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This section documents a mathematical formulation of the global gas market model. Table A. 1 presents 
the nomenclature used in the formulation. The objective of this model is to minimise the total cost, which 
consists of variable costs of the value chain for gas and power markets subject to a set of techno-
economic constraints. We use data inputs and assumptions outlined in Appendix 2 to solve this model 
numerically. 

A1. Notations 

Table A.1: Nomenclature 

 Description Units 

Sets   

𝑡 ∈ 𝑇 Discrete time steps representing calendar months considered in the 

modelling 

 

𝑦 ∈ 𝑌 Discrete time steps representing calendar years considered in the 

modelling 

 

𝑛 ∈ 𝑁 Set of all nodes in the model  

𝑧 ∈ 𝑍 ⊂ 𝑁 Set of gas production nodes, a subset of all nodes N  

𝑠 ∈ 𝑆 ⊂ 𝑁 Set of gas storage nodes, a subset of all nodes N  

𝑚 ∈ 𝑀 ⊂ 𝑁 Set of gas market (end-use) nodes, a subset of all nodes N  

𝑙 ∈ 𝐿 Set of steps used to linearise cost functions  

𝑗 ∈ 𝐽 Set of electricity generation and storage technologies  

𝑖 ∈ 𝐼 Set of all commodities considered in the model  

Decision variables – gas 

𝑔𝑝𝑟𝑜𝑑𝑦,𝑡,𝑧 Gas production at time t and year y bcm/m 

𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛
𝑝𝑖𝑝𝑒

 Gas flow via pipelines at time t and year y bcm/m 

𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺  Gas flow via pipelines at time t and year y bcm/m 

𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠
𝐼𝑁  Gas storage injection at time t and year y bcm/m 

𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠
𝑂𝑈𝑇 Gas storage withdrawal at time t and year y bcm/m 

Auxiliary variables - gas 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑖𝑛𝑡𝑟𝑎 Gas storage level at time t bcm 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑠
𝑖𝑛𝑡𝑒𝑟  Gas storage level at the beginning of year y bcm 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑡𝑜𝑡𝑎𝑙 Total gas storage level at time t and year y bcm 

𝑔𝑙𝑜𝑎𝑑𝑠ℎ𝑒𝑑𝑦,𝑡,𝑚 Gas load shedding at node m bcm/m 

Decision variables – electricity 

𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 Electricity generation by technology j at t and year y MWhe/m 

𝑒𝐼𝐶𝑓𝑙𝑜𝑤𝑦,𝑡𝑗,𝑛 Electricity import/export (+/-) with external markets1 MWhe/m 

𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛
𝐼𝑁  Electricity storage injection MWhe/m 

 

 
1 See Chyong and Newbery (2022) for details 



 

3 

 The contents of this paper are the author’s sole responsibility. They do not necessarily represent the views  
of the Oxford Institute for Energy Studies or any of its Members. 

 

𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛
𝑂𝑈𝑇  Electricity storage withdrawal MWhe/m 

𝑒𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛 Electricity flows between nodes n and nn MWhe/m 

𝑒𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑦,𝑡,𝑗,𝑛 Electricity output curtailment MWhe/m 

𝑒ℎ𝑦𝑑𝑟𝑜𝑠𝑝𝑖𝑙𝑙𝑦,𝑡,𝑗,𝑛 Hydroelectricity output curtailment MWhe/m 

Auxiliary variables – electricity 

𝑒𝑔𝑎𝑠𝑑𝑒𝑚𝑦,𝑡,𝑛 Total gas demand for electricity generation bcm/m 

𝑒𝑓𝑢𝑒𝑙𝑑𝑒𝑚𝑦,𝑡,𝑗,𝑖,𝑛 Fuel demand for electricity generation by generator j MWhth/m 

𝑒𝑙𝑜𝑎𝑑𝑠ℎ𝑒𝑑𝑦,𝑡,𝑛 Electricity load shedding at node n MWhe/m 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑗,𝑛
𝑖𝑛𝑡𝑟𝑎  Electricity storage level at time t MWhe 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑗,𝑛
𝑖𝑛𝑡𝑒𝑟 Electricity storage level at the beginning of year y MWhe 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑗,𝑛
𝑡𝑜𝑡𝑎𝑙  Total Electricity storage level at time t and year y MWhe 

