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Abstract:

To understand how the alternative US liquefied natural gas exportation strategies may affect future global gas market dynamics, a global-scale model Gas-GAME is developed using an agent-based framework. This is the first model having explicit contract-driven capacity expansion process, allowing investors to hold imperfect foresights, and simulating market power in global gas trade. With these features, Gas-GAME can analyse market development subject to the incentives and perspectives of each market player. The model simulates short-term game-theoretical market equilibrium with Mixed Complementarity Problem approach. For long-term investment decisions, bilateral contracting processes considering both import requests and export profitability are modelled. A base case is presented and validated, followed by a case study considering US export strategy. When the US stays conservative in export expansion, gas supply tightness occurs, leading to continuing European dependence on Russian gas, and a shift to pipeline-based import in the Chinese market. Conversely, when the US invests aggressively, the Middle East and Australia both see significant revenue losses, and Western Europe constructs more regasification plants to provide alternatives to Russian supply. Gas-GAME captures the essential dynamics between market power, short-term prices and long-term contracts to provide a more nuanced view of global gas market dynamics.
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1. Introduction

Natural Gas is often considered as a “bridge” fuel to support energy transitions that mitigate climate change [1]. It is also an abundant primary energy source, particularly concerning shale gas in North America [2]. For the US particularly, projections from the Energy Information Administration (EIA) indicate that the US could become a significant liquefied natural gas (LNG) exporter [3]. At the time of writing, several LNG projects have already begun in Sabine Pass in Texas [4]. Yet uncertainty remains regarding whether this trend can continue, and how the US will proceed with natural gas export, and the main reasons are:

1) The suggestion of over-optimistic estimation on technically recoverable resources [5]. 
2) Australia, Qatar, Russia, ASEAN countries and several African countries all investing heavily in natural gas [4]. The potential global gas oversupply, combined with recent oil price drops, may reduce the economic prospects of US LNG projects. 
3) The approvals by US Federal Energy Regulatory Commission and public acceptance of hydraulic fracturing may impede the US LNG development.

The uncertainties in future US gas export not only affect US domestic prices, but also influence global gas trade dynamics. Historically, natural gas markets have been largely separated by oceans. Whether the expansion of US LNG can lead to a more connected and liquid global market is worthy of investigation. In addition, gas demand may also be affected because the relative price of gas versus other fuels can lead to a shift in the energy mix. This may subsequently affect the climate change mitigation strategies of gas importing countries. This confluence of issues becomes important due to the urgency of climate change mitigation and the lock-in effects of energy infrastructure investment. 

The objective of this study is to provide insights on how the alternative US LNG export developments may affect future global gas market dynamics. The reaction of other exporting countries to US strategies, and gas market responses to both pipeline and LNG developments, are studied simultaneously. In addition, as global gas trade is not centrally planned, it is crucial to understand the incentive for each player in market. Therefore, a new model, named as Gas-GAME (Gas Global Agent-based Market Expansion), with game-theoretical assumptions and individual player representation, is introduced in this paper.

The novelty of this approach lies in the unique simulation method of Gas-GAME. This model has each of the players in gas market represented to understand the reasoning of their strategies. Moreover, market power, which is crucial in global gas trade, is simulated. A further assumption is that investors make expansion decisions based on their own perspectives of the future market, instead of perfect information as per many models. This better mimics the real investment process. In addition, the bilateral contracting process, which influences gas market development significantly, is explicitly modelled. This is the first global natural gas model where such features are combined. This design allows users to explore how global gas trade may be affected by individual player strategy, and how other players may react using their own strategies.

The main hypothesis is that all the represented gas market players act in a profit-seeking manner. This is in contrast with most other models which assume the whole system behaves collectively.

The paper is structured as follows. Firstly, a literature review on a wide range of natural gas market studies is presented in section 2, further explaining the reasoning behind the structure of Gas-GAME. Details of the modelling method is in section 3, followed by a base case simulation and results validation in section 4. The case study is presented in section 5 with two scenarios representing conservative and aggressive North America LNG expansion, respectively. 

2. Literature Review

Gas market analysis can be achieved either through economic evaluation or systematic modelling. Both approaches have distinct features. A comparison between different studies and models is shown in Table 1-5.

