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Abstract 
 
Southern California has been proposed as a likely site for developing a hydrogen refueling infrastructure. 
In this paper, we apply dynamic programming to identify optimized strategies for supplying hydrogen 
over time in Southern California. GIS-based traffic data are used to model the location and magnitude of 
hydrogen demand over time. Refueling stations are sited based on the location of demand and the trade-
off between convenience and costs. We use engineering/economic models to describe a variety of 
possible hydrogen supply options. Both onsite and central production technologies including biomass 
gasification, coal gasification, natural gas reforming, and water electrolysis are investigated. For central 
production routes, several delivery modes are analyzed including liquid and compressed gas trucks, and 
gas pipelines. These technologies compete with each other to meet an exogenously estimated hydrogen 
demand over time at lowest cost. At each time step over a specified transition period, the model uses a 
dynamic programming algorithm to select the best strategy for building up the infrastructure. We find that 
1) hydrogen could be cost competitive based on region-specific spatial optimization; 2) the best buildup 
strategy for Southern California could be industry hydrogen in early stage, bridged by onsite natural SMR 
and followed by biomass central gasification and then coal gasification with carbon capture and 
sequestration; 3) the feasibility of CCS is critical in CO2 emissions mitigation. 
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Acronyms/abbreviations 
 
BDT = Dry Bone Ton 
CCS = carbon dioxide capture and storage 
CO2 = carbon dioxide 
C-COALCCS = central production of H2 via coal 

gasification with CCS 
C-SMR, C-ELE, C-BIO = central production of 

H2 via SMR, electrolysis and biomass 
gasification, respectively 

C-SMRCCS, C-BIOCCS = C-SMR and C-BIO 
with CCS, respectively 

DOE = the U.S. Department of Energy 
D-SMR, D-ELE = distributed production of H2 

via SMR and electrolysis, respectively 
EIA = Energy Information Administration 

 
FCV = Fuel Cell Vehicle 
HIT = H2 Infrastructure Transition 
H2 = H2 
H2I = H2 Infrastructure 
H2IC = H2I Configuration 
MtCO2 = million tons of CO2 
MtC = million tons of carbon 
NPV = Net Present Value 
O&M = Operating and Maintenance 
SMR = Steam Methane Reforming 
tonC = one ton of carbon 
U.S. = United States 
VMT = Vehicle Miles Traveled 
NAE = National Academy of Engineering 

 
 
 



1. Introduction 
 
H2 as transportation fuel provides the promise of reducing air pollution, green house gas emissions, and 
oil dependence as related to transportation [1][2][3][4]. Although a H2I does not exist, the cost of H2 can 
be estimated via engineering-economic models [2]-[10]. 
 
The current knowledge of H2 cost is mostly derived from models that are based on nation-wide average 
parameters, regional idealized layout, pathway portion, pathway exclusion, static snapshot, non-
optimization or, more commonly, a combination of the above. In light of the current methodological 
limitations, this paper incorporates existing static studies [2][6][7] and uses a dynamic programming 
approach to identify the optimal pathway strategy of supply H2 to Southern California. A H2 demand 
curve is estimated for 2010-2060 by assuming the DOE “Scenario 3” [18] and a 100% of new vehicle sale 
by fuel cell vehicles (FCV) in 2060. To minimize delivered H2 cost, the dynamic programming HIT 
model is developed to find where, when, by what technologies and at what sizes to build up a regional 
H2I. 
 
2. Method and Data 
 
The flowchart (Figure 1) illustrates the method in this paper is to find the least-cost H2 for Southern 
California. The PLANNER module compares all possible sequences of H2IC and selects the best one, 
while the ACCOUNTANT module provides cost data for the PLANNER module to evaluate and 
compare the costs of possible sequences. 

 
Figure 1: Flowchart of the HIT model 
 
 
 



2.1 Study Scope 
 
The study region includes five counties: Los Angeles, Orange, San Bernardino, Riverside and Ventura 
with the regional attributes in Table 1. We assume a time scope of 2010-2060 with 5 years per time step. 
We consider two onsite productions: D-SMR and D-ELE; six central productions: C-ELE, C-SMR, C-
BIO, C-SMRCCS, C-BIOCCS and C-COALCCS; and chemical industry H2. We consider two H2 
delivery modes: gaseous H2 via pipeline and liquid H2 via tanker truck. 
 
Table 1: Southern California Overview (2005) 

Population 17.6 million
Area 33,953 sq. mi.

