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ABSTRACT

Optimization is applied to identify the least-cos sequence of hydrogen infrastructure build-up in
Southern California during 2010-206Q Given an exogenousdemand, the modd generates temporal
and spatia decisions for building a hydrogen infrastructure, in terms of when, where, at wha sizes
and by wha technologies, tha minimize the net present value of technology, environment, and fud
accessibility cods. Theleast-cog sequence is then andyzed with respect to technology deployment,
ddivered hydrogen cog, capital requirements, subsidy need, subsdy capecity, and CO2 mitigaion.
It is found tha indudrial hydrogen could play a critical role in initiating hydrogen trandtion,
temporaly bridged by ongte SMR to central production dominaed at first by biomass gasification
and later by cod gasification with CCS. While a nondiscounted capital investment of $2443
billion is needed for the 50-year build-up, a hydrogen price bdow 3 $/kg could pay back the cods
in 20 years earning a 10% IRR. If hydrogen is purchased at the current equivalent gasoline price
(2.517 $/gdlon), the hydrogen indudry could potentialy provide $4,888 as subsdy for each new

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

BDT = bonedry tonne

CCS = carbondioxide capture and storage

CO2 = carbondioxide

C-COALCCS = central produdionof H2 via cod gasificationwith CCS

C-SMR, C-ELE, C-BIO = centra produdion 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 produdion of H2 via SMR and electrolysis, respectively

FCV =fud cell vehicle

H2 = hydrogen

MtCO2 = million tonsof CO2

MtC = million tons of carbon

NPV = net present value

O&M = opeating and maintenance

SMR = steam methanereforming

tonC= oneton of carbon

VMT = vehicle miles traveled

1. INTRODUCTION

H2 as trangortation fud provides the promise of reduang air pollutions greenhou® gas emissions
and oil dependence [1]-[3]. Althougha hydrogen refuding infrastructure does not currently exist,

the cos of H2 can be estimated via engineering-econonic modds [2]-[9].



Estimates of the H2 cog have been modly derived from modds tha are based on naion-wide
average paameters, regiond idedlized spaial layouts, patia pahways (e.g. only produdion or
only ddivery), pahway mutud excluson, static estimates of supply and demand, norroptimized
systems or, more commonly, a combingion of these limitations For example, several studies [2]-
[4] treat pipdine length, trucking distance, feedgock prices and demand as naionwide average
parameters. Some other studies [5]-[9] consder regiond attributes such as demand density, and use
an idedlized layout to estimate station number, pipdinelength and trucking distance. Spaial details
have been moddled for a pahway portion, such as station siting [10], pipdine [11] and biomass
supply [12], but not for a complete pahway. And no study has consdered multiple pathways
coexisting at the same time. Because a convinang prindple to determine the pathway mix is not
available, mog studies [2][4][7] are limited to mutudly excludve pahway compaisons And few
studies have estimated H2 cog in a dynamic context with demand growth, technology improvement
and technology competition over time. Hugo [13] attempts to find the least-cod strategy of supply
hydrogen over time for a nework of cities, but did not congder spaia details for infrastructure
layout Some trandgtion modds [14][15][16] are developed primarily for undestanding consumer
choice or stakeholder behavior and testing policies rather than hydrogen system design and cod.
Like many static modds, these trangtion modds employ naiondly averaged or highly aggregated
regiond spaial information to estimate hydrogen coss and largely ignote or smplify spatial deails.
Genedly, the lack of spaia deails and dynamic context could lead to a sub-optima system,

different than onetha minimizes H2 cos by identifying the best spatial and sequential decisions

Motivated by the lack of moddling tools to study "least-cog regiond H2", this paper builds upon
data in existing static studies [2]-[6] but developsa dynamic programming approach to identify the

optimal pahway strategy for supplying H2 to Southern California



2. METHOD AND DATA

Figure 1 shows a flowchart of the method used in this paper to find the least-cos H2 supply for
Southern California The PLANNER module compaes al posible sequences of hydrogen
infrastructure configurations and selects the best ong while the ACCOUNTANT module provides

cog daafor the PLANNER module to evaluae the cogs of possible sequences.