Following an economic evaluation method, which is primarily qualitative, the Oxford Institute for Energy Studies (OIES) published several working papers to address questions regarding North American gas supply and its influence on global markets. Rogers [6] examined how the uncertainties in American gas production and Asian gas demand would affect the globalization of gas market. Further impacts on near-future European gas imports and the pricing structures were also analysed [6]. A system balance model was applied to explore the logic and causality, and the results highlight the importance of regional price connectivity as well as the challenges Russia faces as the major pipeline gas supplier to Europe. Another study, by Henderson, deepened the above analysis based on assessment of the investment intentions of North American liquefaction projects, political debates, and major gas producing and consuming regions potential interactions [7]. Later in 2015, facing the collapse of crude oil prices and evidence of slowing Asian LNG demand, Rogers published another paper investigating the global gas system in the new context [8]. The emphasis was on how the lower prices have affected existing and future LNG projects and how the investors may react to face the regional demand uncertainties. The dominant role of Russia in the European market and the consequences of this are also specifically addressed. The paper also contains a matrix of scenarios representing different demand outlooks and LNG project developments. These studies are comprehensive and informative, but do not provide a systematic quantitative evaluation of gas market dynamics affected by the complex interactions among all the discussed aspects.




Table 1
Summary of studies using general economic evaluation approach
	General economic evaluation

	Study
	Rogers [6]
	Henderson [7]
	Rogers [8]

	Method
	System input-output balance

	Advantage
	Comprehensive and informative 

	Disadvantage
	Cannot quantitatively evaluate the complex interactions between different aspects



Table 2
Summary of full energy system models
	Full energy system model

	Study
	MESSAGE [9]
	PRIMES [10]
	ESTAP-TIAM [11]

	Method
	Bottom-up 
System optimization 
	Hybrid 
Equilibrium simulation
	Bottom-up
System optimization 

	Advantage
	Wide coverage of all primary fuels and sectors 

	Disadvantage
	Simplified details and little representation of gas market characteristics 



Table 3
Summary of whole-system gas sector models
	Gas sector global whole-system model

	Study
	INGM [12]
	MAGELAN [13, 14]

	Method
	Single-objective 
System optimization 
	Single-objective 
System optimization 

	Method details
	Social welfare surplus maximization
	Total cost minimization

	Advantage
	More real gas markets features
More in-depth representation of gas industry investors and technologies

	Disadvantage
	All gas players are simulated in the same way
Perfect and centrally planned economy is assumed
No market power representation






Table 4
Summary of regional gas sector models
	Gas sector regional model with player representation

	Study
	Gebariel et. al. 
[15, 16]
	GASTALE 
[17-19]
	GASMOD 
[20, 21]

	Method
	Mixed complementarity problem
	Mixed complementarity problem
	Mixed complementarity problem

	Method Details
	US gas market model
	EU gas market model
	EU gas market model

	Advantage
	Help understanding inter-seasonal competition and storage seasonal arbitrage
	Represent multi-layer players in supply chain for market structure investigation
	Aid discussion on upstream market power and Russian oligopoly in Europe

	Disadvantage
	Player representation only applicable to North American liberalized gas market
	Player representation only applicable to the European system
	Player representation only applicable to the European system



Table 5
Summary of global gas models with players
	Gas sector global model with player representation

	Study
	Baker Institute 
World Gas Trade Model (BIWGTM) [22]
	World Gas Model 
(WGM) 
[23, 24]

	Method
	Built in commercial software environment
	Mixed complementarity problem

	Method details
	No method details available
	Multi-period equilibrium

	Advantage
	Cannot evaluate due to lack of published methodology
	Optimal decisions for infrastructure expansion in global scale

	Disadvantage
	Cannot evaluate due to lack of published methodology
	Real decision making cannot have perfect foresight
No representation of contracting process



In order to quantitatively analyse different gas market futures and potential transitions, energy systems modelling is the major approach evident in the literature. Many global natural gas studies are based on large-scale models like MESSAGE [9], PRIMES [10], and ESTAP-TIAM [11], which are full system models that include all primary energy sources, infrastructure and end-uses. Models of this type apply top-down, bottom-up, or hybrid methods to conduct either an equilibrium simulation or system optimization. However, the level of detail and gas market characterisation are often simplified. For example, assumptions of a global gas price and unlimited transmission capacity between regions are common for these large-scale models. 