Density 517/sq. mi.
Transport demand 154 billion VMT
Fuel Consumption 8.47 billion gallon

Vehicle Stock 11.4 million
 
2.2 Demand Scenario 
 
VMT is projected by extrapolating an existing 2030 projection [19] and used to derive annual total new 
vehicle sale by considering annual per-vehicle VMT and fleet share by vehicle age [20]. Annual FCV sale 
and H2 demand (Figure 2) is estimated by assuming the DOE Scenario 3 [18] and a 100% FCV sale in 
2060 (Step #1). 
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Figure 2: FCV Sale and H2 Demand 
 
2.3 Technology 
 
Technologies are represented by size, activity, life cycle costs (capital, fixed O&M and variable), 
efficiency and carbon emission. Technology improvement is described by decrease of costs and emission 
factors and increase of efficiency over time.  
 
A uniform plant size of 1,400 ton/day is assumed for central production. A stackable module size of 500 
kg/day and a size upper limit of 5,000 kg/day are assumed for refueling, D-SMR, and D-ELE stations. 
 



Capital and fixed O&M costs, efficiency, and carbon emission factor for year 2010 are borrowed or 
derived from the DOE/H2A model [7], except that the CO2 emission factor, 0.275 kg CO2/kWh, for 
California grid electricity comes from EIA [21]. Because the DOE/H2A model does not provide future 
technology assessment, technology data for year 2060 are derived by using the ratios of “future 
optimism” and “current” assessments reported by NAE [2]. Data between 2010 and 2060 are derived via 
quadratic interpolation.  
 
In calculating variable costs, we use the following feedstock prices (Table 2), which are assumed to be 
constant over time. For biomass, we estimate 7.94 million BDT/year of biomass available in the study 
region [22]. Currently there is no representation of biomass supply curve in the model. 
 
An industry H2 supply below 42,000 kg/day is available at a delivered cost of 2.80 $/kg but not including 
station costs. The marginal cost of more industry H2 is assumed to increase linearly to 10 $/kg at 84,000 
kg/day. 
 
Table 2: Feedstock Prices 

Feedstock Price Source 
com. electricity 11.92 ¢/kWh EIA [24], 2005, California 
ind. electricity 9.55 ¢/kWh ditto 
com. natural gas 10.69 $/kcf ditto 
ind. natural gas 9.84 $/kcf ditto 
coal 23.30 $/s.t. EIA [24], 2005, Mountain 
biomass 46 $/bdt H2A [7]

 
For H2 pipeline, a pipeline expansion scheme (Step #6) is generated to estimate the actual length, flow 
rate and diameter of each pipeline segment. Then rural pipeline costs are estimated from the formula 
found by Parker [12] (also adopted by the DOE/H2A model [7]). Tanker truck is represented as a rental 
service at a rate of 1.80 $ per kg per 210 kilometres [2]. This rate includes the cost but not the carbon tax 
(calculated separately) of liquefaction electricity. 
 
Costs of CO2 pipeline are estimated with the same approach to H2 pipeline costs. Because the carbon 
capture rate varies by technology1, CO2 pipeline diameter and costs are a function of length and plant 
technology. 
 
We estimate an installed cost of 1.39 million dollars for an injection plant with injection capacity of 1,500 
tons CO2 per day and injection depth of 1,500 meters [23]. The number of injection plants is determined 
by the actual amount of CO2 captured. 
 
Some other financial assumptions include a 10% annual discount rate for private costs, a 40-year life for 
central plants, pipelines and sequestration plants, and 20-year life for refueling and onsite stations. 
 
2.4 External Costs 
 
The model considers refueling travel time cost and carbon tax as external costs. Travel time is assessed 
based on optimal station locations (explained next). A time value of 0.33 $/min, equivalent to 50% of 40 
$/hour wage rate [25], is assumed to convert travel time into dollars. The optimal number of stations is a 
trade-off between time cost and station costs. A carbon tax of 20 $/tonC in 2010, aggressively increased 
by 20 $/tonC per time step, is assumed to represent the disbenefits of carbon emissions. The discount rate 
for external costs is also 10% annually. 

                                                 
1 2.34, 4.41, and 7.04 kg C/kg H2 for SMR, coal gasification and biomass gasification, respectively [2] 



2.5 Facility Location 
 
Network and traffic data [26]-[28] are used to optimize station locations and derive the average refueling 
travel time as a function of station number (Step #5). 
 
