Supplementary material
Optimal design of a green ammonia export supply chain from Saudi Arabia under demand, price and route uncertainty: a two-stage stochastic programming approach
S1. Nomenclature
Table S1. Sets, indices, decision variables and parameters.
	Symbol
	Description
	Unit

	Sets and indices
	
	

	i ∈ I
	candidate export sites
	-

	m ∈ M
	import markets (Rotterdam, Japan, Korea)
	-

	r ∈ R(i,m)
	sea routes from site i to market m
	-

	k ∈ K
	renewable supply blocks (PV, wind, hybrid)
	-

	s ∈ S
	scenarios
	-

	First-stage variables
	
	

	yi
	1 if site i is opened, 0 otherwise
	binary

	Bik
	electrolyzer capacity of block k at site i
	MW

	PiPV
	installed PV capacity at site i
	MW

	PiW
	installed onshore wind capacity at site i
	MW

	PiEL
	installed electrolyzer capacity at site i
	MW

	Ci
	ammonia production capacity at site i
	t NH3/yr

	Second-stage variables
	
	

	ximrs
	ammonia delivered from i to m by route r in scenario s
	t NH3/yr

	η, zs
	auxiliary variables of the CVaR formulation
	USD/yr

	Parameters
	
	

	ps
	probability of scenario s
	-

	πms
	delivered (CFR) ammonia price in market m, scenario s
	USD/t NH3

	Dms
	addressable demand in market m, scenario s
	t NH3/yr

	cimrsship
	shipping cost per tonne delivered
	USD/t NH3

	cvar
	variable production cost
	USD/t NH3

	δimr
	fraction of loaded cargo delivered after boil-off
	-

	fi
	site development and export jetty cost at site i
	USD

	Cimax
	maximum ammonia capacity at site i
	t NH3/yr

	a
	capital recovery factor
	1/yr

	aPV, aW, aEL
	annualized capital and fixed O&M per MW
	USD/MW/yr

	aHB, aST, aH2
	annualized capital and fixed O&M per t/yr of capacity
	USD/(t/yr)/yr

	ρkPV, ρkW
	PV and wind capacity per MW of electrolyzer in block k
	MW/MW

	γk
	curtailment fraction of block k
	-

	CFiPV, CFiW
	PV and wind capacity factors at site i
	-

	uik
	achievable electrolyzer utilization of block k at site i
	-

	eEL
	electricity for electrolysis per tonne of ammonia
	MWh/t NH3

	eHB
	electricity for synthesis and air separation per tonne
	MWh/t NH3

	λ, α
	risk-aversion weight and CVaR confidence level
	-

	F, Πs
	annual fixed cost and scenario profit
	USD/yr


S2. Complete input data
Table S2 lists every parameter used in the model, its value, unit and source. Entries marked “assumed” are modeling choices and not published values. Of these, the curtailment of the hybrid block, the hydrogen buffer cost, the site capacity limit, the bunker price, the Saudi market shares (through the demand scale) and the route-state probability are varied in the sensitivity analysis (Table S7); the other assumed values are held fixed. Sources refer to the reference list of the main paper.
Table S2. Model input parameters, values and sources.
	Parameter
	Value
	Unit
	Source

	Renewable generation
	
	
	

	PV capital cost
	555
	USD/kW
	Alhadhrami et al. (2024)

	PV fixed O&M
	10
	USD/kW/yr
	assumed (1.8 % of capital)

	Onshore wind capital cost
	992
	USD/kW
	Alhadhrami et al. (2024)

	Onshore wind fixed O&M
	30
	USD/kW/yr
	assumed (3.0 % of capital)

	PV capacity factor scaling
	1.25
	-
	assumed (tracking and bifacial)

	Electrolysis
	
	
	

	Alkaline electrolyzer capital cost
	700
	USD/kW
	Alhadhrami et al. (2024); range 450-1820 in IEA (2025)

	Electrolyzer fixed O&M
	3.0
	% of capital/yr
	IEA (2025)

	Specific electricity use
	52.1
	kWh/kg H2
	IEA (2025) (64 % LHV, 2030)

	Ammonia synthesis
	
	
	

	Haber-Bosch and ASU capital cost
	770
	USD per t/yr
	Kriegsmann et al. (2025); range 560-980 in IEA (2025)

	Haber-Bosch and ASU fixed O&M
	2.9
	% of capital/yr
	IEA (2025)

	Haber-Bosch and ASU electricity
	0.6
	MWh/t NH3
	IEA (2025)

	Balance-of-plant electricity factor
	1.05
	-
	assumed

	Hydrogen per tonne of ammonia
	0.1765
	t H2/t NH3
	stoichiometric

	Storage and water
	
	
	

	Ammonia storage capital cost
	800
	USD/t capacity
	within 560-1060 of Cao et al. (2025)

	Ammonia storage sizing
	15
	days of production
	Kriegsmann et al. (2025)

	Ammonia storage fixed O&M
	3.0
	% of capital/yr
	assumed

	Hydrogen buffer capital cost
	100
	USD per t/yr NH3
	assumed; adds 12 USD/t (IRENA 2022: 35-150 USD/t)

	Water use
	9
	L/kg H2
	stoichiometric minimum, rounded

	Desalinated water price
	0.413
	USD/m3
	Knott (2020)