Hence, sector-specific models, on both global and regional scale, have been developed focusing solely on natural gas. They incorporate more features of real gas markets and include more in-depth representation of gas industry investors and technologies. Most take a single-objective system optimization approach, with a variety of objective functions and constraints. For example, the INGM for EIA World Energy Projection System Plus project tries to maximize consumer and producer surplus [12], while MAGELAN [14] and its extensive version Columbus [13] developed by University of Cologne apply cost minimization. However, as this work focuses on understanding how the other major gas players, including both importers and exporters, would react to US LNG exportation strategy, it is crucial that each player is represented separately. Because of this, a single-objective linear programing approach is not suitable. 

[bookmark: _Toc451094078][bookmark: _Toc451693721]For individual player representation, a different mathematical programming method, known as Mixed Complementarity Problem (MCP), is commonly adopted in gas models. Focuses have been put on examining market power exerted in gas markets and the corresponding outcomes. Details of this approach is explained in the Methods section below. For North American gas market, Gabriel et. al. analysed inter-seasonal competition and storage seasonal arbitrage using linear MCP [15] and nonlinear MCP [16] to represent different market structures and relationships among all players in the supply chain. Since the US has a fully liberalized gas market, the selection of these players and their objective functions is only applicable within North America. Similarly, European gas models take the MCP approach to aid discussions on market liberalisation and the existence of an oligopoly. Boots et al. simulated a two-level successive oligopoly structure using GASTALE [17]. The model was also used to examine the impact of demand uncertainty and long-run investment delays [18]. Another study based on GASTALE focuses on the strategic behaviour by gas producers and the model was modified slightly using a recursive-dynamic formulation [19]. Upstream market power and Russian oligopoly are key questions for GASMOD developed by Egging and Gabriel [20]. The scenario of disrupted Russian supplies via Ukraine to European market was also simulated [21]. However, similar to North America regional models, the representation of players in the European system is not applicable at global scale. 

At the global scale, the Baker Institute World Gas Trade Model (BIWGTM) has individual player features [22]. However, it is based on MarketBuilder, a commercial software environment for fundamental market modelling and energy price projection. The details and algorithm is not published and hence it cannot be evaluated herein. The World Gas Model (WGM) developed by University of Maryland and DIW Berlin is a multi-period equilibrium model with different player perspectives separately represented. In this model, nine types of players cover different sections in the supply chain, each optimizing their own objective. Taking advantage of the complementarity formulation, the model assesses possible future gas cartels and the corresponding effects in different regional markets [24]. It is also used to generate projections to 2030 on scenarios such as “Barnett Shale”, when higher production capacity in North America is assumed [23]. Other scenarios such as “Eastern Promises” (no export from Russia to Europe from 2010) and “Shutting off the Middle East” (fixed Middle East production capacity from 2010) are also simulated and compared. The model allows endogenous capacity investment carried out by facility operators of pipelines, liquefaction plants, regasification plants, storage, and shipping vessels. These operators conduct investment with perfect foresight over the whole projection horizon, with the objective to maximize their own profits. The incremental capacity variable for each period is embedded in the overall objective function for the corresponding operator. While this method provides the globally optimal decisions for infrastructure expansion, real decision making does not have the benefit of perfect foresight. 

In reality, investor perspectives may focus more on near-term issues. Such myopia may lead to negative consequences because of the long lifetimes and high capital requirements in natural gas sector [25]. These are seldom simulated, though it is crucial to understand how gas market may evolve alternatively as a result of different investors perspectives. Therefore, a new model, which allows the imperfect foresight of individual player to be represented, is desired.

Another important factor in gas infrastructure investment is the contracting process. The suppliers require long-term buyers to mitigate investment risks [26], and likewise consumers require secure supply [27]. However, most models treat contracts only as the initial constraints for minimum flow amounts between corresponding regions. The World Gas Model is an example [28]. After the initial periods, the constraints are gradually phased out, and there is no contracting process in the simulation. The assumption of this modelling design is that a future spot market would become dominant. However, the development of a spot market is highly dependent on the investments in gas projects, which still require secured contracts to proceed. Hence, projections that assume a spot market dominates arguably overlook the characteristics of real investment. In order to capture the dynamics of real investment, modelling with explicit representation of the contracting process is required.

