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ABSTRACT 

Optimization is applied to identify the least-cost sequence of hydrogen infrastructure build-up in 

Southern California during 2010-2060. Given an exogenous demand, the model generates temporal 

and spatial decisions for building a hydrogen infrastructure, in terms of when, where, at what sizes 

and by what technologies, that minimize the net present value of technology, environment, and fuel 

accessibility costs. The least-cost sequence is then analyzed with respect to technology deployment, 

delivered hydrogen cost, capital requirements, subsidy need, subsidy capacity, and CO2 mitigation. 

It is found that industrial hydrogen could play a critical role in initiating hydrogen transition, 

temporally bridged by onsite SMR to central production dominated at first by biomass gasification 

and later by coal gasification with CCS. While a non-discounted capital investment of $24.43 

billion is needed for the 50-year build-up, a hydrogen price below 3 $/kg could pay back the costs 

in 20 years earning a 10% IRR. If hydrogen is purchased at the current equivalent gasoline price 

(2.517 $/gallon), the hydrogen industry could potentially provide $4,888 as subsidy for each new 

FCV purchase. With CCS, 50% of 50-year CO2 emissions could be avoided. 
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NOMENCLATURE 

BDT = bone dry tonne 

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 

D-SMR, D-ELE = distributed production of H2 via SMR and electrolysis, respectively 

FCV = fuel cell vehicle 

H2 = hydrogen 

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 

VMT = vehicle miles traveled 

1. INTRODUCTION 

H2 as transportation fuel provides the promise of reducing air pollutions, greenhouse gas emissions, 

and oil dependence [1]-[3]. Although a hydrogen refueling infrastructure does not currently exist, 

the cost of H2 can be estimated via engineering-economic models [2]-[9]. 
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Estimates of  the H2 cost have been mostly derived from models that are based on nation-wide 

average parameters, regional idealized spatial layouts, partial pathways (e.g. only production or 

only delivery), pathway mutual exclusion, static estimates of supply and demand, non-optimized 

systems or, more commonly, a combination of these limitations. For example, several studies [2]-

[4] treat pipeline length, trucking distance, feedstock prices and demand as nationwide average 

parameters. Some other studies [5]-[9] consider regional attributes such as demand density, and use 

an idealized layout to estimate station number, pipeline length and trucking distance. Spatial details 

have been modelled for a pathway portion, such as station siting [10], pipeline [11] and biomass 

supply [12], but not for a complete pathway. And no study has considered multiple pathways 

coexisting at the same time. Because a convincing principle to determine the pathway mix is not 

available, most studies [2][4][7] are limited to mutually exclusive pathway comparisons. And few 

studies have estimated H2 cost in a dynamic context with demand growth, technology improvement 

and technology competition over time. Hugo [13] attempts to find the least-cost strategy of supply 

hydrogen over time for a network of cities, but did not consider spatial details for infrastructure 

layout. Some transition models [14][15][16] are developed primarily for understanding consumer 

choice or stakeholder behavior and testing policies rather than hydrogen system design and cost. 

Like many static models, these transition models employ nationally averaged or highly aggregated 

regional spatial information to estimate hydrogen costs and largely ignore or simplify spatial details. 

Generally, the lack of spatial details and dynamic context could lead to a sub-optimal system, 

different than one that minimizes H2 cost by identifying the best spatial and sequential decisions. 

 

Motivated by the lack of modelling tools to study "least-cost regional H2", this paper builds upon 

data in existing static studies [2]-[6] but develops a dynamic programming approach to identify the 

optimal pathway strategy for supplying H2 to Southern California.  
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2. METHOD AND DATA 

Figure 1 shows a flowchart of the method used in this paper to find the least-cost H2 supply for 

Southern California. The PLANNER module compares all possible sequences of hydrogen 

infrastructure configurations and selects the best one, while the ACCOUNTANT module provides 

cost data for the PLANNER module to evaluate the costs of possible sequences. 