Input parameters – gas 

𝑔𝐷𝐸𝑀𝑦,𝑡,𝑚 Gas demand at node m bcm/m 

𝑔𝑃𝑅𝑂𝐷𝑦,𝑧 Gas production capacity bcm/m 

𝑔𝐹𝐿𝑂𝑊𝑦,𝑛,𝑛𝑛
𝑝𝑖𝑝𝑒

 Gas pipeline flow capacity  bcm/m 

𝑔𝐹𝐿𝑂𝑊𝑦,𝑛,𝑛𝑛
𝐿𝑁𝐺  LNG flow capacity bcm/m 

𝑔𝐿𝑜𝑠𝑠𝑦,𝑛,𝑛𝑛
𝑝𝑖𝑝𝑒

 Gas pipeline losses, as a ratio of gas being sent through (n,nn) Unitless 

𝑔𝐿𝑜𝑠𝑠𝑦,𝑛,𝑛𝑛
𝐿𝑁𝐺  LNG shipping losses, as a ratio of LNG being sent through (n,nn) Unitless 

𝑔𝐷𝐼𝑆𝑇𝑛,𝑛𝑛
𝐿𝑁𝐺  LNG shipping distance between n and nn Nautical 

miles 

𝑔𝑆𝐻𝐼𝑃𝑦,𝑡
𝐿𝑁𝐺  LNG shipping capacity bcm-nautial 

miles/m 

𝑔𝑆𝐻𝐼𝑃𝑇𝐼𝑀𝐸𝑡,𝑛,𝑛𝑛
𝐿𝑁𝐺  LNG shipping time days 

𝑔𝑆𝐻𝐼𝑃𝑆𝑇𝐸𝑃𝑙
𝐿𝑁𝐺  LNG shipping capacity market segments (to linearise shipping cost 

function) 

Unitless 

𝑔𝑆𝐻𝐼𝑃𝐿𝑁𝐺−𝑆𝑢𝑒𝑧 LNG shipping capacity through the Suez Canal bcm/m 

𝑔𝑆𝐻𝐼𝑃𝐿𝑁𝐺−𝑃𝑀 LNG shipping capacity through the Panama Canal bcm/m 

𝑔𝑆𝐻𝐼𝑃𝐿𝑁𝐺−𝑁𝑆𝑅 LNG shipping capacity through the North Sea Route bcm/m 

𝑔𝐿𝐼𝑄𝑦,𝑛,𝑛𝑛
𝐿𝑁𝐺  LNG liquefaction capacity  bcm/m 

𝑔𝑅𝐸𝐺𝐴𝑆𝑦,𝑛,𝑛𝑛
𝐿𝑁𝐺  LNG regasification capacity  bcm/m 

𝑔𝑆𝑇𝑂𝑅𝑠,𝑦
𝐼𝑁  Storage injection capacity bcm/m 

𝑔𝑆𝑇𝑂𝑅𝑠,𝑦
𝑂𝑈𝑇  Storage withdrawal capacity bcm/m 

𝑔𝑆𝑇𝑂𝑅𝑠,𝑦
𝐿𝑒𝑣𝑒𝑙 Storage working volume capacity bcm 

𝑔𝑆𝑇𝑂𝑅𝑠
𝐸𝑛𝑑 Storage level at the end of the modelling horizon bcm 
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𝑔𝑆𝑇𝑂𝑅𝑦,𝑡,𝑠
𝑀𝑖𝑛  Storage minimum stock level bcm 

