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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) 
truck

2 LH2 truck

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

Gaseous hydrogen 
(GH2) pipeline

2 Pipeline (transmission)

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

Gaseous hydrogen 
(GH2) truck

2 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
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Sacramento Aviation, Residential/Commercial, others

Bakersfield Refinery, Biofuel, Aviation, Residential/Commercial, others

Figure S2: Hydrogen module in GOOD

Figure S3: Levelized cost of hydrogen production

Figure S4: Levelized refueling station costs



Figure S5: Least-cost delivery mode to a 1.5 metric ton per day refueling station (station costs included)

Figure S6: Storage limits for line-packed hydrogen pipelines
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Figure S7: Breakdown of industrial electricity prices ($/kWh)

Figure S8: Distribution of in state and out-of-state production/regional imports for scenario POL_0perc_hub



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

: the set of all links connected to node n𝐿𝑛

: the set of clean H2 production technologies𝑃𝑇𝑐𝑙𝑒𝑎𝑛

       : the set of all stages in pathway pw
: the set of all un-extended stages in pathway pw

 : 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



: New capacity of storage at unextended stage s of pathway pw added at node 𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤, 𝑛𝑒𝑤
𝑛,𝑦

n in year y

1.2.2.  Operations Variables

: Total hydrogen flowing into storage in extended stage s of pathway pw across 
𝑓

𝑠𝑡𝑜𝑟𝑖𝑛, 𝑠,𝑝𝑤

𝑙,𝑛→𝑛'
𝑙, 𝑡,𝑦

link l in time-period t in year y

: Total hydrogen flowing out of storage in extended stage s of pathway pw 
𝑓

𝑠𝑡𝑜𝑟𝑜𝑢𝑡, 𝑠,𝑝𝑤

𝑙,𝑛→𝑛'
𝑙, 𝑡,𝑦

across link l in time-period t in year y

: Total hydrogen stored in extended stage s of pathway pw across link l in time-
𝑥𝑠𝑡𝑜𝑟, 𝑠,𝑝𝑤

𝑙,𝑛→𝑛'
𝑙, 𝑡,𝑦

period t in year y
1.3.  Parameters

: Investment cost of storage at un-extended stage s of pathway pw ($/kg)𝐼𝐶𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤

: Annual fixed cost of production technology pt ($/kg)𝐹𝐶𝑝𝑡

: Annual fixed cost of un-extended stage s of pathway pw ($/kg)𝐹𝐶𝑠,𝑝𝑤

: Annual fixed cost of storage at un-extended stage s of pathway pw ($/kg)𝐹𝐶𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤

: Annual fixed cost of extended stage s of pathway pw across link l ($/kg)𝐹𝐶𝑙,𝑠,𝑝𝑤



: Production capacity requirement determined by the grid model for production 𝐾
𝑝𝑡,𝑔𝑟𝑖𝑑𝑟𝑒𝑞

𝑛,𝑦

technology pt, at node n, in year t.

: Total system wide H2 storage capacity requirement determined by the grid model 𝐾
𝑠𝑡𝑜𝑟,𝑔𝑟𝑖𝑑𝑟𝑒𝑞

𝑦

for year t.
: Fraction of total H2 demand in year y to be satisfied by clean production technologies.𝛼𝑐𝑙𝑒𝑎𝑛

𝑦

: Maximum annual capacity addition limit for production technology pt 𝐾 𝑝𝑡
𝑚𝑎𝑥

: Maximum annual capacity addition limit for stage s of pathway pw𝐾𝑠,𝑝𝑤
𝑚𝑎𝑥

: Maximum annual storage capacity addition limit for un-extended stage s of pathway 𝐾𝑠𝑡𝑜𝑟𝑠,𝑝𝑤
𝑚𝑎𝑥

pw
: Minimum utilization factor for production technology pt𝛽 𝑝𝑡

𝑚𝑖𝑛

:  Minimum utilization factor for stage s of pathway pw𝛽𝑠,𝑝𝑤
𝑚𝑖𝑛

: Discount Rate𝑟

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 

∑
𝑦𝜖𝑌

( 1
1 + 𝑟)𝑦(𝐼 + 𝐹 + 𝑂)    (1)

where,

𝐼

= ∑
𝑛𝜖𝑁

( ∑
𝑝𝑡𝜖𝑃𝑇

𝐼𝐶𝑝𝑡𝐾𝑝𝑡, 𝑛𝑒𝑤
𝑛,𝑦 + ∑

𝑝𝑤𝜖𝑃𝑊
∑

𝑠𝜖𝑆𝑢𝑛𝑒𝑥𝑡
𝑝𝑤

(𝐼𝐶𝑠,𝑝𝑤𝐾𝑠,𝑝𝑤, 𝑛𝑒𝑤
𝑛,𝑦 + 𝐼𝐶𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤, 𝑛𝑒𝑤