2.1. Study Scope

The study region indudes five Southern California countes. Los Angdes, Orange San Bernardino,
Riverside and Ventura with theregiond attributes listed in Table 1. We assume a planning horizon
of 20102060with a 5-year interval of each decision stage (e.g. build-out decisionsare made every
five years). We consde two onste produdion options. naura gas steam methane reforming or
SMR (D-SMR) and water electrolysis (D-ELE); six central produdion options electrolysis (C-
ELE), naura 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 cod gasification
with CCS (C-COALCCYS); and indugry H2. We consder two H2 ddivery modes. gaseous H2 via

pipdineand liquid H2 viatanker 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 deive annud total new vehicle saes by
congdering annud pe-vehicle VMT and fleet share by vehicle age based on the California Energy
Commission® EMFAC modd [19]. Annud FCV sales and H2 demand (Figure 2) are estimated by
assuming fud cell vehicles are introduced up to 2025 following a scenario ((Beenaio 30 developed
by the USDOE [17]. After 2025 we assume that the FCV market share of new vehicle sales grows

to 100%by 2060(Thisis Step #1in Figure 1).



2.3. Technology

Technologies are represented by size, cods (capital, fixed O&M and variable), convesion
efficiency, feedgock requirements and carbon emissions Technology improvement is described by
decrease of cogs and emission factors and increase of efficiency over time. A uniform central plant
size of 1,400tonnes/day is assumed. A stackable module size of 500 kg/day and a size uppe limit

of 5,000kg/day are assumed for refuding, onste SMR, and onste electrolysis stations

Capital and fixed O&M cogs, efficiency, and carbon emissions factor for year 2010 are derived
from the DOE/H2A modd [6], except tha the CO2 emission factor, 0.275 kg CO2/kWh, for
California grid electricity comes from EIA [20]. Because the DOE/H2A modd does not provide
future technology assessment, technology daa for year 2060 are derived by udng the ratios of
"future optimism" and "current" assessments reported by NAE [2]. Data between 2010and 2060are

derived via qualratic interpolation.

In calculating variable cods, we use the following feedsock prices (Table 2), which are assumed to
be condant 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 curvein

the modd.

We assume an indugry H2 supply bdow 42,000kg/day is available at a ddivered cog of $2.80/kg
not induding station cods [5]. The margind cog of more indugrial; H2 is assumed to increase

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

For H2 pipdine ddivery, a pipdine expangon scheme (Step #6) is generated to estimate the actud

length, flowrate and diameter of each pipdine segment. Then rural pipdine cods are estimated from



the formula foundby Parker [11] (also adopted by the DOE/H2A modd [6]). Urban pipdine cods
are estimated with the same formula but with a multiplier of 1.3. Tanker trudk is represented as a
rental service at arate of $1.80 per kg per 210kilometres [2]. This rate indudes the cos but notthe

carbontax of liqudaction electricity, which is accountd separately.

Codgs of CO2 pipdines for carbon capture and storage are estimated with the same approach to H2
pipdine cogs. Because the carbon capture rate varies by technology', CO2 pipédine diameter and

cods are afundion of length and plant technology.

We estimate an ingalled cog 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 nunmber of injection plants is

determined by theactud amountof CO2 captured.

Some other finandal assumptionsindudea 10% real discountrate for private coss, a 40-year life
for central plants, pipdines and sequestration plants, and 20-year life for refuding and onste

stations All cogs are given in congant 2005dollars.