𝑔𝑆𝑇𝑂𝑅𝑦,𝑡,𝑠
𝑀𝑎𝑥 Storage maximum stock level bcm 

𝑔𝑆𝑇𝑂𝑅𝑦,𝑠
𝐼𝑛𝑖𝑡 Initial storage stock bcm 

𝑔𝑃𝐶𝑂𝑆𝑇𝑧,𝑦
𝐴  Gas production cost function - intercept $/tcm 

𝑔𝑃𝐶𝑂𝑆𝑇𝑧,𝑦
𝐵  Gas production cost function - slope $/tcm2 

𝑔𝐹𝐶𝑂𝑆𝑇𝑛,𝑛𝑛,𝑦
𝐹𝑙𝑜𝑤  Gas transport cost $/tcm 

𝑔𝐹𝐶𝑂𝑆𝑇𝑙
𝐿𝑁𝐺 LNG shipping cost $/day/tcm 

𝑔𝑆𝐶𝑂𝑆𝑇𝑦,𝑠
𝐴  Gas storage cost function - intercept $/tcm 

𝑔𝑆𝐶𝑂𝑆𝑇𝑦,𝑠
𝐵  Gas storage cost function - slope $/tcm2 

𝑔𝐷𝐶𝑂𝑆𝑇𝑦,𝑚
𝐿𝑜𝑎𝑑𝑆ℎ𝑒𝑑  Gas load shedding cost $/tcm 

Input parameters – electricity 

𝑒𝐷𝐸𝑀𝑦,𝑡,𝑛 Electricity demand  MWhe/m 

𝑒𝐸𝑋𝑂𝐺_𝐺𝐸𝑁𝑦,𝑡,𝑗,𝑛 Exogenous electricity generation MWhe/m 

𝑒𝐺𝐸𝑁_𝑆𝐶𝑗,𝑛 Electricity self-consumption by generator j (a fraction of gross 

generation) 

unitless 

𝑒𝐺𝐸𝑁𝐶𝐴𝑃̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
�̅�,𝑛,𝑦 Electricity generation capacity MWe 

𝑒𝐻𝑅𝑗,𝑛,𝑦 Heat rate of generator j MWth/MWe 

𝑒𝐶𝐼𝑗,𝑛,𝑦 Carbon intensity of generator j tCO2e/MWhe 

𝑒𝐹𝑆𝑈𝑃𝑃𝐿𝑌̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
𝑖,𝑛,𝑦 Supply of commodity i for power generation MWhth/m 

𝑒𝑆𝑇𝑂𝑅𝑗,𝑛,𝑦
𝐼𝑁  Electricity storage charge capacity MWe 

𝑒𝑆𝑇𝑂𝑅𝑗,𝑛,𝑦
𝑂𝑈𝑇 Electricity storage discharge capacity MWe 

𝑒𝑆𝑇𝑂𝑅𝑗,𝑛,𝑦
𝐿𝑒𝑣𝑒𝑙 Electricity storage working volume capacity MWhe 

𝑒𝑆𝑇𝑂𝑅𝑦,𝑗,𝑛
𝑀𝑖𝑛  Electricity storage minimum stock level MWhe 

𝑒𝐹𝐿𝑂𝑊𝑛,𝑛𝑛,𝑦
𝑝𝑜𝑤𝑒𝑟

 Electricity cross-zonal flow limit MWhe/m 

𝑒𝐻𝑌𝐷𝑅𝑂𝑦,𝑡,𝑗,𝑛
𝐼𝑁𝐹𝐿𝑂𝑊 Exogenous hydroelectricity generation MWhe/m 

𝑒𝑆𝑇𝑂𝑅𝑦,𝑗,𝑛
𝐼𝑛𝑖𝑡  Initial electricity storage stock MWhe 

𝑒𝐹𝐶𝑂𝑆𝑇𝑛,𝑖,𝑦
𝐴  Fuel supply cost function - intercept $/MWhth 

𝑒𝐹𝐶𝑂𝑆𝑇𝑛,𝑖,𝑦
𝐵  Fuel supply cost function - slope $/MWhth

2 

𝑒𝐺𝐶𝑂𝑆𝑇𝑛,𝑦
𝐶𝑎𝑟𝑏𝑜𝑛 Fuel supply cost function - intercept $/tCO2e 

𝑒𝐺𝐶𝑂𝑆𝑇𝑗,𝑛,𝑦
𝑉𝑎𝑟  Variable generation cost $/MWhe 

𝑒𝐷𝐶𝑂𝑆𝑇𝑚
𝐿𝑜𝑎𝑑𝑆ℎ𝑒𝑑  Electricity load-shedding cost $/MWhe 
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A2. Mathematical formulation 

This optimisation problem minimises the total cost of meeting gas and electricity demand, consisting of  

(eq. A1a-i) while meeting a set of constraints (eq A2-34). 

