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S1. Cost of capital
The cost of capital is derived based on (Damodaran, 2023), under the assumption that 100% of the

capital invested for the installation of a plant derives from equity, whose risk depends on country-
specific equity and sector-specific risk premiums. The selected sector of reference for the selection
of the risk premium is renewable technologies, since part of the equipment involved is renewable
technologies, and the deployment of a small-scale decentralized electric Haber-Bosch system is

part of decarbonization strategies.

S1.1 Method of estimation

The cost of capital, r, is computed as the total equity risk premium of an asset in a specific country
based on the capital asset pricing model:

r=Rf+RP=Rf+[RC (S1)
where:

- R mature equity market risk premium computed as the implied equity risk premium of the
S&P500 assumed equal to 4.33% (Damodaran, 2023);

- RP: country- and sector-specific risk premium;

- R country-specific equity risk premium assuming Moody’s sovereign rating measuring
the country’s default risk (Table S1);

- B: market-specific relative equity volatility (beta) from historical data of all companies in

the green and renewable energy industry within the market region.



S1.2 Country-specific data

Table S1. Data used for cost of capital estimation. Source: (Damodaran, 2025), last update
09/01/2025.

Default risk Cost of capital
country Moody’s rating Beta (53)
(R°) (r)
0.82
Brazil Bal 2.48% 6.36%

(emerging markets)

0.82
India Baa3 2.18% ‘ 6.11%
(emerging markets)
‘ 0.82
China Al 0.70% . 4.90%
(emerging markets)
1.13
United States Aaa 0.00% (United States 4.33%
market)
0.81
Italy Baa3 2.18% 6.09%
(European market)
o 0.82
Ethiopia Caa2 8.92% 11.64%

(emerging markets)




S2. System optimization model

The production of ammonia in the electric Haber-Bosch technology involves two reactions, water
electrolysis and the ammonia synthesis loop:
H,O — H,+ 0.5 0, (water electrolysis) (S2)
3H, +N, —»> 2NH; (ammonia synthesis)

Electricity feeding water electrolysis can either be supplied with the installation of renewable
technologies (solar and wind), herein referred as autonomous system, with possible connection to
the power grid, herein referred as hybrid system, or solely by the grid, herein referred as grid-
connected system.

All the components of the system are modeled and optimized with a mixed integer linear program
(MILP) that identifies the optimal sizing and operation of the system components by minimizing
the total cost of the system. The model is coded in Python using the Pyomo library and solved with
Gurobi Optimizer (version 12.0.3) (Gurobi, 2025).

S2.1 Model formulation
This section details the model formulation used for the optimization of the system to identify the

system’s design and operation with hourly resolution.

S2.1.1 Sets

- H: set of timesteps in a year;

- H; € H: set of subsets s in a year which define the timeframes when the 100% supply
reliability condition is applied;

- §: set of indices referring to the number of subsets H,;

- T: set of years within the technology’s lifetime.



S2.1.2 Decision variables

Table S2. Decision variables of the optimization model. The table presents the decision
variables used in the formulation of the optimization model.

Symbol Description Unit Domain | Definition

Power production technologies

Electricity feeding the system for
P&l ammonia production, where “el” refers to [ kWh R* Vte H

“PV”, “wind”, and “grid” technologies

Installed power production capacity
Wrel where “el” refers to “PV”, “wind”, and kW R* -

“grid” technologies

Cost of installation technologies for
Cel power supply where “el” refers to “PV”,| USD R* -

“wind”, and “grid” technologies

Cost of operation technologies for power
Ol supply where “el” refers to “PV”, “wind”, | USD/y R* -

and “grid” technologies

K Electricity curtailed kWh R* Vte H
Battery technology
St Battery State of Charge (SoC) kWh R* VteE H
B, Electricity discharged (> 0) or charged (< W R vie H
0) by the battery
B¢, Electricity discharged by the battery kW R* Vte H
B¢ Electricity charged by the battery kW R* Vte H