The discussion above shows that currently available gas models lack the representation of individual players who hold different imperfect investor foresights. Moreover, there is no simulation of the contract-driven investment process in gas market. To fill up these gaps, a new global gas model, named as Gas-GAME, is presented here with a unique combination of features:

· An agent-based framework
· Explicit representation of the contracting process 
· Market power simulation using an MCP approach
· Bilateral investment decision making between import and export agents
· Imperfect foresight, which can differ between investors

With such a combination, this model can analyse alternative gas market futures subject to the incentives and perspective of each player. This can provide insights on how individual regional strategy can influence the strategies of other regions and thus lead to significant influences in the overall gas market development. These insights will contribute to a more nuanced view of gas and broader energy industry developments.



3. Methods

Gas-GAME (Gas Global Agent-based Market Expansion) model, is formulated to simulate investment in and operation of international gas trading assets.  It disaggregates the world into 5 import markets and 9 export regions, as listed in Table 6.  For details and justification of this regional disaggregation see Appendix A. 

Table 6
Region segregation
	Region segregation

	Import markets
	East Asia; West Europe; East Europe; China; India

	Export regions
	Russia; Norway; Middle East; ASEAN; Australia; North America; 
South America; Africa; Caspian



The model takes an agent-based approach, analysing the simultaneous interactions of multiple different agents, each of which behave according to their own rule set. This approach allows an investor-driven perspective on energy system transformations, via the heuristics of individual agents affecting macro-scale phenomena. In this model, two categories of agents are considered; exporting regions as supply agents, and importing markets as demand agents.  

3.1 Overall model structure

The structure of the overall model is as follows: It has a two-module structure; (1) a single time-period Market Equilibrium Module (MEM), and (2) a forward-looking Infrastructure Expansion Module (IEM). Both modules are specifically designed and implemented for Gas-GAME. The MEM is used to determine prices and within-period volumes, while the IEM is used to determine the capacity expansion decisions. The interaction between the modules is illustrated in Figure 3.1. Starting from the initial (historical) time-period  (the base year), the MEM uses a mixed complementarity problem approach to calculate the flow of gas between supply agents and demand agents, with fixed maximum capacities of flow between regions, and known characteristics of supply and demand. This process generates prices in import markets. Following this, the IEM simulates capacity expansion decisions by supply and demand agents driven by the contracting and investment strategies of these two sides, underpinned by the prices emanating from the MEM. These expansion decisions then update the infrastructure database, which will influence the inter-region flow capacities for the next time-period. Subsequently, the complete simulation process for the following time-period runs. This continues until the last period in the model time horizon. Both pipeline and LNG transport are included, separately.


[image: ]
Fig. 1. Model structure (left) and modular sequential flow (right)
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Fig. 2. Detailed modular structure

Nomenclature is presented here in Table N.1 to N.4 to illustrate all the notations used in the following method explanation. 


Table N.1
Sets and notation
	Symbol
	Description

	 
	Supply agent (subscript)

	 
	Set of supply agents 

	 
	Demand agent (subscript)

	 
	Set of demand agents 

	 
	Time-period (subscript)

	PRD
	Production (superscript)

	PIPE
	Pipeline transmission (superscript)

	LNG
	Liquefied Natural Gas transmission (superscript)

	LIQ
	Liquefaction (superscript)

	REG
	Regasification (superscript)



Table N.2
Parameters
	Symbol
	Description

	 
	Average cost of selling one unit of gas from supply region  to import region  in period  via pipeline, including both production and transmission

	 
	Average cost of selling one unit of gas from supply region  to import region  in period  via LNG, including both production and transmission

	 
	Production capacity of supply agent  in period 

	 
	Pipeline transportation capacity from supply agent  to import agent  in period 

	 
	Liquefaction capacity of export region  in period 

	 
	Regasification capacity of import market  in period 

	 
	Market power indicator for region  in import market  in period  for pipeline export (0 for minor suppliers and 1 for major suppliers)