	Other variable cost
	5
	USD/t NH3
	assumed

	Finance and site limits
	
	
	

	Cost of capital (real)
	8.0
	%
	Alturki (2026); IRENA (2020) uses 6 and 10

	Plant life
	25
	years
	Alturki (2026)

	Capital recovery factor
	0.0937
	1/yr
	derived

	Site development and jetty, sheltered
	140
	M USD
	IEA (2025) plus 50 M USD site works (assumed)

	Site development and jetty, open coast (Rabigh)
	240
	M USD
	IEA (2025) plus 50 M USD site works (assumed)

	Maximum capacity per site
	2.0
	Mt NH3/yr
	assumed; 1.5 and 3.0 tested

	Shipping
	
	
	

	Carrier size
	84,000
	m3
	Seo et al. (2024)

	Sea distances
	Table 1 of the main paper
	nm
	Halili (2026); Eurostat (2022)

	Cargo per voyage
	56,000
	t NH3
	derived (0.682 t/m3, 98 % fill); Engineering ToolBox (2005)

	Service speed
	15
	knots
	BW LPG (n.d.): 14.8 knots average

	Time charter rate
	45,000
	USD/day
	BW LPG (2026); Dorian LPG (2026); 30,000-90,000 tested

	Bunker consumption at sea
	45
	t/day
	BW LPG (n.d.): about 42 t/day

	Bunker price (VLSFO)
	600
	USD/t
	assumed long-run; 925 (2026) tested

	Port time
	2
	days per round trip
	Seo et al. (2024)

	Port fee
	50,000
	USD per call
	assumed

	Suez toll, laden transit
	380,000
	USD
	derived from Suez Canal Authority (2024)

	Suez toll, ballast transit
	323,000
	USD (85 % of laden)
	derived from Suez Canal Authority (2024)

	Boil-off rate
	0.03
	%/day
	assumed; IEA (2023) carrier 0.02

	Hull value for war-risk premium
	125
	M USD
	assumed

	War-risk premium, disrupted state
	0.5
	% of hull per transit
	UNCTAD (2024a); Schuler (2026); 0.2-1.0 tested

	Renewable supply blocks
	
	
	

	PV block: PV per MW electrolyzer, curtailment
	1.5 / 0.18
	MW/MW, -
	assumed

	Wind block: wind per MW electrolyzer, curtailment
	1.2 / 0.10
	MW/MW, -
	assumed

	Hybrid block: PV, wind, curtailment
	1.2 / 0.8 / 0.08
	MW/MW, -
	assumed; checked against NGHC (2026); hybrid curtailment 0.04-0.12 tested

	Scenario structure
	
	
	

	Demand and price levels
	5 each
	-
	similar to Ochoa Bique et al. (2023); Efthymiadou et al. (2025)

	Level probabilities
	0.1 / 0.2 / 0.4 / 0.2 / 0.1
	-
	assumed

	Route states, probabilities
	normal 0.75, disrupted 0.25
	-
	assumed; 0-0.5 tested

	Ammonia share of EU hydrogen imports
	40
	%
	assumed

	Saudi market share, EU
	25
	%
	assumed; demand scale 0.5-2 tested

	Saudi market share, Japan and Korea
	30
	%
	assumed; demand scale 0.5-2 tested


Sources refer to the reference list of the main paper.
S3. Gate cost build-up by site and supply block
Table S3 gives the levelized gate cost of ammonia for every combination of site and renewable supply block, at full utilization of a 1 Mt/yr plant. The block selected in Fig. 1 of the main paper is the cheapest row for each site.
Table S3. Levelized gate cost of ammonia by site and supply block (USD/t NH3).
	Site
	Block
	Electrolyzer utilization
	t NH3 per MW electrolyzer
	PV
	Wind
	Electrolyzer
	HB + ASU
	Storage
	Site and variable
	Total