2.1. Study Scope  

The study region includes five Southern California counties: Los Angeles, Orange, San Bernardino, 

Riverside and Ventura with the regional attributes listed in Table 1. We assume a planning horizon 

of 2010-2060 with a 5-year interval of each decision stage (e.g. build-out decisions are made every 

five years). We consider two onsite production options: natural gas steam methane reforming or 

SMR (D-SMR) and water electrolysis (D-ELE); six central production options: electrolysis (C-

ELE), natural gas SMR with (C-SMRCCS) and without carbon capture and storage or CCS (C-

SMR), biomass gasification with (C-BIOCCS) and without CCS (C-BIO), and coal gasification 

with CCS (C-COALCCS); and industry H2. We consider two H2 delivery modes: gaseous H2 via 

pipeline and liquid H2 via tanker truck. 

2.2. Demand Scenario  

Vehicle miles travelled (VMT) are projected by extrapolating an existing 2030 county-level 

projections for Southern California[18]. We then derive annual total new vehicle sales by 

considering annual per-vehicle VMT and fleet share by vehicle age based on the California Energy 

CommissionÕs EMFAC model [19]. Annual FCV sales and H2 demand (Figure 2) are estimated by 

assuming fuel cell vehicles are introduced up to 2025 following a scenario (ÒScenario 3Ó) developed 

by the USDOE [17]. After 2025, we assume that the FCV market share of new vehicle sales grows 

to 100% by 2060 (This is Step #1 in Figure 1). 
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2.3. Technology 

Technologies are represented by size, costs (capital, fixed O&M and variable), conversion 

efficiency, feedstock requirements and carbon emissions. Technology improvement is described by 

decrease of costs and emission factors and increase of efficiency over time.  A uniform central plant 

size of 1,400 tonnes/day is assumed. A stackable module size of 500 kg/day and a size upper limit 

of 5,000 kg/day are assumed for refueling, onsite SMR, and onsite electrolysis stations. 

 

Capital and fixed O&M costs, efficiency, and carbon emissions factor for year 2010 are derived 

from the DOE/H2A model [6], except that the CO2 emission factor, 0.275 kg CO2/kWh, for 

California grid electricity comes from EIA [20]. 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. We estimate 7.94 million bone dry tonnes (BDT)/year of biomass are 

available in the study region [21]. Currently there is no representation of a biomass supply curve in 

the model. 

 

We assume an industry H2 supply below 42,000 kg/day is available at a delivered cost of $2.80 /kg 

not including station costs [5]. The marginal cost of more industrial; H2 is assumed to increase 

linearly to $10 /kg at 84,000 kg/day. 

 

For H2 pipeline delivery, a pipeline expansion scheme (Step #6) is generated to estimate the actual 

length, flowrate and diameter of each pipeline segment. Then rural pipeline costs are estimated from 
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the formula found by Parker [11] (also adopted by the DOE/H2A model [6]). Urban pipeline costs 

are estimated with the same formula but with a multiplier of 1.3. 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 of liquefaction electricity, which is accounted separately. 

 

Costs of CO2 pipelines for carbon capture and storage 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 for an injection plant with injection capacity of 1,500 

tons CO2 per day and injection depth of 1,500 meters [22]. The number of injection plants is 

determined by the actual amount of CO2 captured. 

 

Some other financial assumptions include a 10% real 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. All costs are given in constant 2005 dollars.  

2.4. External Costs  

The model considers fuel accessibility cost and environment costs as external costs. Travel time is 

assessed based on optimal station locations. A time value of $0.33 /min, equivalent to 50% of $40 

/hour wage rate [24], is assumed to convert travel time into dollars, which represents the fuel 

accessibility cost. The optimal number of stations is a trade-off between time cost and station costs. 

A carbon tax of $20/tonne C in 2010, increased by $20/tonne C per time step, is assumed to 

represent the environmental cost of carbon emissions. 