	 
	Market power indicator for region  in import market  in period  for LNG export (0 for minor suppliers and 1 for major suppliers)

	 
	The intercept of price-demand relationship in market  in period 

	 
	The slope of price-demand relationship in market  in period 



Table N.3
Market Equilibrium Module variables
	Symbol
	Description

	 
	Pipeline export from supply agent i to demand agent j in time period t

	 
	LNG export from supply agent i to demand agent j in time period t

	 
	Gas import price in market j in period t

	 
	Total import volume of market j in period t

	 
	Dual variable of production capacity constraint for export region i in period t

	 
	Dual variable of liquefaction capacity constraint for export region i in period t

	 
	Dual variable of pipeline capacity constraint for between export region i and import market j in period t

	 
	Dual variable of regasification capacity constraint in import market j in period t



Table N.4
Infrastructure Equilibrium Module variables
	Symbol
	Description

	 
	Demand agent  total “Expected Import Volume” at future planning period 

	 
	Already contracted volume by demand agent  at period  in the Contract Database

	 
	Remaining volume to be contracted by demand agent  for future period 

	 
	Percentage of remaining to-be-contracted volume by which demand agent  would allocate “Contract Request” volume to supply agent  via pipeline method for future period 

	 
	Percentage of remaining to-be-contracted volume by which demand agent  would allocate “Contract Request” volume to supply agent  via LNG method for future period 

	 
	Contract request volume from demand agent  to supply agent  via pipeline method for future period 

	 
	Contract request volume from demand agent  to supply agent  via LNG method for future period 

	 
	Total contracted sale volumes from supply agent  to demand agent  at time-period  through pipeline

	 
	Total contracted sale volumes from supply agent  to demand agent  at time-period  through LNG

	 
	Maximum required production capacity for supply agent  at time-period  

	 
	Maximum required pipeline transmission capacity between supply agent   and demand agent  at time-period 

	 
	Maximum required liquefaction capacity for supply agent  at time-period 

	 
	Maximum required regasification capacity for demand agent  at time-period 






3.2 Market equilibrium module (MEM)

The single time-period market equilibrium module is based on a Mixed Complementarity Problem (MCP) formulation, with each supply agent trying to maximise profit. The equations representing market characteristics are shown in Table 7.

Table 7
Equilibrium module relationships
	Relationship description
	Relationship formula
	

	Import market price-demand relationship
	
	(1)

	Market equilibrium
	
	(2)

	Market power indicator

	
	(3)

	
	
	(4)



Supply agents want to maximise their profit, taking into account the export volumes of other suppliers. For example, Norway decides on how much gas to export towards Western Europe, considering how the likely volumes exported to Western Europe from other players (e.g. Middle East and Russia) would impact upon price. The objective function for each supply agent to maximize is:

	(5)

The optimization is subject to capacity constraints in Table 8.

Table 8
Equilibrium module constraints
	Type
	Constraint range
	Inequality constraints
	
	Dual

	Production Capacity
	Every export region

	
	(6)
	

	Pipeline Capacity
	Every pipeline route
, 
	
	(7)
	

	Liquefaction Capacity
	Every export region

	
	(8)
	

	Regasification Capacity
	Every import market

	
	(9)
	



If the available capacity of a certain infrastructure is used to its maximum level, the dual value would be positive, and is commonly viewed as the shadow price for corresponding capacity expansion.

In order to compute the market equilibrium within the time-period, an MCP formulation is used to allow each supply agent to maximise its objective subject to the equilibrium conditions. This equilibrium is defined as the market condition that none of the suppliers can gain more profit via a unilateral change in export volumes, given that the other supply agents remain unchanged. It is the fundamental characteristic of a Nash equilibrium in game theory [29]. Additionally, Cournot competition, which allows firms to decide independently and simultaneously on supply quantities so as to affect the product prices in oligopolistic competition, is adopted for this analysis[footnoteRef:1]. Hence, the MEM represents a Nash-Cournot market equilibrium.  [1:  The reason why Bertrand competition, as compared to Cournot competition, does not suit gas markets is that it assumes firms compete on prices as they all have a constant production cost subject to any demand quantities. Such assumption only applies when capacity changes are possible at low cost and can easily be achieved, which does not suit gas production and transmission.] 