	NEOM
	PV only
	0.322
	292
	318.2
	0.0
	296.2
	94.5
	16.4
	18.8
	744.0

	NEOM
	Wind only
	0.375
	340
	0.0
	433.4
	254.4
	94.5
	16.4
	18.8
	817.5

	NEOM
	Hybrid
	0.545
	494
	150.5
	199.0
	175.2
	94.5
	16.4
	18.8
	654.3

	Yanbu
	PV only
	0.316
	287
	324.0
	0.0
	301.6
	94.5
	16.4
	18.8
	755.2

	Yanbu
	Wind only
	0.335
	304
	0.0
	486.0
	285.2
	94.5
	16.4
	18.8
	900.9

	Yanbu
	Hybrid
	0.512
	464
	160.2
	211.7
	186.4
	94.5
	16.4
	18.8
	687.9

	Rabigh
	PV only
	0.305
	277
	336.2
	0.0
	313.0
	94.5
	16.4
	28.1
	788.3

	Rabigh
	Wind only
	0.223
	202
	0.0
	729.0
	427.8
	94.5
	16.4
	28.1
	1295.8

	Rabigh
	Hybrid
	0.426
	386
	192.7
	254.7
	224.2
	94.5
	16.4
	28.1
	810.6

	Jubail
	PV only
	0.290
	263
	353.6
	0.0
	329.3
	94.5
	16.4
	18.8
	812.6

	Jubail
	Wind only
	0.253
	230
	0.0
	641.5
	376.5
	94.5
	16.4
	18.8
	1147.6

	Jubail
	Hybrid
	0.433
	393
	189.4
	250.4
	220.5
	94.5
	16.4
	18.8
	790.0

	Ras Al-Khair
	PV only
	0.293
	266
	349.5
	0.0
	325.4
	94.5
	16.4
	18.8
	804.5

	Ras Al-Khair
	Wind only
	0.253
	230
	0.0
	641.5
	376.5
	94.5
	16.4
	18.8
	1147.6

	Ras Al-Khair
	Hybrid
	0.436
	396
	188.1
	248.6
	218.9
	94.5
	16.4
	18.8
	785.3


S4. Complete shipping cost table
Table S4 gives the shipping cost per tonne delivered for every combination of site, market, route and route state. “Standard” is the Suez route for Rotterdam and the Malacca route for East Asia, and “Cape” is the Cape of Good Hope route to Rotterdam. In the disrupted state the Suez route to Rotterdam is unavailable and a war-risk premium applies to every Bab el-Mandeb transit; the rows that the model cannot use in a given state are shown for completeness.
Table S4. Shipping cost by site, market, route and route state (USD per tonne delivered).
	Site
	Market
	Route
	Route state
	Shipping cost

	NEOM
	Rotterdam
	standard
	Normal
	41.7

	NEOM
	Rotterdam
	standard
	Disrupted
	41.7

	NEOM
	Rotterdam
	Cape
	Normal
	85.4

	NEOM
	Rotterdam
	Cape
	Disrupted
	107.9

	NEOM
	Japan
	standard
	Normal
	58.9

	NEOM
	Japan
	standard
	Disrupted
	81.3

	NEOM
	Korea
	standard
	Normal
	56.2

	NEOM
	Korea
	standard
	Disrupted
	78.7

	Yanbu
	Rotterdam
	standard
	Normal
	43.9

	Yanbu
	Rotterdam
	standard
	Disrupted
	43.9

	Yanbu
	Rotterdam
	Cape
	Normal
	84.0

	Yanbu
	Rotterdam
	Cape
	Disrupted
	106.5

	Yanbu
	Japan
	standard
	Normal
	57.5

	Yanbu
	Japan
	standard
	Disrupted
	80.0

	Yanbu
	Korea
	standard
	Normal
	54.9

	Yanbu
	Korea
	standard
	Disrupted
	77.3

	Rabigh
	Rotterdam
	standard
	Normal
	44.7

	Rabigh
	Rotterdam
	standard
	Disrupted
	44.7

	Rabigh
	Rotterdam
	Cape
	Normal
	82.6

	Rabigh
	Rotterdam
	Cape
	Disrupted
	105.1

	Rabigh
	Japan
	standard
	Normal
	56.0

	Rabigh
	Japan
	standard
	Disrupted
	78.5

	Rabigh
	Korea
	standard
	Normal
	53.4

	Rabigh
	Korea
	standard
	Disrupted
	75.9

	Jubail
	Rotterdam
	standard
	Normal
	62.9

	Jubail
	Rotterdam
	standard
	Disrupted
	85.4

	Jubail
	Rotterdam
	Cape
	Normal
	85.0

	Jubail
	Rotterdam
	Cape
	Disrupted
	85.0

	Jubail
	Japan
	standard
	Normal
	51.6

	Jubail
	Japan
	standard
	Disrupted
	51.6

	Jubail
	Korea
	standard
	Normal
	48.9

	Jubail
	Korea
	standard
	Disrupted
	48.9

	Ras Al-Khair
	Rotterdam
	standard
	Normal
	63.6

	Ras Al-Khair
	Rotterdam
	standard
	Disrupted
	86.0

	Ras Al-Khair
	Rotterdam
	Cape
	Normal
	85.6

	Ras Al-Khair
	Rotterdam
	Cape
	Disrupted
	85.6

	Ras Al-Khair
	Japan
	standard
	Normal
	52.2

	Ras Al-Khair
	Japan
	standard
	Disrupted
	52.2

	Ras Al-Khair
	Korea
	standard
	Normal
	49.6

	Ras Al-Khair
	Korea
	standard
	Disrupted
	49.6


S5. Complete scenario set
Table S5 lists all 50 scenarios. Demand, price and route state are treated as independent, so the scenario probability is the product of the three level probabilities. Demand is the total addressable demand across the three markets.
Table S5. Scenario definitions and probabilities.
	Scenario
	Demand level
	Price level
	Route state
	Probability
	Total demand (Mt/yr)
	Rotterdam price (USD/t)
	Japan price (USD/t)
	Korea price (USD/t)