𝑛,𝑦 )) + ∑
𝑙𝜖𝐿

∑
𝑝𝑤𝜖𝑃𝑊

∑
𝑠𝜖𝑆𝑒𝑥𝑡

𝑝𝑤

𝐼𝐶𝑙,𝑠,𝑝𝑤𝐾𝑠,𝑝𝑤, 𝑛𝑒𝑤
𝑙,𝑦



𝐹 =  ∑
𝑛𝜖𝑁

( ∑
𝑝𝑡𝜖𝑃𝑇

𝐹𝐶𝑝𝑡𝐾 𝑝𝑡
𝑛,𝑦 + ∑

𝑝𝑤𝜖𝑃𝑊
∑

𝑠𝜖𝑆𝑢𝑛𝑒𝑥𝑡
𝑝𝑤

(𝐹𝐶𝑠,𝑝𝑤𝐾𝑠,𝑝𝑤
𝑛,𝑦 + 𝐹𝐶𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤

𝑛,𝑦 )) + ∑
𝑙𝜖𝐿

∑
𝑝𝑤𝜖𝑃𝑊

∑
𝑠𝜖𝑆𝑒𝑥𝑡

𝑝𝑤

𝐹𝐶𝑙,𝑠,𝑝𝑤𝐾𝑠,𝑝𝑤
𝑙,𝑦

𝑂

= ∑
𝑛𝜖𝑁

∑
𝑡𝜖𝑇 ( ∑

𝑝𝑡𝜖𝑃𝑇

𝑂𝐶 𝑝𝑡
𝑛,𝑦,𝑡𝑝

𝑝𝑡
𝑛,𝑦,𝑡 + ∑

𝑝𝑤𝜖𝑃𝑊
( ∑

𝑠𝜖𝑆𝑢𝑛𝑒𝑥𝑡
𝑝𝑤

(𝑂𝐶𝑠,𝑝𝑤
𝑛,𝑦,𝑡𝑓

𝑠,𝑝𝑤
𝑛,𝑦,𝑡 + 𝑂𝐶

𝑠𝑡𝑜𝑟𝑖𝑛,𝑝𝑤
𝑛,𝑦,𝑡 𝑓

𝑠𝑡𝑜𝑟𝑖𝑛𝑠,𝑝𝑤
𝑛,𝑦,𝑡 + 𝑂𝐶

𝑠𝑡𝑜𝑟𝑜𝑢𝑡,𝑝𝑤
𝑛,𝑦,𝑡 𝑓

𝑠𝑡𝑜𝑟𝑜𝑢𝑡𝑠,𝑝𝑤
𝑛,𝑦,𝑡 ) + ∑

𝑠𝜖𝑆𝑒𝑥𝑡
𝑝𝑤

∑
𝑙𝜖𝐿𝑛

(𝑂𝐶𝑠,𝑝𝑤
𝑙,𝑦,𝑡 𝑓 𝑠,𝑝𝑤

𝑙,𝑛→𝑛',𝑦,𝑡)))
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:

∑
𝑝𝑤𝜖𝑃𝑊

𝑓1,𝑝𝑤
𝑛,𝑡,𝑦 = ∑

𝑝𝑤𝜖𝑃𝑊

𝑝 𝑝𝑡
𝑛,𝑡,𝑦 ,    ∀𝑛, ∀𝑡, ∀𝑦               (2)      

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

- Hydrogen storage evolution at un-extended stages:

- Hydrogen balance at extended stages:

𝑓𝑠,𝑝𝑤
𝑛,𝑡,𝑦 + ∑

𝑙𝜖𝐿𝑛
(𝑌𝑠,𝑝𝑤𝑓 𝑠,𝑝𝑤

𝑙,𝑛→𝑛'
𝑙, 𝑡,𝑦

‒ 𝑓 𝑠,𝑝𝑤
𝑙,𝑛'

𝑙→𝑛𝑡,𝑦
+ 𝑓

𝑠𝑡𝑜𝑟𝑜𝑢𝑡, 𝑠,𝑝𝑤

𝑙,𝑛'
𝑙→𝑛, 𝑡,𝑦

‒ 𝑓
𝑠𝑡𝑜𝑟𝑖𝑛, 𝑠,𝑝𝑤

𝑙,𝑛'
𝑙→𝑛, 𝑡,𝑦 ) = 𝑓𝑠,𝑝𝑤

𝑛,𝑡,𝑦,  ∀𝑝𝑤,∀𝑠𝜖𝑆𝑝𝑤
𝑒𝑥𝑡,∀𝑛, ∀𝑡,∀𝑦

                                                           (5)