The MCP equilibrium applies Lagrangian differentiation for each optimisation problem, and decomposes it into the corresponding Karush–Kuhn–Tucker (KKT) conditions. These conditions are the first-order necessary and sufficient conditions for solutions of convex optimisation problems. If the KKT conditions of one player are satisfied, the profit of this agent is maximised. Hence, when there are multiple agents and all their KKT conditions are met, all their profits are maximised subject to the equilibrium achieved. Simple mathematical re-arrangement changes these KKT conditions into complementarity format as , which means the inequality constraints of both sides need to be satisfied and  = 0. The detailed formulation is presented in Table 9-10. This problem can then be solved by a particular optimisation solver. There are numerous applications of this method for natural gas market modelling, on both global and regional scale. Examples include the World Gas Model [24], and European Gas Models such as GASTALE [18] and GASMOD [21]. 

Table 9
Equilibrium module complementarity constraints for supply agents
	Supply agents profit optimality complementarity constraints

	Pipeline Exportation
	

	(10)

	LNG Exportation
	
 
	(11)



Table 10
Equilibrium module complementarity constraints for capacity
	Capacity complementarity constraints

	Production capacity
	
	(12)

	Pipeline capacity
	, 
	(13)

	Liquefaction capacity
	
	(14)

	Regasification capacity
	
	(15)



The demand agents’ market clearing algorithms are also converted into complementarity format and are combined with the constraints above and solved together:
	(16)

3.3 Infrastructure expansion module (IEM)

The IEM uses a heuristic algorithm to simulate infrastructure expansion decisions. Typically, take-or-pay contracts are formed that underpin new capacity investment, as infrastructure development in gas industry is always highly capital-intensive [26]. Hence, the module is designed based on an abstraction of the contracting processes observed in the real world. Both supply and demand agents have roles in this process, with the general flow illustrated in Figure 3 and 4. The simulation can be split into two parts; (a) demand-supply contracting, and (b) contract-based capacity expansion. Section (a) runs first, followed by section (b). In part (a), the demand agents generate long-term contract requests that are presented to supply agents, including volumes and transmission methods. The supply agents then decide whether to accept or reject these requests based on their own economic evaluation of the contracts. Then in part (b), where new contracts are confirmed, required infrastructure expansion proceeds. 

[image: ]
Fig. 3. Algorithm flow for demand-supply contracting

[image: ]
Fig. 4. Algorithm flow for contract-based capacity expansion

The demand-supply contracting section updates the Contract Database through the interaction between demand and supply agents. The steps are summarized below:

Demand agents act first,
1) Every demand agent  calculates its total “Expected Import Volume”  at period , where  represents the future period for which the agent conducts forward planning. 
2) Agent  then sums up the “Already Contracted Volume”  at period  based on the information in the Contract Database.
3) Then it computes the “Remaining Volume”
 	(17)
4) It distributes the remaining volume  via Contract Requests to all supply agents. The share (in percentage) each supply agent  gets from the total remaining volume are specified as  and , and are based on the allocation-rule defined by demand agent . The corresponding contract request volumes are:
		(18)
		(19)

Each supply agent then evaluates all the Contract Requests received, using its own economic criteria. If the economic criteria of one Contract Request is met, the supply agent ACCEPTs the request, thus creating a Confirmed Contract. Whereas if the criteria is not met, the supply agent REJECTs the request (see Figure 3). All the Confirmed Contracts are then updated in the Contract Database, with details including start, duration and end. 

The contract-based capacity expansion section then evaluates the additional capacity required to satisfy contracts in period  for each infrastructure type. The expansion is then updated, with new infrastructure added from . Variables  and  are the total contracted sale volumes for time-period , and the required capacities are calculated as shown in Table 11. 