B Discharge (1), charge (0) mode selection - {0,1} Vte H
X Installed battery capacity kWh R* -
(Chattery Cost of installation battery capacity USD R* -
(Qpattery Yearly cost of operation battery USD/y R -
Hydrogen storage technology
T, Hydrogen storage level kWh R* Vte H
H Hydrogen discharged (> 0) or charged (< Wh R vie H
0) by storage
Y Installed hydrogen storage capacity kWh R* -
CH2-sorage Cost of installation hydrogen storage USD 2 ]
capacity
(QH2-storage Yearly cost of operation hydrogen storage | USD/y R -
Electrolyzer technology
F; Hydrogen produced from the electrolyzer | kWhy, R* Vte H
E; Electricity consumed by the electrolyzer kWh R* vte H
V4 Installed electrolyzer capacity kWh R* -
(Celectrolyzer Cost of installation electrolyzer capacity UsSD R* -
(Qplectrolyzer Yearly cost of operation electrolyzer UsSD R* -
Ammonia synthesis reactor
Ammonia produced from the synthesis
Q: kWhnps R* vte H

reactor




Hydrogen feeding the ammonia synthesis

Rt kWth R* Vte H
reactor
_ Cost of installation of ammonia synthesis
CNH3-synth651s USD R* _
reactor
, Yearly cost of operation ammonia
(QNH3-synthesis USD/y RT -
synthesis reactor
, Electricity consumption of ammonia
DtHS—synthesw ‘ kWh R vte H
synthesis reactor
Installed capacity of ammonia synthesis
J USD R* -
reactor
Air separation unit
Electricity consumption of air separation
DASU ‘ kWh R Vte H
unit
CASU Cost of installation of air separation unit USD R* -
Yearly cost of operation air separation
0ASU ' USD/y R* -
unit
Total system
(ot Total system cost of installation of system | USD R+ i,
Otet Total system cost of operation USD R* -

S2.1.3 Parameters and input data

Table S3 details the parameters used in the formulation of the optimization model. Parameters’

values can be year-, location-, and scenario-specific. Year-specific values are considered to

account for cost-reduction, or efficiency-increase due to technological development. Location-




specific values are considered to account for the local renewable potential. Scenario-specific
values, reported between brackets in Table S3, are considered to account for the parameter’s

possible range of variation.



Table S3. Parameters of the optimization model.

13.5(11.8, 16.0)
USD/kW/y

Symbol Description Values Source
Power production technologies
Year 2025:
1491.6 (1456.2, 1540.6)
Cost of installation of solar USD/kW
(NREL, 2024a)
ctv PV panels for power N
Utility-scale PV
supply. Year 2045:
753.7 (602.7, 993.3)
USD/kW
Year 2025:
1569 (1544, 1632)
USD/kW (NREL, 2024a)
' Cost of installation of wind
cWind Land-based wind
turbines for power supply.
Year 2045: turbines
1188 (1093, 1411)
USD/kW
Cost of installation of grid
cgrid connections for power 0.0 USD/kW -
supply.
Year 2025:
21.0 (20.6, 21.5)
Operation and maintenance USD/kW/y
(NREL, 2024a)
ofV of solar PV panels for
Utility-scale PV
power supply. Year 2045:




Year 2025:
31.3(30.1,31.9)

Operation and maintenance USD/kW/y (NREL, 2024a)
owind of wind turbines for power Land-based wind
supply. Year 2045: turbines
26.3(18.9,29.1)
USD/kW'/y
Operation and maintenance
ogrid of grid connections for 0% -
power supply.
Average business electricit Country- dependent
_ ' ¢ ' g D (Global Petrol
egrid retail price between 2023- value )
Prices, 2025)
2025 (see Table 1)
Battery charge and (NREL, 2024a)
ne, nd 85%
discharge efficiencies Utility-scale battery
Time- and country-
dependent value
(see Table 1)
Hourly local capacity factor (Pfenninger and
frv Dataset MERRA-2
PV panels Staftell, 2016)
Global, 0.1 system loss
fraction, 2-axis tracking
system, 35 deg tilt, 180
deg azimuth.
Time- and country-
pvind Hourly local capacity factor dependent value (Staffell and

wind turbines

(see Table 1)

Pfenninger, 2016)
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Wind turbine model
Vestas V150-4.5 MW,
hub height of 105 m.
Source: (Staffell and
Pfenninger, 2016)