- Hydrogen storage evolution at extended stages:

𝑥𝑠𝑡𝑜𝑟, 𝑠,𝑝𝑤
𝑙,𝑛→𝑛'

𝑙, 𝑡,𝑦
= 𝑥 𝑠𝑡𝑜𝑟, 𝑠,𝑝𝑤

𝑙,𝑛→𝑛'
𝑙, 𝑡 ‒ 1,𝑦

+ 𝑓
𝑠𝑡𝑜𝑟𝑖𝑛, 𝑠,𝑝𝑤

𝑙,𝑛→𝑛'
𝑙, 𝑡,𝑦

‒ 𝑓
𝑠𝑡𝑜𝑟𝑜𝑢𝑡, 𝑠,𝑝𝑤

𝑙,𝑛→𝑛'
𝑙, 𝑡,𝑦

,  ∀𝑙,∀𝑝𝑤,∀𝑠𝜖𝑆𝑝𝑤
𝑒𝑥𝑡,∀𝑛, ∀𝑡,∀𝑦                                                (6)

- 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:



- Hydrogen production capacity limits:

- Hydrogen un-extended stage flow limits:

- Hydrogen un-extended stage storage limits:
-

𝑥𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤
𝑛,𝑡,𝑦 ≤ 𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤

𝑛,𝑦 , ∀𝑝𝑤, ∀𝑠𝜖𝑆𝑢𝑛𝑒𝑥𝑡
𝑝𝑤 ,∀𝑛,∀𝑡,∀𝑦        (10)

- Hydrogen extended stage storage limits:
𝑥𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤

𝑛,𝑡,𝑦 ≤ 𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤
𝑛,𝑦 , ∀𝑝𝑤, ∀𝑠𝜖𝑆𝑒𝑥𝑡

𝑝𝑤,∀𝑛,∀𝑡,∀𝑦       (11)

- Hydrogen extended stage flow limits

- Total production capacity evolution:

- Total un-extended stage capacity evolution:

- Total extended stage capacity evolution:

- Total un-extended stage storage capacity evolution:
𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤

𝑛,𝑦 = 𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤
𝑛,𝑦 ‒ 1 +  𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤, 𝑛𝑒𝑤   

𝑛,𝑦           (16)

- Total extended stage storage capacity: There is a max cap on the amount of hydrogen storage 
possible for a given length of pipeline 
𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤

𝑙,𝑦 = 𝑓(𝐾𝑠,𝑝𝑤
𝑙,𝑦 )          (17)

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

𝐾 𝑝𝑡
𝑛,𝑦 ≥ 𝐾

𝑝𝑡,𝑔𝑟𝑖𝑑𝑟𝑒𝑞
𝑛,𝑦 , ∀𝑛, ∀𝑝𝑡,∀𝑦                 (18)

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

-



∑
𝑛𝜖𝑁

∑
𝑝𝑤𝜖𝑃𝑊

∑
𝑠𝜖𝑆𝑢𝑛𝑒𝑥𝑡

𝑝𝑤

𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤
𝑛,𝑦 + ∑

𝑙𝜖𝐿
∑

𝑝𝑤𝜖𝑃𝑊
∑

𝑠𝜖𝑆𝑒𝑥𝑡
𝑝𝑤

𝐾𝑠𝑡𝑜𝑟,𝑠,𝑝𝑤
𝑙,𝑦  ≥ 𝐾

𝑠𝑡𝑜𝑟, 𝑔𝑟𝑖𝑑𝑟𝑒𝑞
𝑦 ,∀𝑦                                 (19)

Renewable hydrogen policy constraint

∑
𝑛𝜖𝑁

∑
𝑝𝑡𝜖𝑃𝑇𝑐𝑙𝑒𝑎𝑛

∑
𝑡𝜖𝑇

𝑝 𝑝𝑡
𝑛,𝑡,𝑦 ≥ 𝛼𝑐𝑙𝑒𝑎𝑛

𝑦 ∑
𝑛𝜖𝑁

∑
𝑡𝜖𝑇

𝐷𝑛,𝑡,𝑦, ∀𝑦                      (20)

Onsite Production Constraints:
∑

𝑝𝑡𝜖𝑃𝑇𝑜𝑛𝑠𝑖𝑡𝑒

𝑝 𝑝𝑡
𝑛,𝑡,𝑦 ≤ 𝐷𝑛,𝑡,𝑦 ,    ∀𝑛,∀𝑡,∀𝑦     (21)


