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S 1 Multi-scale model formulation

S 1.1 Sets

ZEE S P NN

S 1.2 Subsets

{Iy}yey,aeA

{j Yy }yey,aeA
Lee

Tseli

Tnosell

Tstore
Tnostore
JH,—demand

jmile—demand

all processes (i)

all resources (j)

all locations (a)

years (v) , {17}
representative days (d), {d..d}
hours (h), {h..h}

cost scenarios (s), {conservative, moderate, advanced}

processes (i) available in year (y) at location (a)
resources (j) available in year (y)

processes (i) earning carbon credits

marketable resources (j)

resources (j) that cannot be discharged

j) that can be stored
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resources (j) that cannot be stored
resources (j) that meet the Hy demand
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resources (j) that meet mileage demand



S 1.3 Variables

S 1.3.1 Binary

P
xa,iGI,yey
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1 if process is built, 0 otherwise

1 if storage facility is built, 0 otherwise

S 1.3.2 Annual location level: y €Y, a € A

Opexfi:r;—total

Opexvar—total

Opext"t“l

Capextotal

credittord

Costtotal

btotal

total

gwp

landtotal

emissiontotdl

ml’lestotal

total fixed operational expenditure ($/year)

total variable operational expenditure ($/year)

total operational expenditure ($/year)

total capital expenditure ($/year)

total credits earned ($/year)

total expenditure ($/year)

total expenditure on purchase of resources ($/year)

total annualized global warming potential (kg.C'Oseq/year)
total land use (acres/year)

total carbon emitted (kg.C'Oqeq/year)

total mileage provided by all fuel sources (miles/year)

S 1.3.3 Annual production facility level: i € [,y €Y, a€ A

opexfi®
Opexvar
capex

opex

fixed operational expenditure of process ($/year)
variable operational expenditure of process ($/year)
capital expenditure of process ($/year)

total operational expenditure of process ($/year)



credit annual carbon credits earned by process ($/year)

pennual annual production by process (unit/year)

cap® production capacity of process (unit/year)

qup global warming potential of process (kg.COseq/year)
land land use by process (acres/year)

S 1.3.4 Annual storage facility level: j € JyeY,ae A

panmual annual expenditure on purchase of resource ($/year)
gannual annual sale of resource (unit/year)

canmnual annual sale of resource (unit/year)

cap® capacity of storage facility (unit/year)

miles®mmual annual miles provided by fuel source (miles/year)

S 1.3.5 Hourly inventory and resource scheduling: j € Jhe H D e D,yeY,ac€

A
c resource consumed (unit/hour)
s resource sold (unit/hour)
inv inventory level of storage facility (unit/hour)

S 1.3.6 Hourly production scheduling: i € [,he HL D e D,yeY,ae A

P production by process (unit/hour)



S 1.4 Parameters

fix

Opexses,iez,yey

var
OpexsES,iEZ,yEy

CapexséS,iEI,yGy
fix
seSielycy

P—max
VcapaeA,z’eI,yey

P—min
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S—max
VCap,eijes yey
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store
Loss e

Creditpep icz
Costpslis
Mileageje s
Demand

A

f
CapaeA,ieZ,deD,heH,yey

Na,ieZ,jeT

Wtgep

fixed operating cost for process

variable operating cost for process

capital cost for process

fixed operating cost of unit

maximum production capacity increase allowed
minimum production capacity increase allowed
maximum storage capacity increase allowed
minimum storage capacity increase allowed
maximum resource availability

storage losses

credit provided for process in planning period
purchase cost of resource

mileage provided by resource

daily demand for product

annualization factor

capacity utilization factor

conversion factor

weight of each cluster



S 2 Constraints

S 2.1 Network design

The network design constraints resolve the capacity sizing for both production and storage
facilities. The binary variables provide decisions on whether a facility is located.

S 2.1.1 Production capacity sizing

There is a minimum capacity enforced to set up production units. The minimum capacity
for modular technologies, such as AWE and Li-ion batteries, is lower compared to SMR and

PSH.