	L-L-N
	Low
	Low
	Normal
	0.0075
	0.76
	650
	600
	590

	L-L-D
	Low
	Low
	Disrupted
	0.0025
	0.76
	650
	600
	590

	L-LM-N
	Low
	Low-mid
	Normal
	0.0150
	0.76
	750
	700
	685

	L-LM-D
	Low
	Low-mid
	Disrupted
	0.0050
	0.76
	750
	700
	685

	L-M-N
	Low
	Mid
	Normal
	0.0300
	0.76
	850
	800
	780

	L-M-D
	Low
	Mid
	Disrupted
	0.0100
	0.76
	850
	800
	780

	L-MH-N
	Low
	Mid-high
	Normal
	0.0150
	0.76
	950
	900
	880

	L-MH-D
	Low
	Mid-high
	Disrupted
	0.0050
	0.76
	950
	900
	880

	L-H-N
	Low
	High
	Normal
	0.0075
	0.76
	1050
	1000
	980

	L-H-D
	Low
	High
	Disrupted
	0.0025
	0.76
	1050
	1000
	980

	LM-L-N
	Low-mid
	Low
	Normal
	0.0150
	1.79
	650
	600
	590

	LM-L-D
	Low-mid
	Low
	Disrupted
	0.0050
	1.79
	650
	600
	590

	LM-LM-N
	Low-mid
	Low-mid
	Normal
	0.0300
	1.79
	750
	700
	685

	LM-LM-D
	Low-mid
	Low-mid
	Disrupted
	0.0100
	1.79
	750
	700
	685

	LM-M-N
	Low-mid
	Mid
	Normal
	0.0600
	1.79
	850
	800
	780

	LM-M-D
	Low-mid
	Mid
	Disrupted
	0.0200
	1.79
	850
	800
	780

	LM-MH-N
	Low-mid
	Mid-high
	Normal
	0.0300
	1.79
	950
	900
	880

	LM-MH-D
	Low-mid
	Mid-high
	Disrupted
	0.0100
	1.79
	950
	900
	880

	LM-H-N
	Low-mid
	High
	Normal
	0.0150
	1.79
	1050
	1000
	980

	LM-H-D
	Low-mid
	High
	Disrupted
	0.0050
	1.79
	1050
	1000
	980

	M-L-N
	Mid
	Low
	Normal
	0.0300
	2.82
	650
	600
	590

	M-L-D
	Mid
	Low
	Disrupted
	0.0100
	2.82
	650
	600
	590

	M-LM-N
	Mid
	Low-mid
	Normal
	0.0600
	2.82
	750
	700
	685

	M-LM-D
	Mid
	Low-mid
	Disrupted
	0.0200
	2.82
	750
	700
	685

	M-M-N
	Mid
	Mid
	Normal
	0.1200
	2.82
	850
	800
	780

	M-M-D
	Mid
	Mid
	Disrupted
	0.0400
	2.82
	850
	800
	780

	M-MH-N
	Mid
	Mid-high
	Normal
	0.0600
	2.82
	950
	900
	880

	M-MH-D
	Mid
	Mid-high
	Disrupted
	0.0200
	2.82
	950
	900
	880

	M-H-N
	Mid
	High
	Normal
	0.0300
	2.82
	1050
	1000
	980

	M-H-D
	Mid
	High
	Disrupted
	0.0100
	2.82
	1050
	1000
	980

	MH-L-N
	Mid-high
	Low
	Normal
	0.0150
	4.71
	650
	600
	590

	MH-L-D
	Mid-high
	Low
	Disrupted
	0.0050
	4.71
	650
	600
	590

	MH-LM-N
	Mid-high
	Low-mid
	Normal
	0.0300
	4.71
	750
	700
	685

	MH-LM-D
	Mid-high
	Low-mid
	Disrupted
	0.0100
	4.71
	750
	700
	685

	MH-M-N
	Mid-high
	Mid
	Normal
	0.0600
	4.71
	850
	800
	780

	MH-M-D
	Mid-high
	Mid
	Disrupted
	0.0200
	4.71
	850
	800
	780

	MH-MH-N
	Mid-high
	Mid-high
	Normal
	0.0300
	4.71
	950
	900
	880

	MH-MH-D
	Mid-high
	Mid-high
	Disrupted
	0.0100
	4.71
	950
	900
	880

	MH-H-N
	Mid-high
	High
	Normal
	0.0150
	4.71
	1050
	1000
	980

	MH-H-D
	Mid-high
	High
	Disrupted
	0.0050
	4.71
	1050
	1000
	980

	H-L-N
	High
	Low
	Normal
	0.0075
	6.58
	650
	600
	590

	H-L-D
	High
	Low
	Disrupted
	0.0025
	6.58
	650
	600
	590

	H-LM-N
	High
	Low-mid
	Normal
	0.0150
	6.58
	750
	700
	685

	H-LM-D
	High
	Low-mid
	Disrupted
	0.0050
	6.58
	750
	700
	685

	H-M-N
	High
	Mid
	Normal
	0.0300
	6.58
	850
	800
	780

	H-M-D
	High
	Mid
	Disrupted
	0.0100
	6.58
	850
	800
	780

	H-MH-N
	High
	Mid-high
	Normal
	0.0150
	6.58
	950
	900
	880

	H-MH-D
	High
	Mid-high
	Disrupted
	0.0050
	6.58
	950
	900
	880

	H-H-N
	High
	High
	Normal
	0.0075
	6.58
	1050
	1000
	980

	H-H-D
	High
	High
	Disrupted
	0.0025
	6.58
	1050
	1000
	980


S6. Profit by scenario and wait-and-see solutions
Table S6 gives, for each scenario, the annual profit of the stochastic solution (RP), of the expected-value solution evaluated over all scenarios (EEV), and of the wait-and-see solution designed with knowledge of that scenario, together with the capacity and sites the wait-and-see solution would build. Probability-weighted averages of the three profit columns are 160.4, -140.2 and 359.2 million USD per year, which give the values reported in Table 6 of the main paper.
Table S6. Annual profit by scenario for the stochastic, expected-value and wait-and-see solutions.
	Scenario
	Probability
	RP profit (M USD/yr)
	EEV profit (M USD/yr)
	WS profit (M USD/yr)
	WS capacity (Mt/yr)
	WS sites opened