∑ 𝑔𝑝𝑟𝑜𝑑𝑦,𝑡,𝑧(𝑔𝑝𝑟𝑜𝑑𝑦,𝑡,𝑧 × 𝑔𝑃𝐶𝑂𝑆𝑇𝑧,𝑦
𝐵 + 𝑔𝑃𝐶𝑂𝑆𝑇𝑧,𝑦

𝐴 )

𝑦,𝑡,𝑧

 (A1a) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛
𝑝𝑖𝑝𝑒

× 𝑔𝐹𝐶𝑂𝑆𝑇𝑛,𝑛𝑛,𝑦
𝐹𝑙𝑜𝑤

𝑦,𝑡,𝑛,𝑛𝑛

 (A1b) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺 (𝑔𝐹𝐶𝑂𝑆𝑇𝑙

𝐿𝑁𝐺 × 𝑔𝑆𝐻𝐼𝑃𝑇𝐼𝑀𝐸𝑡,𝑛,𝑛𝑛
𝐿𝑁𝐺 + 𝑔𝐹𝐶𝑂𝑆𝑇𝑛,𝑛𝑛,𝑦

𝐹𝑙𝑜𝑤 )

𝑦,𝑡,𝑛,𝑛𝑛,𝑙

 (A1c) 

∑
𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠

𝐼𝑁 (𝑔𝑆𝐶𝑂𝑆𝑇𝑦,𝑠
𝐵 × 𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠

𝐼𝑁 + 𝑔𝑆𝐶𝑂𝑆𝑇𝑦,𝑠
𝐴 )

2
𝑦,𝑡,𝑠

+ ∑
𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠

𝑂𝑈𝑇(𝑔𝑆𝐶𝑂𝑆𝑇𝑦,𝑠
𝐵 × 𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠

𝑂𝑈𝑇 + 𝑔𝑆𝐶𝑂𝑆𝑇𝑦,𝑠
𝐴 )

2
𝑦,𝑡,𝑠

 

(A1d) 

∑ 𝑔𝑙𝑜𝑎𝑑𝑠ℎ𝑒𝑑𝑦,𝑡,𝑚 × 𝑔𝐷𝐶𝑂𝑆𝑇𝑦,𝑚
𝐿𝑜𝑎𝑑𝑆ℎ𝑒𝑑

𝑦,𝑡,𝑚

 (A1e) 

∑ 𝑒𝑓𝑢𝑒𝑙𝑑𝑒𝑚𝑦,𝑡,𝑗,𝑖,𝑛(𝑒𝑓𝑢𝑒𝑙𝑑𝑒𝑚𝑦,𝑡,𝑗,𝑖,𝑛 × 𝑒𝐹𝐶𝑂𝑆𝑇𝑛,𝑖,𝑦
𝐵 + 𝑒𝐹𝐶𝑂𝑆𝑇𝑛,𝑖,𝑦

𝐴 )

𝑦,𝑡,𝑗,𝑖,𝑛

 (A1f) 

∑ 𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 × 𝑒𝐶𝐼𝑗,𝑛,𝑦 × 𝑒𝐺𝐶𝑂𝑆𝑇𝑛,𝑦
𝐶𝑎𝑟𝑏𝑜𝑛

𝑦,𝑡,𝑗,𝑛

 (A1g) 

∑ (𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 + 𝑒𝐸𝑋𝑂𝐺_𝐺𝐸𝑁𝑦,𝑡,𝑗,𝑛)𝑒𝐺𝐶𝑂𝑆𝑇𝑗,𝑛,𝑦
𝑉𝑎𝑟

𝑦,𝑡,𝑗,𝑛

 (A1h) 

∑ 𝑒𝑙𝑜𝑎𝑑𝑠ℎ𝑒𝑑𝑦,𝑡,𝑛 × 𝑒𝐷𝐶𝑂𝑆𝑇𝑚
𝐿𝑜𝑎𝑑𝑆ℎ𝑒𝑑

𝑦,𝑡,𝑛

 (A1i) 

where (1a-e) are costs related to gas supply and (1f-i) are costs related to electricity generation. 