Battery storage

Minimum charging and

bemin dischare 0 kW
ischarging power
This study
' compared to battery’s rated
pd-min _ 0 kW
capacity (kW)
Maximum charging and
pe.max dischare 100 %
ischarging power as )
This study
fraction of battery’s rated
pd-max 100 %
capacity (kW)
Depth of discharge and the
N ' (Terlouw et al.,
o maximum battery state of 7%
. 2022)
charge as fraction of
jmax battery’s rated capacity 100%
This study
(kWh)
Time-step of battery power
At ‘ P ) P ) 1 hr This study
charging and discharging
2025:
855.7 (695.4, 1080.0)
Cost of installation of USD/kWh (NREL, 2024a)
Cbattery
battery Utility-scale battery
2045:

569.8 (425.5, 801.6)
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USD/kWh

Cost for operation and

2.5 %y of CapEx

(NREL, 2024a)

Obattery
maintenance installation Utility-scale battery
me¢-max . .
Maximum capacity allowed
10 MWh This study
for installation
md,max
Battery duration of
) _ . (NREL, 2024a)
O charging/discharging at 4 h .
Utility-scale battery
rated power
Electrolyzer
2025:
60.4% (51.4%, 69.5%) (Ueckerdt et al.,
electrolyzer Electrolyzer conversion 2021)
n
efficiency 2045: (Everall and
71.7% (70.0%, Everall, 2021)
73.5%)
2025: data from
2025: 2023 actualised to
2474.4 (2243.7,2705.2) | 2025 (IEA, 2024)
_ _ USD/kW
Cost of installation of
celectrolyzer 2050: (IEA, 2020)
electrolyzer
2045:
710.1 (643.9, 776.3) 2045: linear
USD/kW interpolation from
2025, 2050 data
otlectrolyzer Cost for operation and 2% %l/y of CapEx (Terlouw et al.,

12




maintenance of electrolyzer

installation

2022)

Hydrogen storage

2025:
653 (637, 669)

USD/kWhy;
(H2buffer Cost of installation of (Terlouw et al.,
hydrogen buffer 2045, 2022)
241 (176, 307)
USD/kWhy;
oH2-buffer Cost for operation and 1 %/y of CapEx (Terlouw et al.,

maintenance

installation

2022)

Ammonia synthesis reactor

NH3-synthesis

Stoichiometric hydrogen

n o ' 88 % (Smith et al., 2020)
conversion 1nto ammonia
Maximum relative variation
of ammonia production ‘
O o o 15% This study
within two following time-
steps
: Cost of installation of
¢ NH3-synthesis . , 40 USD/tyims (Wang et al., 2021)
ammonia synthesis reactor
1 0
o NH3-synthesis Cost for operation and 2 %y of CapEx Assumed equal to
maintenance installation electrolyzer
Ammonia demand
dNH3 Hourly ammonia demand 1 tnus/h This study

13




S2.1.4 Constraints
Power supply

The supply of power is either from production from PV panels and wind turbines (autonomous
system), purchased from the local grid (grid-connected system), or from a combination of the two
systems (hybrid). P¢, is the electricity produced in every time-step t based on production capacity
Wel. Similarly, the cost of installation of the technologies for power production is defined by the
sum of the cost of installation of PV panels and wind turbines, the cost of connection to the local
grid, or a combination of both, here indicated at C¢!, and O¢ is the cost of operation.

Autonomous system

In the autonomous system, power production is a time- and space-dependent variable derived from

the optimal PV panels and wind turbines capacity installed and the local capacity factor such that:

Ptel — PtPV + thind _ Kt (83)

where installed renewable power capacity (WFV, W¥ind) ig derived from the hourly electricity

produced and the local capacity factor:

PPV, = WPV . £PV (S4)
P,wind = Wwind . fwind (S5)

where:

- PPV (kWh): electric power production from PV panel at time t;

- Pwind(kWh): electric power production from wind turbines at time t;

- K (kWh): electric power curtailed at time t;

- WPV (kW): installed capacity of PV panels;

- Wvind (kW): installed capacity of wind turbines;

- PV (-): local capacity factor? representative of the local generation profile of solar panels at
time t;

- fiwvind (0): local capacity factor representative of the local generation profile of wind turbines
at time t.

The cost of installation is defined as:

Cel — CPV + Cwind (86)

14



The cost of installation of PV panels and wind turbines is calculated as:

CPV: CPV,WPV (S7)

Cwind — Cwind ,Wwind (S 8)

where:
c?V (USD/kW): cost of installation of PV panels;
¢Vind (USD/kW): cost of installation of wind turbines.