	L-L-N
	0.0075
	-722.5
	-1649.8
	0.0
	0.00
	none

	L-L-D
	0.0025
	-757.1
	-1683.8
	0.0
	0.00
	none

	L-LM-N
	0.0150
	-647.1
	-1574.4
	13.0
	0.40
	NEOM

	L-LM-D
	0.0050
	-681.7
	-1608.4
	0.0
	0.00
	none

	L-M-N
	0.0300
	-571.7
	-1499.0
	85.4
	0.76
	NEOM

	L-M-D
	0.0100
	-606.3
	-1533.0
	49.1
	0.77
	NEOM

	L-MH-N
	0.0150
	-495.7
	-1423.0
	161.4
	0.76
	NEOM

	L-MH-D
	0.0050
	-530.3
	-1457.0
	125.1
	0.77
	NEOM

	L-H-N
	0.0075
	-419.7
	-1347.0
	237.4
	0.76
	NEOM

	L-H-D
	0.0025
	-454.3
	-1381.0
	201.1
	0.77
	NEOM

	LM-L-N
	0.0150
	-118.6
	-1045.5
	0.0
	0.00
	none

	LM-L-D
	0.0050
	-214.8
	-1137.1
	0.0
	0.00
	none

	LM-LM-N
	0.0300
	59.4
	-867.6
	64.5
	1.19
	NEOM

	LM-LM-D
	0.0100
	-37.6
	-959.1
	0.0
	0.00
	none

	LM-M-N
	0.0600
	237.3
	-689.6
	237.3
	1.80
	NEOM

	LM-M-D
	0.0200
	139.6
	-781.2
	140.1
	1.81
	NEOM

	LM-MH-N
	0.0300
	416.3
	-510.6
	416.3
	1.80
	NEOM

	LM-MH-D
	0.0100
	317.8
	-602.2
	319.1
	1.81
	NEOM

	LM-H-N
	0.0150
	595.3
	-331.6
	595.3
	1.80
	NEOM

	LM-H-D
	0.0050
	496.1
	-423.2
	498.1
	1.81
	NEOM

	M-L-N
	0.0300
	-75.5
	-441.3
	0.0
	0.00
	none

	M-L-D
	0.0100
	-200.5
	-590.9
	0.0
	0.00
	none

	M-LM-N
	0.0600
	103.7
	-160.8
	116.0
	1.99
	NEOM

	M-LM-D
	0.0200
	-22.4
	-310.4
	0.0
	0.00
	none

	M-M-N
	0.1200
	282.9
	119.7
	349.4
	2.83
	NEOM, Yanbu

	M-M-D
	0.0400
	155.6
	-29.9
	190.7
	2.84
	NEOM, Yanbu

	M-MH-N
	0.0600
	462.1
	401.7
	631.4
	2.83
	NEOM, Yanbu

	M-MH-D
	0.0200
	333.6
	252.1
	472.7
	2.84
	NEOM, Yanbu

	M-H-N
	0.0300
	641.3
	683.7
	913.4
	2.83
	NEOM, Yanbu

	M-H-D
	0.0100
	511.7
	534.1
	754.7
	2.84
	NEOM, Yanbu

	MH-L-N
	0.0150
	-75.5
	-178.6
	0.0
	0.00
	none

	MH-L-D
	0.0050
	-200.5
	-394.9
	0.0
	0.00
	none

	MH-LM-N
	0.0300
	103.7
	137.8
	146.4
	3.47
	NEOM, Yanbu

	MH-LM-D
	0.0100
	-22.4
	-80.5
	0.0
	0.00
	none

	MH-M-N
	0.0600
	282.9
	454.3
	525.8
	4.00
	NEOM, Yanbu

	MH-M-D
	0.0200
	155.6
	234.0
	274.3
	4.00
	NEOM, Yanbu

	MH-MH-N
	0.0300
	462.1
	770.8
	953.8
	4.73
	NEOM, Yanbu, Ras Al-Khair

	MH-MH-D
	0.0100
	333.6
	548.5
	701.6
	4.75
	NEOM, Yanbu, Ras Al-Khair

	MH-H-N
	0.0150
	641.3
	1087.2
	1424.8
	4.73
	NEOM, Yanbu, Ras Al-Khair

	MH-H-D
	0.0050
	511.7
	862.9
	1172.6
	4.75
	NEOM, Yanbu, Ras Al-Khair

	H-L-N
	0.0075
	-75.5
	-178.6
	0.0
	0.00
	none

	H-L-D
	0.0025
	-200.5
	-394.9
	0.0
	0.00
	none

	H-LM-N
	0.0150
	103.7
	137.8
	161.8
	4.00
	NEOM, Yanbu

	H-LM-D
	0.0050
	-22.4
	-80.5
	0.0
	0.00
	none

	H-M-N
	0.0300
	282.9
	454.3
	572.8
	4.95
	NEOM, Yanbu, Rabigh

	H-M-D
	0.0100
	155.6
	234.0
	284.9
	4.00
	NEOM, Yanbu

	H-MH-N
	0.0150
	462.1
	770.8
	1159.7
	6.61
	NEOM, Yanbu, Rabigh, Ras Al-Khair

	H-MH-D
	0.0050
	333.6
	548.5
	839.2
	6.64
	NEOM, Yanbu, Jubail, Ras Al-Khair

	H-H-N
	0.0075
	641.3
	1087.2
	1817.7
	6.61
	NEOM, Yanbu, Rabigh, Ras Al-Khair

	H-H-D
	0.0025
	511.7
	862.9
	1497.2
	6.64
	NEOM, Yanbu, Jubail, Ras Al-Khair


S7. Complete sensitivity and risk analysis results
Table S7 gives every one-at-a-time sensitivity case run for the main paper, including the cases summarized in Fig. 5, Fig. 6 and Table 7. The base case is the row with a price shift of zero.
Table S7. One-at-a-time sensitivity results.
	Parameter
	Value
	Expected profit (M USD/yr)
	Capacity (Mt/yr)
	Sites opened
	Minimum gate cost (USD/t)
	Electrolyzer (GW)