A2.1 Gas market constraints 

(𝑔𝐷𝐸𝑀𝑦,𝑡,𝑛 − 𝑔𝑙𝑜𝑎𝑑𝑠ℎ𝑒𝑑𝑦,𝑡,𝑛) + 𝑒𝑔𝑎𝑠𝑑𝑒𝑚𝑦,𝑡,𝑛 + 𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑛
𝐼𝑁 + ∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛

𝑝𝑖𝑝𝑒

𝑛𝑛

+ ∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺

𝑛𝑛,𝑙

= ∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛𝑛,𝑛
𝑝𝑖𝑝𝑒

(1 − 𝑔𝐿𝑜𝑠𝑠𝑦,𝑛𝑛,𝑛
𝑝𝑖𝑝𝑒

)

𝑛𝑛

+ ∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛𝑛,𝑛,𝑙
𝐿𝑁𝐺 (1 − 𝑔𝐿𝑜𝑠𝑠𝑦,𝑛𝑛,𝑛

𝐿𝑁𝐺 )

𝑛𝑛,𝑙

+ 𝑔𝑝𝑟𝑜𝑑𝑦,𝑡,𝑛 + 𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑛
𝑂𝑈𝑇 ,       ∀𝑦, 𝑡, 𝑛 

(A2) 

𝑔𝑝𝑟𝑜𝑑𝑦,𝑡,𝑧 ≤ 𝑔𝑃𝑅𝑂𝐷𝑦,𝑧,     ∀𝑦, 𝑡, 𝑧 (A3) 

𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛
𝑝𝑖𝑝𝑒

≤ 𝑔𝐹𝐿𝑂𝑊𝑦,𝑛,𝑛𝑛
𝑝𝑖𝑝𝑒

,     ∀𝑦, 𝑡, 𝑛, 𝑛𝑛 (A4) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺

𝑙

≤ 𝑔𝐹𝐿𝑂𝑊𝑦,𝑛,𝑛𝑛
𝐿𝑁𝐺 ,     ∀𝑦, 𝑡, 𝑛, 𝑛𝑛 (A5) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺 × 𝑔𝐷𝐼𝑆𝑇𝑛,𝑛𝑛

𝐿𝑁𝐺

𝑛,𝑛𝑛

≤ 𝑔𝑆𝐻𝐼𝑃𝑆𝑇𝐸𝑃𝑙
𝐿𝑁𝐺 × 𝑔𝑆𝐻𝐼𝑃𝑦,𝑡

𝐿𝑁𝐺 ,     ∀𝑦, 𝑡, 𝑙 (A6) 
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∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺

𝑛,𝑛𝑛,𝑙

≤ 𝑔𝑆𝐻𝐼𝑃𝐿𝑁𝐺−𝑆𝑢𝑒𝑧 ,     ∀𝑦, 𝑡 (A7) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺

𝑛,𝑛𝑛,𝑙

≤ 𝑔𝑆𝐻𝐼𝑃𝐿𝑁𝐺−𝑃𝑀 ,     ∀𝑦, 𝑡 (A8) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛,𝑙
𝐿𝑁𝐺

𝑛,𝑛𝑛,𝑙

≤ 𝑔𝑆𝐻𝐼𝑃𝐿𝑁𝐺−𝑁𝑆𝑅 ,     ∀𝑦, 𝑡 (A9) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛
𝑝𝑖𝑝𝑒

𝑛𝑛

≤ ∑ 𝑔𝐿𝐼𝑄𝑦,𝑛,𝑛𝑛
𝐿𝑁𝐺

𝑛𝑛

,     ∀𝑦, 𝑡, 𝑛 (A10) 

∑ 𝑔𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛𝑛,𝑛
𝑝𝑖𝑝𝑒

𝑛𝑛

≤ ∑ 𝑔𝑅𝐸𝐺𝐴𝑆𝑦,𝑛𝑛,𝑛
𝐿𝑁𝐺

𝑛𝑛

,     ∀𝑦, 𝑡, 𝑛 (A11) 

𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠
𝐼𝑁 ≤ 𝑔𝑆𝑇𝑂𝑅𝑠,𝑦

𝐼𝑁 ,     ∀𝑦, 𝑡, 𝑠 (A12) 

𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠
𝑂𝑈𝑇 ≤ 𝑔𝑆𝑇𝑂𝑅𝑠,𝑦

𝑂𝑈𝑇 ,     ∀𝑦, 𝑡, 𝑠 (A13) 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑡𝑜𝑡𝑎𝑙 ≤ 𝑔𝑆𝑇𝑂𝑅𝑠,𝑦

𝐿𝑒𝑣𝑒𝑙 ,     ∀𝑦, 𝑡, 𝑠 (A14) 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑡𝑜𝑡𝑎𝑙 ≥ 𝑔𝑆𝑇𝑂𝑅𝑠

𝐸𝑛𝑑,     ∀𝑦, 𝑡, 𝑠 (A15) 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑡𝑜𝑡𝑎𝑙 ≥ 𝑔𝑆𝑇𝑂𝑅𝑦,𝑡,𝑠

𝑀𝑖𝑛 ,     ∀𝑦, 𝑡, 𝑠 (A16) 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑡𝑜𝑡𝑎𝑙 ≤ 𝑔𝑆𝑇𝑂𝑅𝑦,𝑡,𝑠

𝑀𝑎𝑥 ,     ∀𝑦, 𝑡, 𝑠 (A17) 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑖𝑛𝑡𝑟𝑎 = 𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡−1,𝑠

𝑖𝑛𝑡𝑟𝑎 + 𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠
𝐼𝑁 − 𝑔𝑠𝑡𝑜𝑟𝑦,𝑡,𝑠

𝑂𝑈𝑇 , ∀𝑦, 𝑡, 𝑠 (A18) 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑠
𝑖𝑛𝑡𝑒𝑟 = 𝑔𝑆𝑇𝑂𝑅𝑦,𝑠

𝐼𝑛𝑖𝑡 + 𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦−1,𝑠
𝑖𝑛𝑡𝑒𝑟 + 𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦−1,𝑡|𝑜𝑟𝑑(𝑡)=𝑐𝑎𝑟𝑑(𝑡),𝑠

𝑖𝑛𝑡𝑟𝑎 , ∀𝑦, 𝑠 (A19) 

𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑡𝑜𝑡𝑎𝑙 = 𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑠

𝑖𝑛𝑡𝑒𝑟 + 𝑔𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑠
𝑖𝑛𝑡𝑟𝑎 , ∀𝑦, 𝑡, 𝑠 (A20) 

 

A2.2 Electricity market constraints 

∑(𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 + 𝑒𝐼𝐶𝑓𝑙𝑜𝑤𝑦,𝑡𝑗,𝑛) × (1 − 𝑒𝐺𝐸𝑁_𝑆𝐶𝑗,𝑛)

𝑗

+ ∑(𝑒𝐸𝑋𝑂𝐺_𝐺𝐸𝑁𝑦,𝑡,𝑗,𝑛 − 𝑒𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑦,𝑡,𝑗,𝑛)

𝑗

+ ∑ 𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛
𝑂𝑈𝑇

𝑗

+ ∑ 𝑒𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛𝑛,𝑛

𝑛𝑛

= (𝑒𝐷𝐸𝑀𝑦,𝑡,𝑛 − 𝑒𝑙𝑜𝑎𝑑𝑠ℎ𝑒𝑑𝑦,𝑡,𝑛) + ∑ 𝑒𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛

𝑛𝑛

+ ∑ 𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛
𝐼𝑁

𝑗

,     ∀𝑦, 𝑡, 𝑛 

(A21) 

𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 ≤ 𝑒𝐺𝐸𝑁𝐶𝐴𝑃̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
�̅�,𝑛,𝑦 ,     ∀𝑦, 𝑡, 𝑗, 𝑛 (A22) 

∑ 𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 × 𝑒𝐻𝑅𝑗,𝑛,𝑦

𝑗

≤ 𝑒𝐹𝑆𝑈𝑃𝑃𝐿𝑌̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
𝑖,𝑛,𝑦 ,     ∀𝑡, 𝑖, 𝑛, 𝑦 (A23) 

𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛
𝐼𝑁 ≤ 𝑒𝑆𝑇𝑂𝑅𝑗,𝑛,𝑦

𝐼𝑁 ,     ∀𝑦, 𝑡, 𝑗, 𝑛 (A24) 

𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛
𝑂𝑈𝑇 ≤ 𝑒𝑆𝑇𝑂𝑅𝑗,𝑛,𝑦

𝑂𝑈𝑇 ,     ∀𝑦, 𝑡, 𝑗, 𝑛 (A25) 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑗,𝑛
𝑡𝑜𝑡𝑎𝑙 ≤ 𝑒𝑆𝑇𝑂𝑅𝑗,𝑛,𝑦

𝐿𝑒𝑣𝑒𝑙 ,     ∀𝑦, 𝑡, 𝑗, 𝑛 (A26) 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑗,𝑛
𝑡𝑜𝑡𝑎𝑙 ≥ 𝑒𝑆𝑇𝑂𝑅𝑦,𝑗,𝑛

𝑀𝑖𝑛 ,     ∀𝑦, 𝑡|𝑜𝑟𝑑(𝑡) = 𝑐𝑎𝑟𝑑(𝑡), 𝑗, 𝑛 (A27) 

𝑒𝑓𝑙𝑜𝑤𝑦,𝑡,𝑛,𝑛𝑛 ≤ 𝑒𝐹𝐿𝑂𝑊𝑛,𝑛𝑛,𝑦
𝑝𝑜𝑤𝑒𝑟

,     ∀𝑦, 𝑛, 𝑛𝑛, 𝑡 (A28) 
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−𝑒𝐺𝐸𝑁𝐶𝐴𝑃̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
�̅�,𝑛,𝑦 ≤ 𝑒𝐼𝐶𝑓𝑙𝑜𝑤𝑦,𝑡𝑗,𝑛 ≤ 𝑒𝐺𝐸𝑁𝐶𝐴𝑃̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

�̅�,𝑛,𝑦 ,     ∀𝑦, 𝑡, 𝑗, 𝑛 (A29) 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑗,𝑛
𝑖𝑛𝑡𝑟𝑎 = 𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡−1,𝑗,𝑛

𝑖𝑛𝑡𝑟𝑎 + (𝑒𝐻𝑌𝐷𝑅𝑂𝑦,𝑡,𝑗,𝑛
𝐼𝑁𝐹𝐿𝑂𝑊 − 𝑒ℎ𝑦𝑑𝑟𝑜𝑠𝑝𝑖𝑙𝑙𝑦,𝑡,𝑗,𝑛)

+ 𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛
𝐼𝑁 × (1 − 𝑒𝐺𝐸𝑁_𝑆𝐶𝑗,𝑛) − 𝑒𝑠𝑡𝑜𝑟𝑦,𝑡,𝑗,𝑛

𝑂𝑈𝑇 , ∀𝑦, 𝑡, 𝑗, 𝑛 

(A30) 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑗,𝑛
𝑖𝑛𝑡𝑒𝑟 = 𝑒𝑆𝑇𝑂𝑅𝑦,𝑗,𝑛

𝐼𝑛𝑖𝑡 + 𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦−1,𝑗,𝑛
𝑖𝑛𝑡𝑒𝑟 + 𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦−1,𝑡|𝑜𝑟𝑑(𝑡)=𝑐𝑎𝑟𝑑(𝑡),𝑠

𝑖𝑛𝑡𝑟𝑎 , ∀𝑦, 𝑗, 𝑛 (A31) 

𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑗,𝑛
𝑡𝑜𝑡𝑎𝑙 = 𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑗,𝑛

𝑖𝑛𝑡𝑒𝑟 + 𝑒𝑠𝑡𝑜𝑟𝑙𝑒𝑣𝑒𝑙𝑦,𝑡,𝑗,𝑛
𝑖𝑛𝑡𝑟𝑎 , ∀𝑦, 𝑡, 𝑗, 𝑛 (A32) 

  

𝑒𝑔𝑎𝑠𝑑𝑒𝑚𝑦,𝑡,𝑛 = ∑ 𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 × 𝑒𝐻𝑅𝑗,𝑛,𝑦

𝑗

 (A33) 

𝑒𝑓𝑢𝑒𝑙𝑑𝑒𝑚𝑦,𝑡,𝑗,𝑖,𝑛 = 𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑦,𝑡𝑗,𝑛 × 𝑒𝐻𝑅𝑗,𝑛,𝑦 (A34) 

 