The cost of operation is defined as:

Oel — OPV + Owind (Sg)

The cost of operation and maintenance of PV panels and wind turbines is calculated as:

OPV = oPV.WPV (S10)

Qwind = gwind . (Cwind (S11)

where:
- o’V (USD/kW/y): operation and maintenance of PV panel;

o%ind (%/y): operation and maintenance of wind turbines.

Grid-connected system
In the grid-connected system, all power is supplied from the grid, with no power curtailment:

Ptel = Ptgrid (S 12)

where:

- Pg&id(kWh): electric power production from PV panel at time t.

The cost of installation is defined as:

Cel = Cgrid = (erid. yyerid (813)

where:

15



c2id (USD/kW): cost of grid connection.
The cost of operations is defined as:

Oel = Ogrid = 0grid . Ogrid + ZtEH (egrid ,Ptgrid) (814)

where:
o#id (USD/kWh): operation and maintenance of grid connections;

- e=id (USD/kWh): country-specific average electricity price.

Hybrid system
In the hybrid system, power can be supplied by three sources, and electricity produced from

renewables can be curtailed:

Ptel — Ptgrid + PtPV + thind - Kt (SIS)

Curtailment capacity (Weur@il) and grid import capacity (We'd) are derived from the electricity
curtailed and imported, and an 8760 h per year load factor:
weurail = (Y. K, ) / 8760 (S16)

Werid = (T, P&id) / 8760 (S17)

where:
- Weurtail (kW): curtailment capacity;

- Werid (kW): installed capacity for power import from the grid.

The cost of installation is defined as:

Cel = Cwid + CPV 4 Cwind (S 1 8)

The cost of operation and maintenance is defined as:

Oel = Ogrid + OPV+ Owind (S 1 9)

Battery
A battery storage system is expected to be included only in the case of power supply from
renewable technologies, i.e., with an autonomous or hybrid system. The electricity charged or

discharged from the electric battery is a time-dependent variable derived from the optimal

16



operation of the system to mitigate the impact of the intermittent production from PV panels and
wind turbines on the operation of the downstream electrolyzer and ammonia synthesis reactor.
The storage level of the battery at each time-step t is modeled in a linear form as:

Si=Su+At(BE n°-Bd /nd)- S s (S20)

where:

- Si, Si.1 (kWh): electricity stored in the battery at time (t) and (t-1);

B¢, BY; (kW): electricity charge or discharge by the battery at each time step t;

At (h): time-step of charge and discharge power;
- 1% n% efficiencies while charging and discharging;

s%d: self-discharge loss as unit loss of stored energy per hour.

Electricity conservation over one year operation is enforced through the following constraint

connecting the storage level at the first timestep of the year with the last timestep:

St=8760) = St=1) (S21)

Additional constraints required to model the switch in charge-discharge operation modes are:

- (mem=/ ) (1-B) <B¢ <(mem/t)(1-py) (S22)
B,- (mem/ 1) B, < B¢ < B+ (mem/ ) B, (823)

- (mdmax / ¢) B, < B¢ < (mém/ 1) By (S24)

B,- (mdm> /¢ )(1 - B) < B < B+ (mém/ 1) (1 - By) (825)

- B (kW): electricity discharged (> 0) or charged (< 0) by the battery, equivalent to (B¢) and
(-B®) introduced as auxiliary variables to enable linear modeling of charge - discharge
operation mode with different conversion efficiencies;

- B¢ (-): binary variable indicating charging (0) or discharging (1) operation mode;

- mSm* mdmax (kWh): maximum capacity allowed for installation;

- [J (h): battery duration of charging/discharging at rated power, generally equal to 2 h, 4

h, or 6 h.
The minimum power operation in charging and discharging mode is introduced as:
plmin B, < B < bmax (X / 1) (S26)
bemin (1 - B,) < B < bemax (X / 1) (827)

17



where:
bemin | pdmin (kW): minimum charging and discharging power;
- bemax pdmax (). fractions of rated power defining maximum charging and discharging
power;

- X (kWh): battery capacity.

Furthermore, the minimum and maximum battery’s state of charge is defined based on the
battery’s rated power as:

jmin X < S, < jmax X (S28)
where:

- jmin jmax(): fractions defining minimum and maximum battery state of charge.