Table 11
Capacity requirement in expansion module
	Capacity requirement formula

	Production capacity
	
	(20)

	Pipeline capacity
	
	(21)

	Liquefaction capacity
	
	(22)

	Regasification capacity
	
	(23)



The strategic flexibilities each supply agent  has include; 
(a) having configurable criteria for economic evaluation of the Contract Requests received from demand agents. The method of evaluation and required profitability level can vary from agent to agent, and therefore the model is able to study how the strategies of different suppliers affect infrastructure development and market dynamics. Furthermore, contracts may be rejected on geopolitical or similar grounds.  
(b) supply agents do not have perfect foresight, and therefore may make decisions based on their own perspectives and projections of future quantities such as demand and price.
(c) moreover, the model also allows supply agents to change the criteria throughout the simulation time horizon, reflecting the fact that gas exporters may change their strategies when facing different market conditions.

The strategic flexibilities each demand agent  has include;
(a) evaluation of future import requirements based on their own method. The agents may use their current period price-demand relationships and interpret the future requirements based on the resultant prices generated from the equilibrium module. Alternatively, they may also use “expected” future prices to project expected future demand volume. The characteristics of the price-demand relationships can also be changed. Moreover, if the demand agent has a known import plan, these values may be used directly. 
(b) options on contracted volumes. In the model design described above, the demand agents put all their future import volumes into Contract Requests. But the model structure also allows the demand agents to stop entering long term contracts, or to set a percentage of the maximum ratio to be contracted. In this way, the demand agents are able to influence the future capacities using their contract strategies.
(c) options on supplier preference. After evaluating the “to-be-contracted” volumes in the forward planning period, the demand agents have the flexibility to decide which supply agents to send Contract Requests and at what volumes. This flexibility allows the model to simulate the regional preference import markets may have for contracting.


4. Base case scenario

This section describes on what dataset the base case is simulated and how it is calibrated against real world trade data. Validation of this model is achieved by comparing the base case result to the World Energy Outlook (WEO) [30]. The reason why the modelling method presented herein leads to an alternative projection is explained. The results are also compared with World Gas Model (WGM) [24], which is the best documented mixed complementarity problem global gas model, and BP energy outlook [31], which is another widely known projection in the energy industry. Afterwards, the insights on future gas markets drawn from the base case result are discussed.

4.1 Data sets and solution approach

The base year is set as 2010 and the model uses 5-year time-periods until 2060. On the supply side, the existing production capacity data is obtained from BP Statistical Review of World Energy [32]. The short-run unit gas production costs are obtained from Wood Mackenzie Upstream Database, using their field-level OPEX per unit gas production in each region [33]. For pipeline transmission, the annual operational costs, ranging from $10M/BCM to $30M/BCM, are used based on transmission distance and whether the pipeline is onshore or offshore. This estimation is adopted in many studies such as [20, 21, 24]. For LNG transmission, the short-run costs include liquefaction ($40M/BCM per year) processes [21], regasification ($6M/BCM per year) processes [34], and shipping costs ($2M/BCM/day) [35]. Shipping speed is assumed as 19 knots with route distances approximated from www.distances.com. Both boil-off and charter rates are considered. By summing up the related costs for each trade route, the literature-based short-run unit gas trade costs  and   are computed. However, as real world gas trades are subject to many other considerations from both sides like supply security and geopolitical issues, calibration has been applied to  and  to ensure the MEM generates the same global gas flows as the actual conditions in the base year, as per the IEA Natural Gas Information [36]. The calibrated values are then compared with the literature-based values. According to the deviation level between the two values, non-cost factors at $0/MMBtu, $3/MMBtu, or $6/MMBtu are assigned to different routes, reflecting all other drivers or barriers for inter-regional gas trade. Therefore, the short-run unit gas trade costs used in the MEM are the literature-based costs plus corresponding non-cost factors. Details can be found in Appendix B. These costs are further used for the following periods. For the demand side, the price-demand relationships are derived using consumption data from the BP Statistical Review of World Energy [32] and regional prices from the International Gas Union (IGU) Whole Sale Gas Price Report [37]. Elasticity ranges from -0.25 to -0.75 [24], again with details of each import market available in Appendix B. These relationships are adjusted in future periods based on the literature [30]. It is assumed that the  values remain constant, whereas the  values, between 2010 and 2040, adapts gradually towards the WEO “New Policies Scenario” 2040 demand levels in a linear manner [30]. From 2040 till 2060, demand agents are assumed to keep using the 2040 relationships. Regarding international pipeline transport capacities, a variety of sources are used to achieve comprehensive data. For pipelines in European regions, the European Natural Gas Network map published by ENTSOG is used [38]. The remaining pipelines are evaluated using the IEA Oil and Gas Emergency Policy assessment report [39]. Both liquefaction and regasification capacities are summed up from the country-wise data published in the IGU World LNG report [35]. 