One estimate of the carbon storage capacity (saline formation) of the Basin & Range province is 889,055 
MtCO2 [29]. The overlay of the province on the study region (Figure 3) is assumed to be the carbon 
storage location. 
 
A total of nine central plants are needed to meet the 2060 demand. The potential locations for central 
plants (Step #3) are selected by considering proximity to population, railroad, industry zones, and carbon 
storage area (Figure 3). With plant and station locations, pipeline segments, if selected into the decision 
sequence, are connected according to a pipeline expansion scheme (Step #6) that aims at minimizing the 
total pipeline length. A truck route matrix (Step #7) is also generated for assessing trucking cost if there 
are H2 delivered by truck. 

 
Figure 3: Network and Plant Location 
 
2.6 Optimization 
 
In principle, one can enumerate and evaluate the NPV of all possible sequences of H2IC with the help of 
the ACCOUNTANT module (Figure 1) and select the one with the lowest NPV. However, this is 
practically impossible due to long computation time, so a dynamic programming framework [30] is 
implemented in the PLANNER module. 
 
3. Results and Discussion 
 
As shown in Figure 4, during 2010-2014, all H2 supply comes from the chemical industry at 1,364.6 
kg/day delivered via tanker truck to 4 refueling stations. For 2015-2019, a supply of 44,795 kg/day 
industry H2 are delivered by tanker truck to 36 refueling stations, while 50 D-SMR stations are also built 
to meet the remaining demand of 62,215 kg/day. From 2020, central production begins to dominate, 
although industry H2 and D-SMR also co-exist for some years to avoid low utilization of central 
production.  
 
Although C-COALCCS dominates during most of the study period, the first central plant is by C-BIO, 
which is upgraded with CCS after 5 years to cut costs on carbon tax. Available biomass only allows for 
one C-BIO or C-BIOCCS plant. Other technologies, D-ELE, C-ELE, C-SMR, C-SMRCCS, do not enter 
the optimal decisions. 
 
 



 
Figure 4: Capacity by Technology 

 
Figure 5: Delivery Mode 
 
Regarding delivery mode (Figure 5), trucking gradually loses share to pipeline over time. H2 from a same 
central plant could be transported by pipeline to some high-demand areas while by truck to some low-
demand areas. When the demand in areas previously served by truck increases to some level, economies 
of scale make pipeline more competitive and tanker truck looses the route businesses to pipeline, such as 
in 2055-2059. 
 
The total pipeline length serving 2376 refueling stations in 2060 is 4,611 miles (1.94 mile pipeline per 
station), 76% of which are small pipelines with diameter below 5 inches. The total length is based on real 
distance and optimization and demonstrates a significant reduction from other estimates based on 
idealized layout. For example, the DOE/H2A model estimates a total pipeline length of 18,998 miles 
serving 4313 stations (4.40 mile pipeline per station) for a 100% penetration (current demand level) in the 
Los Angeles--Long Beach--Santa Ana region. 
 
Station location optimization enables a small refueling network to provide a desired level of fuel 
accessibility. The tradeoff between travel time and station costs causes the refueling network to expand 
from 4 stations of an average size of 500 kg/day during 2010-2014 to 2376 stations of 5000 kg/day during 
2055-2059. The average refueling travel time with 2376 stations is less than 50 seconds, which is already 



an improvement from the 1 minute 50 seconds enabled by the existing 3850 gasoline stations in the study 
region2. The approximate locations of H2 stations are shown for two time steps in Figure 6. 

 
Figure 6: Station Location 
 
The levelized hydrogen cost is 1.77 $/kg. That is, if hydrogen is charged at 1.77 $/kg, the revenues and 
the costs over time are translated into a zero NPV at 2010 based on 10% discount rate. It should be 
careful if one compares this estimate with other studies, because most of the other studies estimate 
hydrogen cost for individual hydrogen pathway. 
 
The estimate suggests hydrogen supply for transportation in Southern California could be economically 
very attractive, if FCVs could compete with gasoline vehicles.  
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Figure 7: Annual Carbon Emission 

                                                 
2 Nicholas [11] reports 1 minute 50 seconds for Sacramento. We assume this is also applicable to the study region 



 
The total 50-year carbon emissions from conventional gasoline vehicles are about 963 MtC. The H2 
demand curve coupled with the optimal sequence of H2IC could potentially reduce CO2 emissions by 
about 50%. Sequestrating CO2 from biomass gasification results in negative contribution and offsets the 
CO2 emissions from other technologies. The outcome is only 0.302 MtC during the 50 years attributed to 
H2 supply. If CCS is not adopted, the transition sequence, dominated by coal gasification, provides 
positive but little CO2 mitigation potential. 
 