Additional details for accurate linear modeling of battery operations can be found in (Bracco et
al., 2025).
The initial state of the battery is assumed to be equal to the state in the final time step within the
set of timesteps H to allow the conservation of the power produced over the time steps considered
in the optimization.
The cost of installation of the battery is calculated as:

(battery — battery, (S29)

where:

cbattery (USD/kWh): cost of installation of battery.

The cost of operation and maintenance of the battery, QP2 (USD/y), is calculated as fraction of

the cost of installation of the batteries:

Qbattery — gbattery, battery (S30)
where:

oPatery (94/y): fraction of cost of installation for operation and maintenance.

Electrolyzer
The hydrogen produced from the electrolyzer is a time-dependent variable derived from the

electricity consumed and the conversion efficiency such that:

18



Ft _ nelectrolyzer . Et (S3 1)

where:

- E;{ (kWh): electricity feeding the electrolyzer;
- F¢ (kWh): hydrogen produced from the electrolyzer;

nelectrolyzer ). electrolyzer conversion efficiency.
The cost of installation of the electrolyzer is calculated as:
Celectrolyzer = Celectrolyzer -7 (832)
where:
celectrolyzer ([JSD/kW): cost of installation of electrolyzer;
- Z (kW): installed capacity of electrolyzer.
The cost of operation and maintenance of the electrolyzer, O¢1ctrolyzer (JSD/y), is calculated as fraction
of the cost of installation of the electrolyzer:
Oelectrolyzer _ electrolyzer . electrolyzer (S33)
where:

oclectrolyzer (o4 /). fraction of cost of installation for operation and maintenance.

Hydrogen storage
Hydrogen storage is expected to be included only in the case of power supply from renewable
technologies, i.e., with an autonomous or hybrid system. The hydrogen charged or discharged from
the storage is a time-dependent variable derived from the optimal operation of the system to
mitigate the impact of the intermittent production from PV panels on the operation of the
downstream electrolyzer and ammonia synthesis reactor. The storage level of the buffer at each
time-step t is computed as:
Ty =Ty - Hy (S34)

where:

- Tg, T (kWh i) hydrogen stored in the buffer at time (t) and (t-1), with the assumption

of empty buffer as initial state;

- H{ (kWh gpp): hydrogen discharge (> 0) or charge (< 0) by the storage at each time step t.

19



Hydrogen conservation over one year operation is enforced through the following constraint
connecting the storage level at the first timestep of the year with the last timestep:

T=38760) = Tee=1y (S335)

The total cost of installation of the hydrogen storage is calculated as:
cH2-buffer _ H2-buffer , 3 (S36)
where:

CH2-buffer ((JSD/kWhyy,): cost of installation of hydrogen buffer;
- Y (kWhpp): installed hydrogen storage size.

The cost of operation and maintenance of the hydrogen buffer, OHZ-buffer (USD/y), is calculated
as fraction of the cost of installation of the hydrogen buffer:

OH2-buffer _ j H2-buffer , ~H2-buffer (S37)

where:
oti2-buffer (041y: fraction of cost of installation for operation and maintenance.
Ammonia synthesis reactor
The ammonia produced from the ammonia synthesis reactor is a time-dependent variable derived
from the hydrogen consumed its conversion efficiency such that:
Q, = nNH3-synthesis . g (S38)

where:

- R{ (kWh): hydrogen consumed from the ammonia synthesis reactor;
- Q¢ (kWhypy3): ammonia produced from the ammonia synthesis reactor;

nNH3-synthesis (). ammonia synthesis reactor conversion efficiency hydrogen to ammonia.

Due to the slow dynamics of the reactor, related to the temperature reaction, the rate of variation
of the ammonia production is limited by the following constraints:
| Q- Qui|/Qui < & (S39)
where:
- [ (%): maximum relative variation of ammonia production within two following time-

steps.

20



It should be noted that the imposed maximum rate of variation of ammonia production
significantly affects the role of electricity and hydrogen storage in mitigating the intermittency of
PV panels and wind turbines.

The cost of installation of the reactor is calculated as:
CNH3-synthesis — cNH3-synthesis .J (S4())
where:

¢ NH3-synthesis ((JSD/kWypy3): cost of installation of ammonia synthesis reactor;
- J(kWnp3): installed capacity of ammonia synthesis reactor.

