central plants more competitive, their costs are still too high when delivery is added to compete with on-site production in the one and ten percent demand scenarios.  When the thirty percent demand scenario is reached, each of the individual metropolitan areas has enough hydrogen demand to justify a dedicated central plant, and delivered hydrogen is more cost effective than hydrogen produced on site.
With hydrogen costing $7/kg in the early scenario, far short of DOE’s $3/kg goal, some may dismiss hydrogen’s strong environmental benefits as being too costly.  With hydrogen fuel cell vehicles travelling twice as far on a miles per unit fuel basis, the cost of hydrogen for comparison would be $3.50/gallon of gasoline equivalent, which is competitive (untaxed) with today’s prices of gasoline at the pump.
This analysis does show that the costs of hydrogen will drop to $3.50-4/kg as volume increases and lower cost feedstocks such as coal or biomass can be used, and it becomes even more competitive solely on the basis of fuel cost.

Carbon constraints are not seen as adding to the cost of hydrogen in the one and ten percent demand scenarios, as on-site production using natural gas is most cost effective and it is assumed that these smaller sources would be unregulated.  At the thirty percent demand scenario, the Southern portion of the I-95 Corridor (Washington DC, Philadelphia, and NY) would incur added costs of 20-30 cents per kg to implement sequestration at coal gasification plants, and areas North (Connecticut and Boston) would have lower costs as relying on biomass instead of coal becomes more cost effective for compliance.
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Figure 1.  I-95 Corridor and Major Metropolitan Areas
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Figure 2.  U. S. Ozone Nonattainment Areas 


(I-95 Corridor Shown Circled in Red.  Source: EPA)
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� Again, sources indicate that the supply of biomass for Providence will be unable to meet demand at these volumes.  The biomass stocks do not consider cultivating energy crops, however, and these may be capable of meeting additional biomass demand
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