4. Conclusions 
 
The HIT model based on dynamic programming is applied to discover “the regional least-cost H2” in 
Southern California via optimization in terms of when, where, at what sizes and by what technologies to 
supply hydrogen for a 2010-2060 scope. The model considers pathway competition, pathway mix, 
technology improvement, carbon tax, refueling travel time and regional attributes including spatial 
distribution of demand, resource availability, and road network. Based on the base scenario data and 
assumptions, the model found an optimal sequence of H2IC starting from chemical industry H2, quickly 
followed with onsite SMR and later evolving into central production. The central production phase starts 
with biomass gasification but is later dominated by coal gasification. CCS is later adopted due to 
increasing carbon tax. Pipeline network gradually expands and eventually takes over all hydrogen 
delivery from trucking. 
 
Optimization could significantly reduce estimate of hydrogen cost. H2 from the chemical industry is 
competitive in early stages. If CCS is feasible, coal gasification with CCS is competitive. Biomass could 
be more competitive than coal, but is constrained by resource availability. With demand increasing, 
trucking gradually loses market share to pipeline.  
 
The overall levelized cost is about 1.77 $/kg, which indicate the affordability and economic attraction of 
building up a hydrogen infrastructure in Southern California, but without consideration of barriers on the 
vehicle side.  
 
The optimal buildup decisions lead to 50% of CO2 emissions mitigation.  However, if CCS proves to be 
infeasible, hydrogen from coal gasification could achieve little CO2 emissions mitigation. 
 
Acknowledgment 
 
The authors thank Dan Sperling, Shengyi Gao, Mike Nicholas for their help on this project. This work is 
funded by the Hydrogen Pathways Program and the Sustainable Transportation Energy Pathways (STEPS) 
program at Institute of Transportation Studies, University of California, Davis. 
 
References 
 
[1] Sperling, D. and J. S. Cannon. The Hydrogen Energy Transition: Cutting Carbon from Transportation, Elsevier 
Press, 2004. 

[2] National Academy of Engineering. The Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs. 
The National Academies Press. Washington, D.C., USA, 2004. 

[3] Ogden, J. M., T. G. Kreutz, et al. Fuels for fuel cell vehicles. Fuel Cells Bulletin 3(16), pp. 5-13, 2000. 

[4] Ogden, J. M. Prospects for Building a Hydrogen Energy Infrastructure. chapter in Annual Review of Energy 
and the Environment, vol. 24, pp. 227-79, 1999. 

[5] Ogden, J. M., R. H. Williams, et al. Societal lifecycle costs of cars with alternative fuels/engines. Energy Policy 
32(1), pp. 7-27, 2004. 



[6] Ogden, J. M. Developing an infrastructure for Hydrogen vehicles: a Southern California case study.  
International Journal of H2 Energy 24(8), pp. 709-730, 1999. 

[7] H2A Analysis Group. DOE H2A Analysis. http://www.H2.energy.gov/h2a_analysis.html. Accessed in 2006 

[8] Margaret K. Singh, J. S. M., William J. Shadis. Hydrogen Demand, Production and Costs by Region to 2050. 
TRB 2005 Annual Meeting. Transportation Research Board. Washington, D.C., USA.  

[9] Yang, C. and J. M. Ogden. Determining the lowest-cost Hydrogen delivery mode.  International Journal of H2 
Energy 32(2), pp. 268-286, 2007.  

[10] Joffe, D., D. Hart, et al. Modelling of Hydrogen infrastructure for vehicle refuelling in London. Journal of 
Power Sources 131(1-2), pp. 13-22, 2004. 

[11] Nicholas, M., S. Handy, et al. Using Geographic Information Systems to Evaluate Siting and Networks of 
Hydrogen Stations. Transportation Research Record (1880), pp. 126-134, 2004. 

[12] Parker, N. Using Natural Gas Transmission Pipeline Costs to Estimate Hydrogen Pipeline Costs. University of 
California, Davis. Research Report UCD-ITS-RR-04-05, 2004. 

[13] Parker, N. Optimizing the Design of Biomass Hydrogen Supply Chains Using Real-World Spatial Distributions: 
A Case Study Using California Rice Straw. Institute of Transportation Studies, University of California, Davis. 
Research Report UCD-ITS-RR-07-04, 2007. 