                                                
1 2.34, 4.41, and 7.04 kg C/kg H2 for SMR, coal gasif ication and biomass gasification, respectively [2] 
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2.5. Facility Location  

Network and traffic data [25]-[27] are used to generate a station roll-out scheme (Step #5) that 

minimizes the average refueling travel time. The potential locations for central plants (Step #3) are 

selected by considering proximity to population, railroad, industry zones, and carbon storage area. 

Pipelines are connected by minimizing the total pipeline length (Step #6). Shortest path is identified 

for truck route (Step #7). The border area between Southern California and Nevada is assumed to be 

the carbon storage location based on its sequestration capacity [28]. 

2.6. Optimization  

In principle, one can enumerate and evaluate the net present value (NPV) of all possible sequences 

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 [29], shown on equation(a), is implemented in the PLANNER module (Figure 1).  
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In model (a), the decision variable 
t
x  stands for an infrastructure system configuration at time t  

and describes where to deploy what technologies at what sizes. ( , )
t

OC x t  stands for the operating 

costs for 
t
x  during time t  and includes fixed O&M and variable costs, carbon tax, and travel time 

cost (step #11). 1( , , )
t t

TC x x t+  stands for transition cost from 
t
x  to 

1t
x +  and includes the capital costs 

of building up the incremental facilities. Future cost ( )
t t

FC x  is the minimum of all the costs, 

discounted to the end of t , from t  to the infinite future2. For a given 
t
x  at t , the next configuration 

1t
x +  is selected to minimize the term in the braces, which represents the total system cost over the 

                                                
2 It is assumed that the system will keep unchanged after 2060. 
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entire planning horizon.  The fact that an optimal transition decision is determined based on its 

impact on the entire planning horizon distinguishes this model from those myopic models 

considering only the immediate costs and benefits during the transition period [ t , 1t + ] (Step #12).  

 

For model implementation, a backward calculation process can be used.  For time T , ( )
T T

FC x  is 

calculated based on the concept of capitalized cost [30]. Then the model recursively calculates 

1 1( )
T T

FC x! !  based on ( )
T T

FC x , and 2 2( )
T T

FC x! !  based on 1 1( )
T T

FC x! ! , and so on until 0 0( )FC x . 

So ( )
t t

FC x  is recorded to be used in the ( 1t ! )st iteration (step #13). 

 

At each time step, to reduce the computation time caused by the so-called ÒCurse of 

DimensionalityÓ [29], some constraints are used to reduce the feasible solution set to a manageable 

size (step #10). The key constrains are biomass availability, no facility closedown3, and no 

insufficient supply. 

 

When the iteration reaches time zero, the optimal sequence of configuration, { }1 2
,

T
x x xK , is found, 

which results in the lowest 2010 NPV of costs for meeting the demand over the entire 50-year time 

period. 

3. RESULTS AND DISCUSSION 

3.1. Optimal  Decisions 

As in Figure 3, during 2010-2014, industrial H2 delivered by truck at 1,364.6 kg/day serves all the 

demand via 4 refueling stations. For 2015-2019, industry H2 by truck at 44,795 kg/day serves 36 

                                                
3 Except for conversion of onsite stations into refueling stations and upgrade of plants with carbon capture. 
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refueling stations, with 50 onsite SMR (D-SMR) stations serving the remaining demand of 62,215 

kg/day. From 2020 on, central production begins to dominate, although industrial H2 and onsite 

SMR also co-exist for some years to avoid low utilization of central production. The first central  

plant employs biomass gasification (C-BIO), which is upgraded with CCS after 5 years to cut costs 

from the rising carbon tax. Available biomass only allows for one C-BIO or C-BIOCCS plant, 

which explains the later domination of coal gasification (C-COALCCS). Coal comes in with CCS, 

because of the carbon tax. Other technologies do not appear as the optimal decisions. Regarding 

delivery, trucking gradually loses share to pipeline over time (Figure 4). 

