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Figure S1: Western states with possible salt domes/deposits

Table S1: Delivery pathways available in SERA

Pathway Stage Technology
1 LH2 truck terminal with liquefaction and storage
Liquid hydrogen (LH2) 2 LH2 truck
truck

3 End use point (city gate/refueling station)
1 Pipeline compressor and salt cavern storage

Gaseous hydrogen 2 Pipeline (transmission)

(GH2) pipeline

3 End use point (city gate/refueling station)
1 GH2 truck terminal with storage

Gaseous hydrogen 2 GH2 truck

(GH2) truck

3 End use point (city gate/refueling station)

Table S2: Breakdown of hydrogen demand (other than on-road transportation) by location

Location Aggregated Non-transport Demand types
San Diego Aviation, Residential/Commercial, others
Los Angeles Marine, Refinery, Biofuel, Aviation, Residential/Commercial, others
San Jose Aviation, Residential/Commercial, others
San Francisco Marine, Refinery, Biofuel, Aviation, Residential/Commercial, others




Sacramento Aviation, Residential/Commercial, others

Bakersfield Refinery, Biofuel, Aviation, Residential/Commercial, others
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Figure S2: Hydrogen module in GOOD
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Figure S3: Levelized cost of hydrogen production
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Figure S4: Levelized refueling station costs
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Figure S5: Least-cost delivery mode to a 1 5 metric ton per day refuelmg station (station costs included)
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Figure S6: Storage limits for line-packed hydrogen pipelines
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Figure S7: Breakdown of industrial electricity prices ($/kWh)
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Figure S8: Distribution of in state and out-of-state production/regional imports for scenario POL_Operc_hub
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Figure S9: Distribution of in-state and out-of-state production/regional imports for scenario POL_75perc_hub

1. Nomenclature
1.1. Sets
N: the set of all nodes

T: the set of all intra-year time periods

Y: the set of all years

PT: the set of all production technologies
PW: the set of all pathways

L: the set of all links

Ln: the set of all links connected to node n

PT iean; the set of clean H, production technologies

S ow' the set of all stages in pathway pw
S;’fﬂ: the set of all un-extended stages in pathway pw

S;ﬁ : the set of all extended stages in pathway pw

1.2. Decision Variables
All decision variables are non-negative, unless stated otherwise.

1.2.1. Planning Variables



K'fj"’""‘": New capacity of production technology pt added at node n in year y
n,y
Ko, F\{”" new . New capacity of unextended stage s of pathway pw added at node n in year y

K?-;’W’ new : New capacity of extended stage s of pathway pw added at link | in year y

Kstor,s,pw, new

ny  : New capacity of storage at unextended stage s of pathway pw added at node
ninyeary

1.2.2. Operations Variables

pf:ft i Total hydrogen produced by production technology pt at node n in time-period t in year y

J &P Total hydrogen flowing through stage s of pathway pw at node n in time — period t in year y
stor, ,§ pw

f n t';fl' " : Total hydrogen flowing into storage at stage s of pathway pw at node n in time — period t in year y

f im:g“"s'p " : Total hydrogen flowing out of storage at stage s of pathway pw at node n in time — period t in year y

xl‘lf"tr P Total hydrogen stored at at stage s of pathway pw at node n in time — period t in year y

j'ﬁ‘i” o Total hydrogen flowing from node n across link 1 at stage s of pathway pw in time — period t in year y
» TR
f ;’ﬁ"}"_’ L Total hydrogen flowing into node n across link I at stage s of pathway pw in time — period t in year y
sy 2B Y
stor;., s,pw

l,n—)n},

Y Total hydrogen flowing into storage in extended stage s of pathway pw across
link I in time-period t in year y

SEOT 12 SIPW

Ln-n by

: Total hydrogen flowing out of storage in extended stage s of pathway pw
across link 1 in time-period t in year y

stor, s,pw
X P

In-n v

“Y: Total hydrogen stored in extended stage s of pathway pw across link 1 in time-
period t in year y
1.3. Parameters

IC"PY: Tnyvestment cost of storage at un-extended stage s of pathway pw ($/kg)

FC™: Annual fixed cost of production technology pt ($/kg)
FC*": Annual fixed cost of un-extended stage s of pathway pw ($/kg)
FC*™™P". Annual fixed cost of storage at un-extended stage s of pathway pw ($/kg)

FC*P". Annual fixed cost of extended stage s of pathway pw across link 1 ($/kg)



IC?"; Investment cost of production technology pt($/kg)

IC$-P¥:Investment cost of stage s of pathway pw ($/kg)

IC!-s-pw: Investment cost of extended stage s of pathway pw across link 1($/kg)
OCP; Operating cost of hydrogen production technology pt ($/kg)

OC/.s.pw; Operating cost of hydrogen owing through unextended stage s of pathway pw ($/kg)

S Stor ., 5. pw
A in P

ocC : Operating cost of hydrogen sent to storage at unextended stage s of pathway pw ($/kg)

OC*" our P Operating cost of hydrogen withdrawn from storage at unextended stage s of pathway pw ($/kg)

OC!-s-pw : Operating cost of hydrogen owing across link I through extended stage s of pathway pw ($/kg)

D”‘m, : Total hydrogen demand at node n in time-period tin yvear y (kg)

Ys.pw : Hydrogen yield across stage s of pathway pw
pt,gridreq
ny : Production capacity requirement determined by the grid model for production

technology pt, at node n, in year t.

stor,gridre
vy :Total system wide H, storage capacity requirement determined by the grid model
for year t.