	Electrolyzer capital cost (USD/kW)
	450
	272.9
	1.81
	NEOM
	585.9
	3.65

	Electrolyzer capital cost (USD/kW)
	700
	160.4
	1.80
	NEOM
	648.5
	3.64

	Electrolyzer capital cost (USD/kW)
	1000
	39.6
	0.77
	NEOM
	733.4
	1.55

	Electrolyzer capital cost (USD/kW)
	1400
	0.0
	0.00
	none
	-
	0.00

	Cost of capital (%)
	5
	385.4
	2.00
	NEOM
	526.3
	4.05

	Cost of capital (%)
	6
	309.2
	1.81
	NEOM
	565.8
	3.65

	Cost of capital (%)
	8
	160.4
	1.80
	NEOM
	648.5
	3.64

	Cost of capital (%)
	10
	28.2
	0.76
	NEOM
	748.3
	1.54

	PV capital cost (USD/kW)
	400
	223.8
	1.80
	NEOM
	613.2
	3.64

	PV capital cost (USD/kW)
	555
	160.4
	1.80
	NEOM
	648.5
	3.64

	PV capital cost (USD/kW)
	700
	101.1
	1.80
	NEOM
	681.5
	3.64

	Wind capital cost (USD/kW)
	650
	253.6
	1.80
	NEOM
	596.6
	3.64

	Wind capital cost (USD/kW)
	992
	160.4
	1.80
	NEOM
	648.5
	3.64

	Wind capital cost (USD/kW)
	1250
	90.1
	1.80
	NEOM
	687.6
	3.64

	HB+ASU capital cost (USD per t/yr)
	560
	206.7
	1.80
	NEOM
	622.7
	3.64

	HB+ASU capital cost (USD per t/yr)
	770
	160.4
	1.80
	NEOM
	648.5
	3.64

	HB+ASU capital cost (USD per t/yr)
	980
	114.1
	1.80
	NEOM
	674.2
	3.64

	Charter rate (USD/day)
	30,000
	175.8
	1.80
	NEOM
	648.5
	3.64

	Charter rate (USD/day)
	45,000
	160.4
	1.80
	NEOM
	648.5
	3.64

	Charter rate (USD/day)
	60,000
	145.1
	1.80
	NEOM
	648.5
	3.64

	Charter rate (USD/day)
	90,000
	114.4
	1.80
	NEOM
	648.5
	3.64

	Bunker price (USD/t)
	400
	169.1
	1.80
	NEOM
	648.5
	3.64

	Bunker price (USD/t)
	600
	160.4
	1.80
	NEOM
	648.5
	3.64

	Bunker price (USD/t)
	925
	146.3
	1.80
	NEOM
	648.5
	3.64

	Price shift (USD/t)
	-150
	0.0
	0.00
	none
	-
	0.00

	Price shift (USD/t)
	-100
	20.9
	0.76
	NEOM
	658.4
	1.54

	Price shift (USD/t)
	-50
	76.1
	1.80
	NEOM
	648.5
	3.64

	Price shift (USD/t)
	0
	160.4
	1.80
	NEOM
	648.5
	3.64

	Price shift (USD/t)
	+50
	244.7
	1.80
	NEOM
	648.5
	3.64

	Price shift (USD/t)
	+100
	329.2
	1.81
	NEOM
	648.5
	3.65

	Price shift (USD/t)
	+150
	416.8
	1.99
	NEOM
	647.8
	4.02

	Demand scale
	0.5
	73.7
	0.90
	NEOM
	655.8
	1.82

	Demand scale
	0.75
	117.0
	1.35
	NEOM
	650.9
	2.73

	Demand scale
	1
	160.4
	1.80
	NEOM
	648.5
	3.64

	Demand scale
	1.5
	210.2
	2.70
	NEOM, Yanbu
	647.7
	5.54

	Demand scale
	2
	266.0
	3.59
	NEOM, Yanbu
	647.7
	7.48

	Disruption probability
	0
	188.4
	1.80