VCapt min. gl < capy;, < VCapt me . g (1)

avivy a,ty — aaivy a,t,y

Vaec Aji€Z,yc{y}

VCaptmmn . P < capf’i’y — capiivy_l < VCapt-maz . P (2)

a7i7y a,t,y — azivy a,,y

Vace AieZ,yeV\{y}

S 2.1.2 Production capacity expansion

These constraints restrict the maximum capacity that can be increased in a particular year
while also ensuring that the capacities do not decrease as compared to previous years.

S 2.1.3 Storage capacity sizing

The storage capacity and facility location decisions are determined using these constraints.

S—min S S S—max S
Vcapa,j,y “Tajy < CaPa,jy < VCapw-’y “Tajy (3)
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VaeAje Ty € {y}

S—min S S S S—max S
VCap, 53" - 4y < capy ., — capy ., 1 < VCap, 50" - g5, (4)

Vae A je TyeV\{y}

S 2.2 Resource balance

These constraints determine the flow of resources through the network and provide optimal
scheduling decisions. Scheduling decisions are determined at a finer temporal scale (hours).
Nonetheless, the resource balance utilizes the network decision made at longer temporal
resolutions (years) from constraints 2 and 4

S 2.2.1 Nameplate production capacity

The realized production rates for each hour are determined using the following constraints.
To account for the intermittent availability of solar and wind, the solar DNI and wind speed

power outputs are normalized to generated capacity utilization factors.
Pajihdy < Capzj;,i,d,h,y : Ca’pf,i,y (5)
Vac AjiceZ, heH,deD,ye)

S 2.2.2 Nameplate storage capacity

The inventory levels at every hour are restricted to the nameplate storage capacity using the

following constraints.

NV hdy < capf’j’y (6)



VacAjeJ,heH,deD,yec)y

S 2.2.3 Resource consumption capacity

These constraints restrict the amount of resource that can be consumed.

Cajhdy < Cajhdy (7)

Vac Aje J,heH,deD,ye)

S 2.2.4 Inventory balance

The inventory balance constraints 8, 9, 10, 11 are applied over exhaustive subsets of the
planning horizon to determine both the resource flow through the network, and account for

inventory cycling.

Start-up inventory balance

This constraint is only applied to the first hour of the planning horizon. The starting

inventory levels are assumed to be zero.

NVajndy < D Mg Paihdy  Cajindp — Sajhdy (8)
VieT,

Vae A jeJ,he{n},de{d},ye{y}
Daily start-up inventory balance

The inventory at the start of the day is determined using the following constraints. The

inventory from the previous day is cycled.



M jhdy < (1 — L0SS;) - inVaj a1,y + E i * Paihdy T+ Cajhdp = Sajhdy  (9)
VieZ,

Vae AjeJp,he{ht,We{ht,deD\{d},ye)

Annual start-up inventory balance

The inventory at the start of the year is evaluated by the following constraints wherin the

inventory from the end of the previous year is cycled.

MV jhdy < (1 — L08S;) - inVqjp ary—1 + E i * Payishdy T Cajhdp — Sajhdy (10)
Vi€,

VaeAje Tphe{htWe{htde{d,d e {d,yeY\{y}

General inventory balance

Thee following constraints provide the inventory balance for the rest of the planning horizon.

iNVajnay = (1 — L08S;) - inVajn-tdy + D Mg Paihdy + Cajhdp — Saihdy (11)
Vi€,

Vae A je T, he H\{h},deD\{d},y €)Y

S 2.2.5 Demand constraints

The demand constraints 12 ensure that the daily demand for hydrogen is satisfied. 13

meet an equivalent mileage. Should be noted that these constraints are applied as a part of



separate case studies.

Hydrogen demand

E Sajhdy = Demandg,ja,y (12)
VheH

Vac A,] S ngfdemandﬂt-Zhde Dy € y

Equivalent miles demand

Z Sajhdy = Demandg j 4, - Mileage(Hy) (13)
VheH

Vac .A,] € Tmiles—demand [ jpy de Dy c)y
S 2.2.6 No selling constraints

These constraints ensure that resources that cannot be discharged are not sold.

Sa,j,h,d,y = 0 (14)
Vae A, j€ Tnoseu N Tp,h e H,de D,y

S 2.3 Annual resource utilization constraints

The constraints 15, 16 calculate the annual sale, consumption of resources, respectively.
The obtained values are multiplied by the cluster weights (wt;) to adjust the values to the

annual scale.