1
3", Fraction of total H, demand in year y to be satisfied by clean production technologies.

pt . : T .
Komax; Maximum annual capacity addition limit for production technology pt
S, pw . . . ..
Komax: Maximum annual capacity addition limit for stage s of pathway pw
stors,pw . . .. o .
K™ max”": Maximum annual storage capacity addition limit for un-extended stage s of pathway

pw

a

t
Bumin; Minimum utilization factor for production technology pt

S,pw .. . .
Bmin: Minimum utilization factor for stage s of pathway pw

r: Discount Rate
2. Formulation

2.1. Objective function

Minimize the total investment and operating costs of producing and storing hydrogen and
transporting it across the pathways to demand nodes. This is a NPV based cost minimization.

Min
Z(%H)Y(l +F+0) (1)

yeY

where,

A

_ t pt, ’ pW, tor.s, tor,s,pw,
_Z Zlcp Kpntlyew+ Z Z (ICSPWKSPV,VL’;EW+ICS Or,SpW s orsyfywnew) n

4
neN \ptePT pwePWSG gunext

pw



FCptKr}LO,Jt/-l_ Z Z (FCsprsnp;\;v_l_FCstorsprstoZ‘;pw) +Z Z Z FC SPWKSZ);/

neN \ptePT pwePW __.unext leL pwePW __ext
SeS pw seSpW
0
stor. ,pw stor. s,pw S
_ pt . pt S,PW £5,pW in in
- ZZ Z OCoy Pyt Z Z (OC”»y:tf nyt TOC nyt f nyt T0OC
neN teT \ptePT pwePW Sesuzs‘ict

2.2. Constraints

- Sum of H2 flowing through the first stage of all pathways at node n should be equal to the total
H2 production at node n:

Lpw _
Z fn”t’,"}‘,’— Z pnf’gy, vn, Vt, Vy 2

pwePW pwePW

- Hydrogen balance at un-extended stages which are not the last stage of the pathway

ys.pw fs.ow g 50wt PW g0 P st L pw Vpw,Vs € .S;‘)"if’” I's# last,¥n,Vt,Vy (3)

n.t.,y n,t,y n,t,y n,t,y ’

- Hydrogen storage evolution at un-extended stages:

stor, §,pw stor, §,pw stor ,§5,pw stor \5.pw . .
. 4" — TSP pw Vs e S, Yn, Vi, ¥y (4)

n,t,y n,t—1,y n,t,y n,t,y

- Hydrogen balance at extended stages:

S,pW S,pw S,pw S,pw Storout’ Spw storl.n, spw S, pW pw
JRAES E : ySPWE SPWo _f SPW g £ -f . = fyP", Ypw,VseSty vn, Vt,Vy
LY l_n—ml, ty l,nl—mt,y In o ty l,nl—>n, ty LY
leLn
)

- Hydrogen storage evolution at extended stages:

stor., S;pw stor s,pw

U VLYpw,YseSPY vn, Vt,Vy (6)

stor, s,pw _
! - ext’

stor, s,pw
|

X X

In-n r ty Ln-n v t-1y ln-n r ty Ln-n v ty

- Sum of net hydrogen flowing through the last stage of all pathways at node n should be equal to
the total H2 demand at node n:

| stor last,pw stor . L last,pw
D o= F (vl g fa O O ey (7)
1,1,y IJWEPW n,t,y n,r,y n,t,y



- Hydrogen production capacity limits:

prr < K‘er Vpt, ¥n, Vi, Vy (8)

Ly T

- Hydrogen un-extended stage flow limits:

for <KSPY L Vpw, Vs € Suext Y, Vi, Vy (9)

Yon,l,y n,
- Hydrogen un-extended stage storage limits:

XSSP < KSHOTSPY, Wpw, VseSU ety vty - (10)

- Hydrogen extended stage storage limits:

x“‘;ff)'f’w KStOTSpW Vpw, VseSe"t vavtvy (11)

- Hydrogen extended stage flow limits
foew o SKSPY VL Vpw, YsE€ SO, Vn, Vi, Vy (12)

T ln=ngty

- Total production capacity evolution:

Kpl = Kpt o KPURY Ypr Y, i, Yy (13)

n,y ny-—1

- Total un-extended stage capacity evolution:

KS\]JM»’ — K.ﬁ‘”')W +K.\,])H'.FI€H' , pr! VS E S‘!Ini’.’f[ s VH,V!,Vy (14)
.y n,y—1 ny m

- Total extended stage capacity evolution:
Kypv = K3Pw 4 K3Pvner il Ypw Vs € SO Wn, Vi, Yy (15)

Ly

- Total un-extended stage storage capacity evolution:

stor,s,pw stor,s,pw stor,s,pw, new
KOSPY = K500 + KSOTR (16)

- Total extended stage storage capacity: There is a max cap on the amount of hydrogen storage
possible for a given length of pipeline
KR =) an

Where f'is a polynomial function of the installed extended stage capacity.
Grid connected constraints

- Nodal Production Capacity Constraint: may be turned off or on depending on the

scenario
pt.grid
K 2K ", T vn, Vpt,Vy (18)

- System-wide Storage Capacity Constraint: may be turned off or on depending on the
scenario



Z Z Z Kstors,pw+z Z Z Kstors,pw _szr’gyridreq’Vy

neN pwePWSGSunext leL pwePW ext
pw

Renewable hydrogen policy constraint

Z Z anptty > aCleanZZDnty' (20)

neNptePT teT neN teT
clean

Onsite Production Constraints:

Y P SDuy, VRVEYY (21)

ptePTonsite

(19)