	NEOM
	648.5
	3.64

	Disruption probability
	0.25
	160.4
	1.80
	NEOM
	648.5
	3.64

	Disruption probability
	0.5
	132.4
	1.80
	NEOM
	648.5
	3.64

	Price outlook
	pessimistic
	59.4
	1.80
	NEOM
	648.5
	3.64

	Price outlook
	base
	160.4
	1.80
	NEOM
	648.5
	3.64

	Price outlook
	optimistic
	261.5
	1.80
	NEOM
	648.5
	3.64

	NEOM excluded
	-
	98.0
	1.80
	Yanbu
	682.1
	3.87

	NEOM and Yanbu excluded
	-
	0.0
	0.00
	none
	-
	0.00

	Price floor (USD/t)
	650
	161.8
	1.80
	NEOM
	648.5
	3.64

	Price floor (USD/t)
	700
	170.4
	1.80
	NEOM
	648.5
	3.64

	Price floor (USD/t)
	750
	181.5
	1.80
	NEOM
	648.5
	3.64

	Price floor (USD/t)
	800
	207.2
	1.80
	NEOM
	648.5
	3.64

	War-risk premium (% of hull per transit)
	0.2
	166.1
	1.80
	NEOM
	648.5
	3.64

	War-risk premium (% of hull per transit)
	0.5
	160.4
	1.80
	NEOM
	648.5
	3.64

	War-risk premium (% of hull per transit)
	1
	151.0
	1.80
	NEOM
	648.5
	3.64

	Hydrogen buffer cost added (USD/t)
	12.4
	160.4
	1.80
	NEOM
	648.5
	3.64

	Hydrogen buffer cost added (USD/t)
	35
	119.7
	1.80
	NEOM
	671.1
	3.64

	Hydrogen buffer cost added (USD/t)
	150
	0.0
	0.00
	none
	-
	0.00

	Site capacity limit (Mt/yr)
	1.5
	144.0
	1.50
	NEOM
	649.9
	3.03

	Site capacity limit (Mt/yr)
	2
	160.4
	1.80
	NEOM
	648.5
	3.64

	Site capacity limit (Mt/yr)
	3
	160.4
	1.80
	NEOM
	648.5
	3.64

	Hybrid-block curtailment (%)
	4
	199.7
	1.80
	NEOM
	626.6
	3.48

	Hybrid-block curtailment (%)
	8
	160.4
	1.80
	NEOM
	648.5
	3.64

	Hybrid-block curtailment (%)
	12
	117.6
	1.80
	NEOM
	672.3
	3.80


Table S8 gives the complete risk-aversion frontier for the case without price support and for delivered price floors of 700 and 750 USD/t. CVaR is computed at the 90 percent level, so it is the probability-weighted profit in the worst 10 percent of scenarios. Each design is evaluated with its first-stage decisions fixed and the risk-neutral objective, so that the recourse is optimal in every scenario. Rows with zero capacity are cases in which every design that invests gives a negative weighted objective, and the model invests nothing.
Table S8. Expected profit, CVaR and capacity against the risk-aversion weight.
	Price floor (USD/t)
	Risk-aversion weight
	Expected profit (M USD/yr)
	CVaR 0.9 (M USD/yr)
	Worst scenario (M USD/yr)
	Capacity (Mt/yr)
	Sites opened