The cost of operation and maintenance of the ammonia synthesis reactor, QNH3-synthesis (7§D /y),

is calculated as fraction of the cost of installation of the ammonia synthesis reactor:

(ONH3-synthesis — oNH3-synthesis . ("NH3-synthesis (S41)
where:
oNH3-synthesis (04 4y fraction of cost of installation for operation and maintenance.

Energy balance
The energy balance constraints are introduced for every energy carrier considered. For
electricity, the energy balance is imposed at every hour t as:

Pl + B, - E; - K, = DASU + pNH3-synthesis (S42)
where:

DASU (kWh): electricity consumption Air Separation Unit at time step t;

DNH3-synthesis (' Wh): electricity consumption ammonia synthesis reactor at time step t.
For hydrogen, the energy balance is imposed at every hour t as:
Fi+H-Ri=0 (543)
For every subset of timesteps H; (s € S) the ammonia production from the reactor is imposed to
equal the sum of ammonia demand within the subset of timesteps / such that:
Yietts Q= Liens AN (544)
where:
- Yiens &N is the demand for ammonia within the subset of timesteps H,;
- H; V..V H; V. VU His equivalent to the set of timesteps H representative of the 8760

hours in a year.

21



The number of timesteps within H, is assumed to equal 720 hours for every subset s € S. The choice
of 720 hours as size of each subset H; is assumed as a compromise between predictability of
production over time and system flexibility to accommodate for the intermittency and variability
of power production from renewable technologies.

Total system cost

The total capital expenditure of the system (C' (USD)) includes the cost of installation of each

component, described in the following:

Ctot — Cel + Cbattery + Celectrolyzer + CHZ-buffer + CNH3-synthesiS + CASU (S4 5)
The yearly total operating expenditure of the system (O™ (USD/y)) includes the operations and
p y y p

maintenance of each component, described in the following:

otot = Oel + Obattery + Oelectrolyzer + OHZ—buffer + ONI—B—synthesis + OASU (846)

22



S3. Local sensitivity analysis

The MILP model is presented in Section S2. System optimization model is here converted into a
linear problem (LP) to run a local sensitivity analysis of key decision variables and parameters,
affected by location-specific conditions, which significantly affect the LCOA.
Variables to parameters
Some of the decision variables from the MILP model are converted into controlled parameters of
the LP model:

- X (kWh): battery capacity;

- Y (kWhy,): installed hydrogen storage size;

- Yiew K¢ (kWh): total curtailment over the year.
While defining these variables requires an hourly resolution model, in the LP model they are
assumed as exogenous parameters of the optimization problem. Since the integer variables of the
MILP were all related to the operation of the battery, removing the constraints which define the
hourly battery operation makes the problem linear.
Model formulation
With the conversion of storage capacity sizing variables into exogenous parameters, and the
removal of the integer variables describing the operation of the battery, all the decision variables
are linear decision variables. Additionally, the time resolution of the problem is converted from
hourly- into yearly-resolution. All the decision variables, defined over timesteps t € H, are scalar
decision variables here. Accordingly, all the hourly energy fluxes in the mass balance constraints
become yearly energy fluxes.
Input data
Data used for the sensitivity analysis consists of a reference medium scenario for input parameters
of the optimization model, a set of parameters derived from the results of this study and used to
control some of the decision variables of the optimization problem, and a range of variation for

the key parameters varied within the sensitivity analysis.
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Table S4. Parameters and data input of the sensitivity analysis. Rows in ifalic highlight the
decision variables treated as constant parameters, i.e., variables whose value has been set with an
equality constraint within the sensitivity analysis. Values of range of variation are derived from
parameters in Table S3 or from the results presented in the main article.

Parameter Medium scenario - 2035 Range of variation
cost of capital, r 6.6 % (4.3,11.6) %
Power production technologies
PV CapEx, ¢V 895.3 USD/kW (602.7, 1540.6) USD/kW
wind CapEx, ¢Vind 1334 USD/KkW (1093, 1632) USD/kW
grid CapEx, cerid 0.0 USD/kW -
PV OpEx, oV 15 USD/kW/y -
wind OpEx, o%ind 28 USD/kW/y -
grid OpEx, o#1d 0% -
c.f. PV, PV 22.8% (19.2,26.4) %
c.f. wind, fvind 34.1% (17.5,50.6) %
total curtailment, K 20 GWh (0, 30) GWh
Battery storage
battery CapEx, cbattery 674 (425, 1080) USD/kWh
battery OpEx, oM 2.5 %/y of CapEx )
installation
battery capacity, X 10 MWh (5, 15) MWh
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Electrolyzer

eff. electrol., nelectrolyzer 67.1 % -
CapEx electrol., celectrolyzer 1592 (644, 2705) USD/kW
2% %l/y of CapEx
OpEx electrol. o¢lectrolyzer . . -
installation