2.4. External Costs

The modd consders fud accessibility cos and environment cods as externd cods. Travel timeis
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 convat travel time into dollars, which represents the fud
access bility cog. The optimal nunber of stationsis a trade-off between time cog and station cods.
A carbon tax of $20tonne C in 201Q increased by $20tonne C per time step, is assumed to

represent the environmental cos of carbonemissions

12.34,4.41, and 7.04 kg C/kg H2 for SMR, coal gasification and hiomass gasification, respectively [2]



2.5. Facility Location

Network and traffic data [25]-[27] are used to generate a station roll-out scheme (Step #5) tha
minimizes the average refuding travel time. The potential locationsfor central plants (Step #3) are
selected by congdering proximity to popuktion, railroad, indudry zones, and carbon storage area.
Pipdines are connected by minimizing the total pipdinelength (Step #6). Shortest pah isidentified
for truck route (Step #7). Theborder area between Southern Californiaand Nevadais assumed to be

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

2.6. Optimization

In prindple, onecan enumerate and evaluae the net present value (NPV) of all possible sequences
with the hdp of the ACCOUNTANT modue (Figure 1) and select the onewith the lowest NPV.
However, this is practically impossible dueto long computation time, so a dynamic programming

framework [29], shown on equaion(a), isimplemented in the PLANNER module (Figure 1).

FC,(x,) = min{OC(x,.1) + TC(x,,x,,1,0) +(1+ 1) FC,.(x,.,) }

(@
FC,(x;)=r"-0C(x,,T)

In modd (a), the decision variable x, stands for an infrastructure system configuration at time ¢
and describes where to deploy wha technologies at wha sizes. OC(x,,t) standsfor the opeating
cods for x, during time ¢ and indudes fixed O&M and variable cods, carbontax, and travel time

cod (step #11). 7C(x,,x,,,,t) standsfor trangtion cod from x, to x,,, andindudesthe capital coss

t+1° t+1

of building up the inaemental facilities. Future cos FC,(x,) is the minimum of al the cods,
discounted to theend of ¢, from ¢ to theinfinite future®. For agiven x, at ¢, thenext configuration

x,,, 1s selected to minimize the term in the braces, which represents the total system cos over the

t+1

2t is assumed that the system will keep unchanged after 2060.



entire planning horizon. The fact tha an optimal trangtion decision is determined based on its
impact on the entire planning horizon distinguishes this modd from those myopic modds

consdeing only theimmediate cods and bendfits during thetrandtion period [z, ¢ + 1] (Step #12)

For modd implementation, a backward calculation process can beused. Fortime 7, FC,(x,) is

calculated based on the conacept of capitalized cog [30]. Then the modd recursively calculates

FC,_ (x,,) based on FC,(x;), and FC,_,(x,_,) based on FC,_(x,_,), and so onuntl FC,(x,).

So FC,(x,) isrecorded to beused inthe (7 —1)% iteration (step #13).

At each time step, to reduce the computation time caused by the so-called QCurse of
DimensondityO[29], some condraints are used to reduce the feasible solution set to a manageable
size (step #10) The key condrains are hiomass availability, no facility closedown®, and no

insufficient supply.

When theiteration reaches time zero, the optimal sequence of corfiguration, {x,,x,...x; }, isfound

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

period.

3. RESULTS AND DISCUSSION

3.1. Optimal Decisions

Asin Figure 3, during 20102014,indudrial H2 delivered by truck at 1,364.6 kg/day serves all the

demand via 4 refuding stations For 20152019 indudry H2 by truck at 44,795 kg/day serves 36

% Except for conversion of onsite stations into refueling stations and upgrade of plants with carbon capture.



refuding stations with 50 onste SMR (D-SMR) stations serving the remaining demand of 62215
kg/day. From 2020 0n, central produdion begins to dominae, althoughindudrial H2 and onste
SMR also co-exist for some years to avoid low utilization of central produdion. The first central
plant employs biomass gasification (C-BIO), which is upgaded with CCS after 5 years to cut cogs
from the rising carbon tax. Available biomass only allows for one C-BIO or C-BIOCCS plant,
which explains the later dominaion of cod gasification (C-COALCCS). Cod comes in with CCS,
because of the carbon tax. Other technologies do not appear as the optimal decisons Regarding

ddivery, trucking gradudly loses share to pipdineover time (Figure 4).