 

In 2060, 2376 stations are served by 4,611 miles of pipeline (1.94 mile pipeline per station), 76% of 

which are no larger than 5 inches in diameter. The total pipeline length is based on real distances 

and optimization and demonstrates a significant reduction from other estimates based on idealized 

layout. For example, the DOE/H2A model [6] 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. 

3.2. Regional H2 Cost 

Hydrogen breakeven  price in this papr refers to that for breaking even costs at a 10% rate of return. 

The breakeven price is a function of costs, demand, as well as time of breakeven (Figure 5). The 

single price to break even the costs during the planning horizon is 1.77 $/kg. If a 10-year breakeven 

is desired, the H2 price received by the industry needs to be above 4.14 $/kg, but a discounted total 

of  $200.75 million subsidy could allow consumers to receive a $2/kg price during the 10 years and 

still balance the industry investment. Other feasible pricing and subsidy schemes are presented in 

Figure 5. 
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A non-discounted total of $24.43 billion of capital expenditures are needed to build up the hydrogen 

infrastructure throughout the 50 years. Refueling stations (38%) and C-COALCCS plants (34%) 

contribute to the most capital costs. H2 pipelines only contribute 9%, as a result of layout 

optimization. The required capital costs are translated into a discounted average of  $565 per FCV 

during the planning horizon.  

3.3. FCV Subsidy  

The pricing schemes in Figure 5 seem very competitive, suggesting the capability of the H2 supply 

industry to subsidize FCV purchases if the gasoline price is paid for H2. The 2005 average gasoline 

retail price in California is $2.517 per gallon. This is equivalent to $5.034/kg H2, assuming FCV 

has twice higher fuel economy [2]. If consumers are willing to accept this equivalent H2 price 

during the whole planning horizon, then the H2 industry would earn extra profits beyond the 

breakeven revenue. With a 10% discount rate, the extra profits are equivalent to a subsidy of $4,888 

per new FCV purchase.  

3.4. CO2 Mitigation  

As shown in Figure 7, the total 50-year carbon emissions from conventional gasoline vehicles are 

about 963 MtC. The H2 demand curve coupled with the optimal sequence could potentially reduce 

CO2 emissions by about 50%. Sequestrating CO2 from biomass gasification results in a negative 

contribution and offsets the CO2 emissions from other hydrogen supply technologies. The outcome 

is only 0.302 MtC during the 50 years attributed to H2 supply. If CCS is not adopted, the optimal 

sequence, dominated by coal gasification, provides positive but little CO2 mitigation potential. 

4. CONCLUSIONS 

Multistage optimization techniques are used to discover "the regional least-cost H2" supply strategy 

in Southern California for a 2010-2060 transition period. The model considers pathway 
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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, the model found an optimal build-up sequence starting from industry H2, 

quickly followed by 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. 

 

 The results demonstrate that optimization could significantly reduce the hydrogen cost 

compared to other studies [2][5][6]. Such an optimization-based estimate should not be viewed 

as the lower bound of true cost. Instead, optimization improves estimate accuracy because it 

reflects the reality that the industry tends to reduce costs for better profitability. We suggest 

hydrogen cost estimation in future studies to be based on both spatial and temporal 

optimization. 

 

 Industry H2 could be a critical pathway for early stages because it delays massive capital 

investment and therefore lower cost and risk. 

 

 The validity of the optimal build-up sequence and the resulting H2 cost estimate is based upon 

various assumptions. The results are most sensitive to our assumptions about CCS feasibility, 

coal acceptance in California and biomass availability in California. 

 

 Overall, the results indicate the economic feasibility of H2 for Southern California. 
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FIGURE 

Figure 1: Model Flowchart 

Figure 2: FCV Sale and H2 Demand 

Figure 3: Capacity by Technology 

Figure 4: Delivery Mode 

Figure 5: Hydrogen Price and Subsidy 

Figure 6: Capital Cost Cash Flow 

Figure 7: CO2 Emissions 
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Table 1: Southern California Overview (2005) 

Table 2: Feedstock Prices 
 