Hydrogen storage

CapEx H, storage, cH2-buffer

13 USD/kWhy,

(10.5,20 ) USD/kWhyp

OpEx H, storage, ot12-buffer

1 %/y of CapEx installation

H storage size, Y

300 MWh

(100, 500) MWh

Ammonia synthesis reactor

eff. NH; reactor, nVH3-

synthesis

88 %

CapEx NHj; reactor,

c NH3-synthesis

40 USD/tnps

OpEx NHj; reactor,

0 NH3-synthesis

2 %/y of CapEx installation

Ammonia demand

ammonia demand

dNH3

1 tNH3/h
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S4. Ammonia demand in selected countries
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Figure S1. Ammonia demand in selected countries. The figure classifies countries based on
cropland area (x-axis, log-scale), demand intensity (y-axis), and total demand of ammonia for use
as nitrogen fertilizer on croplands. Demand intensity corresponds to the nutrient demand by crops

per unit of harvested area. Original data source representative of nitrogen demand as crop nutrient
in 2020 (Adalibieke et al., 2023).
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Table S5. Ammonia demand distribution by country. The table reports the demand of ammonia
as fertilizer for crop production in the selected countries. Key statistics describing demand
intensity and distribution are reported. Original data source representative of nitrogen demand as

crop nutrient in 2020 (Adalibieke et al., 2023).

Brazil

Total demand: 5.5 Mt/y

Total cropland area: 81.7 M ha
Avg. demand rate: 6.8 t/y/km?

ammonia demand (t/y)
[ 200 400 600 800

Brazil

China

Total demand: 28.8 Mt/y
Total cropland area: 169.1 M
ha

Avg. demand rate: 17.1

t/y/km?

ammonia demand (tly)
o 200 400 600 800 1000

China

Ethiopia

Total demand: 0.5 Mt/y

Total cropland area: 11.1 M ha
Avg. demand rate: 4.5 t/y/km?

ammonia demand (t/y)

o 200 400 600 800 1000

Ethiopia

34 36 38 40 42 44 46 48

India

Total demand: 19.8 Mt/y
Total cropland area: 231.5 M
ha

Avg. demand rate: 8.6 t/y/km?

Italy

Total demand: 0.6 Mt/y

Total cropland area: 6.4 M ha
Avg. demand rate: 9.7 t/y/km?

United States

Total demand: 11.8 Mt/y
Total cropland area: 136.8 M
ha

Avg. demand rate: 8.6 t/y/km?
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=120
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SS5. Design scenarios comparison

Annualized CapEx
To compare the investment in technologies installed with the yearly cost of electricity consumption
from the grid, the CapEx is presented as annual cost over the plant lifetime:

Annualized CapEx = CapEx -1/ (1 - (1 +1)T) (S48)
where:

- Annualized CapEx (USD/y): equivalent annual cost of CapEx over plant lifetime;

CapEx (USD): capital expenditure for installation of plant’s components;

r: cost of capital;

T: plant’s lifetime.
Design scenarios comparison
The following tables collect the results of the year- and cost-scenarios not presented in the figures

of the main article (Section 4.1).
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Table S6. Annual cost of power production technologies in different system configurations,
year- and cost-scenarios. The three bars for each country correspond to the three system
configurations considered: (left) autonomous, (center) hybrid, (right) grid-connected.
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Table S7. Annual cost of storage technologies in different system configurations, year- and
cost-scenarios. The three bars for each country correspond to the three system configurations
considered: (left) autonomous, (center) hybrid, (right) grid-connected.
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Table S8. Components’ design: power production in different system configurations, year-
and cost-scenarios. The three bars for each country correspond to the three system configurations
considered: (left) autonomous, (center) hybrid, (right) grid-connected.
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Table S9. Storage capacities in different system configurations, year- and cost-scenarios. The
three bars for each country correspond to the three system configurations considered: (left)

autonomous, (center) hybrid, (right) grid-connected.
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