In 206Q 2376stationsare served by 4,611 miles of pipdine(1.94 mile pipdine per station), 76% of
which are no larger than 5 inches in diameter. The total pipdine length is based on rea distances
and optimization and demondrates a significant redudion from othe estimates based on idealized
layout For example, the DOE/H2A modd [6] estimates a total pipdine length of 18,998 miles
serving 4313stations(4.40 mile pipdine per station) for a 100% pendration (current demand level)

in theLosAngdes--Long Beach--Santa Anaregion.

3.2. Regional H2 Cost

Hydrogen breakeven pricein this papr refers to that for breaking even cods at a 10%rate of return.
Thebreakeven priceis afundion of cods, demand, as well as time of breakeven (Figure 5). The
single price to break even the cogs during the planning horizonis 1.77 $/kg. If a 10-year breakeven
isdesired, the H2 price received by theindudry needsto be above4.14 $/kg, buta discounied total
of $200.75 million subsdy could allow consumers to receive a $2/kg price during the 10 years and
still bdance theindugry investment. Other feasible pricing and subsdy schemes are presented in

Figure 5.



A nondiscounted total of $24.43 billion of capital expenditures are needed to build up the hydrogen
infrastructure throughoutthe 50 years. Refuding stations (38%) and C-COALCCS plants (34%)
contribute to the mog capital cogs. H2 pipdines only contibute 9%, as a result of layout
optimization. The required capital cods are trandated into a discounted average of $565 per FCV

during the planning horizon.

3.3. FCV Subsidy

The pricing schemes in Figure 5 seem very compditive, suggesting the capability of the H2 supply
indugry to subsdize FCV purchases if thegasoline price is pad for H2. The2005average gasoline
retail price in Caiforniais $2.517 per gdlon. This is equivaent to $5.034kg H2, assuming FCV
has twice highe fud econony [2]. If consumers are willing to accept this equivalent H2 price
during the whole planning horizon, then the H2 indudry would earn extra profits beyond the
breakeven revenue With a 10%discountrate, the extra profits are equivalent to a subsdy of $4 388

per new FCV purchase.

3.4. CO2 Mitigation

As shown in Figure 7, the total 50-year carbon emissonsfrom conventiond gasoline vehicles are
about963 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 negdive
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 cod gasification, provides postive butlittle CO2 mitigation potential.

4. CONCLUSIONS

Multistage optimization techniques are used to discover "theregiond least-cog H2" supply strategy

in Southern Cadlifornia for a 201062060 transition peiod. The modd congders pahway
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competition, pahway mix, technology improvement, carbontax, refuding travel time and regiond
attributes induding spatia distribution of demand, resource availability, and road nework. Based
on the base scenaio, the modd found an optima build-up sequence starting from indugry H2,
quickly followed by onste SMR and later evolving into central produdion. The central produdion
phase starts with biomass gasification but is later dominaed by cod gasification. CCS is later
adopted dueto inceasing carbontax. Pipdinenework gradudly expandsand eventudly takes over

all hydrogen ddivery from trucking.

e The results demongrate tha optmization coud significantly reduce the hydrogen cod
compared to other studies [2][5][6]. Such an optimization-based estimate should not be viewed
as the lower boundof true cod. Ingead, optimization improves estimate accuracy because it
reflects the redlity tha the indugry tendsto reduce cods for better profitability. We suggest
hydrogen cog estimation in future studies to be based on both spaia and tempora

optimization.

e Indugry H2 could be a critical pahway for early stages because it ddays massive capita

investment and therefore lower cos and risk.

e Thevalidity of theoptima buld-up sequence and the resulting H2 cog estimate is based upon

variousassumptions The results are mos sengtive to our assumptions about CCS feasibility,

cod acceptance in California and biomass availability in California.

e Overall, theresultsindicate 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

TABLE

Table 1: Southern California Overview (2005)
Table 2: Feedstock Prices
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