Annual sales

annual __
Sa,j,y - Z Z wtd * Sa,j,h,dy (15)

YdeD VheH

Vae A,je Jye)
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Annual consumption

annual __ E : § :
Ca,j,y - wtd ’ Ca7j7h7d7y (]'6>

YdeD VheH

Vae A,je Jye)

S 2.4 Annual production

Constraints 17 calculate the re-scaled production on nominal basis for all production fa-
cilities. Consequently, the variable operational expenditure is calculated for the re-scaled

output.

piiﬁf;”al = Z Z Wtq * Paihdy (17)

YdeD VheH

Vae AjieZ,ye)

S 2.5 Annual production cost

We consider three costing components. Variable operational and maintenance (O&M) which
are calculated based on the amount of basis resource produced by a process ( 18). Whereas,
annualized capital expenditure( 21), and fixed (O&M) costs ( 19) are evaluated based on
the capacity sizing of the processes. Moreover, we can consider three distinct cost scenarios

seS

S 2.5.1 Variable O&M expenditure

var __ var annual

VaeAjieZ,ye)
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S 2.5.2 Fixed O&M expenditure

fix

_ fix P
Opexa7l7y - Opexs7z7y ’ Ca/pa”/[/7y

Vac AieZ,yc)y

S 2.5.3 O&M expenditure

fizx var

OPE€Tq iy = OPETy; + Opex, ;

Vac AjieZ,ye)

S 2.5.4 Capital expenditure

P
Capemaal7y = af ’ Ca/pexs>l7y ’ Ca/payivy

VieT,yey

S 2.6 System production cost

(20)

(21)

The cost to the entire system, as the sum of expenditure of individual process units, is

calculated using the following constraints.

S 2.6.1 Total variable O&M expenditure

var—total __ var
ope:cy = E opexavi’y
VieTy

Vye)

S 2.6.2 Total fixed O&M expenditure

fiz—total __ fiz
OPGCL’y = 0p6xa,i,y
VieT,

Vye)
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S 2.6.3 Total O&M expenditure

Opexz’otal — Opex?j;ix—total + Opexzar—total (24>
Vye)

S 2.6.4 Total capital expenditure

total __
capex,” " = g Capex iy (25)
VieT,

Vyey

S 2.7 Carbon credits earned

Carbon credits are assigned as per the 45(Q) amendment (Jones and Sherlock, 2021) using
the constraints 26. Furthermore, the total credits earned at the system level are calculated
using 27. Here, it should be noted that planning periods p € P have different credit rates.
S 2.7.1 Annual carbon credits

credity;, = Credit,;, -pgj”;f;““’ (26)

Viel,,yc)

S 2.7.2 System carbon credits

crediti"ml = Z credity; (27)

VieT,

Vyey
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S 2.8 Resource purchase expenditure

The annual expenditure on resource purchase is evaluated using the constraints 28. The

total system-wide expenditure on resource purchase is ascertained using 29

S 2.8.1 Annual purchase expenditure

annual __ purchase annual
ba,j,y - COStp,i,y " Caiy (28)
Viel,yey

S 2.8.2 System purchase expenditure

b;otal _ Z bgj}?;al (29>

VjEJp

Vye)

S 2.9 Mileage

The annual mileage achieved through the use of different fuel sources is determined using

30. The system total is given by 31

S 2.9.1 Annual mileage

. annual __ . annual
milesys'" = Mileage, j - 547, (30)

vj € jmiles—demand N jpv Yy e y

S 2.9.2 System mileage

miles® = Z milesmree! (31)

Y a,5,y
vjEJmilesfdemandan

Vye)
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S 2.10 Objective

The objective of the model is to minimize the total cost incurred by the system. If the
hydrogen demand is met, the objective value divided by the total hydrogen production
indicates the levelized cost of hydrogen (LCOH). If the system is optimized to meet the
mileage demand, then the objective value can be divided by the total mileage determined

by constraints 31 to indicate levelized cost per mile travelled.

min cost” = capex”™ + opex!®™ + b — credit!' (32)

Vye)
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