	0
	0.0
	160.4
	-580.1
	-757.1
	1.80
	NEOM

	0
	0.1
	126.9
	-212.9
	-378.3
	1.20
	NEOM

	0
	0.2
	107.2
	-81.5
	-195.6
	0.91
	NEOM

	0
	0.3
	102.6
	-65.8
	-152.5
	0.85
	NEOM

	0
	0.4
	97.1
	-55.3
	-101.7
	0.77
	NEOM

	0
	0.5
	96.9
	-55.0
	-101.3
	0.76
	NEOM

	0
	0.6
	96.9
	-55.0
	-101.3
	0.76
	NEOM

	0
	0.7
	0.0
	0.0
	0.0
	0.00
	none

	0
	0.8
	0.0
	0.0
	0.0
	0.00
	none

	0
	0.9
	0.0
	0.0
	0.0
	0.00
	none

	0
	1.0
	0.0
	0.0
	0.0
	0.00
	none

	700
	0.0
	170.4
	-574.0
	-699.9
	1.80
	NEOM

	700
	0.1
	133.0
	-191.9
	-316.1
	1.19
	NEOM

	700
	0.2
	113.4
	-52.9
	-146.1
	0.93
	NEOM

	700
	0.3
	102.9
	-20.4
	-55.8
	0.78
	NEOM

	700
	0.4
	102.9
	-20.4
	-55.8
	0.78
	NEOM

	700
	0.5
	101.6
	-18.5
	-44.5
	0.77
	NEOM

	700
	0.6
	101.6
	-18.5
	-44.5
	0.77
	NEOM

	700
	0.7
	101.4
	-18.4
	-44.3
	0.76
	NEOM

	700
	0.8
	101.4
	-18.4
	-44.3
	0.76
	NEOM

	700
	0.9
	0.0
	0.0
	0.0
	0.00
	none

	700
	1.0
	0.0
	0.0
	0.0
	0.00
	none

	750
	0.0
	181.5
	-566.6
	-661.9
	1.80
	NEOM

	750
	0.1
	140.3
	-182.9
	-278.1
	1.19
	NEOM

	750
	0.2
	116.1
	-15.7
	-81.3
	0.88
	NEOM

	750
	0.3
	108.2
	6.8
	-17.8
	0.78
	NEOM

	750
	0.4
	106.8
	9.9
	-6.5
	0.77
	NEOM

	750
	0.5
	106.5
	10.3
	-6.5
	0.76
	NEOM

	750
	0.6
	106.5
	10.3
	-6.5
	0.76
	NEOM

	750
	0.7
	106.5
	10.3
	-6.5
	0.76
	NEOM

	750
	0.8
	106.5
	10.3
	-6.5
	0.76
	NEOM

	750
	0.9
	106.5
	10.3
	-6.5
	0.76
	NEOM

	750
	1.0
	106.5
	10.3
	-6.5
	0.76
	NEOM


S8. Model verification
The checks below were run on the stochastic solution and are reproduced by the script verify.py in the code package.
S8.1 Scenario set and balances
The 50 scenario probabilities sum to 1.000. At NEOM the stochastic solution builds 1.797 Mt/yr of ammonia capacity, which requires 317 kt/yr of hydrogen. The electrolyzer electricity requirement is 17.35 TWh/yr, exactly equal to the energy available from 3636 MW of electrolysis at the hybrid block utilization of 0.545. The total electricity requirement, including synthesis and air separation, is 18.49 TWh/yr, equal to the usable output of 4364 MW of PV and 2909 MW of wind after 8 percent curtailment. The resulting specific electricity consumption is 10.29 MWh per tonne of ammonia. The renewable-to-electrolyzer capacity ratio is 2.00 and the output is 0.494 Mt of ammonia per GW of electrolysis. The NEOM Green Hydrogen project plans up to 1.2 Mt/yr of ammonia from more than 2 GW of electrolysis fed by 2.2 GW of PV and 1.6 GW of wind (thyssenkrupp 2021; NGHC 2026), which is a ratio of up to 1.9 and up to about 0.6 Mt of ammonia per GW.
S8.2 Cost build-up and benchmarks
Table S9. Gate cost build-up of the stochastic solution at NEOM.
	Component
	USD/t NH3
	Share (%)

	Site development and jetty
	7.3
	1.1

	PV
	150.5
	23.2

	Onshore wind
	199.0
	30.7

	Electrolyzers
	175.2
	27.0

	Haber-Bosch and air separation
	94.5
	14.6

	Ammonia storage
	4.1
	0.6

	Hydrogen buffer
	12.4
	1.9

	Variable cost including water
	5.7
	0.9

	Total
	648.5
	100.0


The gate cost of 648.5 USD/t lies within the 556 to 680 USD/t reported for NEOM and Duqm by Sadiq et al. (2025). The implied hydrogen cost of 2.9 USD/kg lies within the 2.34 to 3.08 USD/kg of Alhadhrami et al. (2024). The shipping cost of 42 USD/t from NEOM to Rotterdam through Suez is close to the 37 USD/t of KBR (2022) for Saudi Arabia to Rotterdam and below the 49 to 67 USD/t reported for Chile to Germany over a longer distance (Souissi 2024). The Jubail to Korea cost of 49 USD/t is above the 32.5 USD/t that Seo et al. (2024) computed for Dammam to Ulsan.
S8.3 Structural checks
The following were verified for every scenario: sales never exceed the scenario demand in any market; production never exceeds the installed capacity at any site; no voyage uses the Suez route in a disrupted scenario; and the stochastic programming identities WS ≥ RP ≥ EEV hold, with EVPI and VSS both non-negative. Deliveries equal 42.3 percent of capacity in the low-demand scenarios and 99.1 to 99.7 percent in all others, where production is at full capacity and the difference is boil-off.
S9. Model code and data files
The model is written in Python 3.11 with Pyomo 6 and solved with the open-source HiGHS solver; sea distances are computed with the searoute package, version 1.6.0. The package contains the following files.
Table S10. Contents of the model and data package.
	File
	Contents

	data.py
	All input parameters, sites, distances, scenarios and the shipping cost function, with a source comment on every value

	distances.py
	Sea distances between the export ports and the three markets with the searoute package (Suez and Cape routes)

	model.py
	Pyomo formulation of the two-stage stochastic MILP, including the CVaR option and the price floor

	run.py
	Experiments: stochastic solution, wait-and-see, expected-value problem, EVPI, VSS, CVaR frontier, sensitivity analysis and site ranking

	verify.py
	The verification checks reported in Section S8

	figures.py
	Generation of Figures 1 to 6 of the main paper

	sources/01_production_costs.md
	Production-side data with full source citations and URLs

	sources/02_shipping_logistics.md
	Shipping, route and disruption data with full source citations and URLs

	sources/03_demand_prices.md
	Demand, price, auction and policy data with full source citations and URLs

	results/
	All result tables in CSV format, including those reproduced in this document

	figures/
	Figures in PNG at 300 dpi, TIFF at 600 dpi and PDF


The complete experiment set, about 180 optimization runs, is reproduced by running run.py, verify.py and figures.py in that order; distances.py regenerates the sea distances.
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