[14] Hugo, A., P. Rutter, et al. Hydrogen infrastructure strategic planning using multi-objective optimization. 
International Journal of H2 Energy 30(15), pp. 1523-1534, 2005. 

[15] Greene, D., P. N. Leiby, et al. Hydrogen Transition Modeling and Analysis: HYTRANS V1.0. presented on May 
26, 2005, Arlington, Virginia, USA. 

[16] Tseng, P., J. Lee, et al. A Hydrogen economy: opportunities and challenges. Energy 30(14), pp. 2703-2720, 
2005. 

[17] Wood, F. Overview of NEMS-H2, Version 1.0. DOE Hydrogen Transition Analysis Workshop, January 26, 
2006.  

[18] Gronic, S. H2 & FCV Implementation Scenarios, 2010 - 2025. DOE 2010-2025 Scenario Analysis Meeting, 
Washington, DC., USA, Aug 2006.  

[19] California Department of Transportation. California Motor Vehicle Stock, Travel and Fuel Forecast 2005. 
http://www.dot.ca.gov/hq/tsip/otfa/mtab/MVSTAFF.htm. Accessed in 2006 

[20] Air Resources Board. The EMission FACtors (EMFAC) model 2006. 
http://www.arb.ca.gov/msei/onroad/latest_version.htm. Accessed in 2006 

[21] Energy Information Administration. Updated State-level Greenhouse Gas Emission Coefficients for Electricity 
Generation: 1998-2000, 2002. 

[22] Jenkins, B. M. Biomass in California: Challenges, Opportunities, and Potentials for Sustainable Management 
and Development. California Energy Commission. Contract 500-01-016, 2005. 

[23] Smith, L. A., N. Gupta, et al. Engineering and Economic Assessment of Carbon Dioxide Sequestration in Saline 
Formations. First National Conference on Carbon Sequestration. Washington D.C., USA, 2001 

[24] Energy Information Administration. Annual Energy Prices Statistics by State 2006. http://www. eia.doe.gov/. 
Accessed in 2006 

[25] Victoria Transport Policy Institute.Transportation Cost and Benefit Analysis 2006. http://www.vtpi.org/tca/. 
Accessed in 2006 

[26] Office of Highway Policy Information Federal Highway Administration. Highway Performance Monitoring 
System. http://www.fhwa.dot.gov/policy/ohpi/hpms/index.htm. Accessed in 2006 

[27] Southern California Association of Governments. Regional Data. http://www.scag.ca.gov/resources.htm. 
Accessed in 2006 

[28] Bureau of Transportation Statistics. The Intermodal Transportation Database. http://www.bts.gov/. Accessed in 
2006 

http://www.hydrogen.energy/


[29] Dahowski, R., J. Dooley, et al.  A CO2 Storage Cost Curve for North America. IEA Greenhouse Gas R&D 
Programme. Contract IEA/CON/02/82, 2004. 

[30] Bellman, R. Dynamic Programming. Princeton University Press, Princeton, New Jersey, USA, 1957. 

[31] Blank, L. T. and A. Tarquin. Engineering economy. McGraw-Hill, Boston, USA, 2005. 
 
7. Authors 

 

Zhenhong Lin 
Ph.D. candidate, Civil and Environmental Engineering, University of California, Davis 
M.S., Transportation Technology & Policy, University of California, Davis 
M.S. and B.E., Automotive Engineering, Tsinghua University, China 
 
zlin@ucdavis.edu 

 

Chien-Wei Chen 
Ph.D. student, Transportation Technology & Policy, University of California, Davis 
M.S., Transportation Engineering and Management, National Chiao-Tung University, Taiwan 
B.S., Traffic Transportation Engineering and Management, Feng-Chia University, Taiwan 
 
scwchen@ucdavis.edu 

Yueyue Fan 
Assistant Professor, Civil and Environmental Engineering, University of California, Davis 
Ph.D., Civil Engineering, University of Southern California 
M.S. and B.S., Civil Engineering, Dalian University of Technology, China 
 
yyfan@ucdavis.edu 

Joan Ogden 
Professor, Environmental Science and Policy, University of California, Davis 
Associate Energy Policy Analyst, ITS Davis 
Co-Director, Hydrogen Pathways Program, University of California, Davis 
Ph.D., Physics, University of Maryland, College Park 
 
jmogden@ucdavis.edu 

 
 
 
 