The feasible contracting pairs in the IEM are presented Appendix B. Supply agents take Internal Rate of Return (IRR) as the economic evaluation method for contract agreement, with the acceptance level at 12% [40]. To compute the IRR, both production and transmission projects at contract-requested volumes are considered. Supply agents estimate revenues based on current period market prices, and the literature-based short-run trade costs are used to calculate annual profits. For production projects, the CAPEX is proportional to total production volume, and the value per volume is obtained from Wood Mackenzie Upstream Database for each region. For pipeline transmission projects, initial capital investment is computed based on inter-regional pipeline length [41] and the unit construction cost [42]. The liquefaction capital costs are averaged from the IGU World LNG Report [43] for each region. Project capital investments are deduced at the beginning and supply agents assume 5-year lead time and 30-year operation. There is no change in the evaluation criteria throughout the simulation time horizon. 

Demand agents conduct forward planning 15 years ahead. From 2010 to 2035, each uses its market price, generated from current-period MEM, and the next-period demand curve to estimate future import requirements. Since multiple outlooks indicate the phasing out of fossil fuels beyond 2050, the importing markets, from 2035 onwards, fix their future demand requirements at low levels [30, 41]: West Europe 400 BCM/y; East Asia and China 200 BCM/y each; East Europe and India 100 BCM/y each. Demand agents set the maximum contractable ratios at 100% and allocate contract requests, to different suppliers, based on their last-period trade shares in the corresponding markets. These shares are calculated from MEM results and 10% is used as the starting shares for new potential suppliers (See Appendix B). When a pair of supply and demand agents has contracted over 30 BCM/y, yet they do not trade in MEM during the last period, the demand agent would stop sending contract requests to that supplier in the following period.

The initial infrastructure database is constructed using capacities in 2010, and these are assumed to decommission gradually in 25 years at constant rates. For newly expanded infrastructure, the expected lifetime is 30-year for production, liquefaction, and regasification, and pipeline [44-46]. Literature survey of long-term contracts, compiled by DIW Berlin [47], is used as the initial contract database. Furthermore, all new contracts in the latest GIIGNL annual reports [4] are also appended to the database. 

The model is programmed in Python, with the intention that it become open-source in the future. Regarding the MEM MCP problem, Pyomo (Python Optimization Modelling Objects) package [48] is used to interface with the PATH solver [49].

4.2 Validation and discussion

The results in the base year are calibrated with the real world trade data in 2010 [36]. All parameters are sourced from reliable literature and database. The assumptions, which are justified in the above sections, are carefully chosen to best reflect gas market characteristics. To further validate this model, the base case results are compared with other models. However, it needs to be understood that the comparisons are limited to some constraints. Firstly, some models, for example the BIWGM mentioned above, were published long ago with some assumptions no longer realistic to gas markets at the time of writing [22]. Hence, the differences between the results, instead of challenging the validity of this model, reflect more on changes in this industry. Secondly, most models only publish a small part of their results, which are related to their discussion. Therefore, the results that can be used for cross-model comparison are limited. Subject to these two constraints, the following validation compares the base case with the most relevant results from several well-known industry outlooks and the best documented global gas model. It also needs to be understood that modelling result differences contribute to further discussion on the how alternative gas markets may evolve. This is key to identify the uncertainties in the energy transition phase.

The base case shows a steady increase in global gas trade, from 612 BCM/y in 2010 to 1100 BCM/y in 2060. The comparison with other models is shown in Table 12.

Table 12
International gas trade growth relative to 2010
	
	Gas-GAME
	IEA World energy outlook*
[30]
	BP Energy outlook 
[31]
	World gas model
[24] 

	2020
	30%
	14%
	N.A.
	32%

	2030
	47%
	47%
	N.A.
	55%

	2040
	89%
	72%
	142%
	N.A.


* This uses the “New policies scenario” from World energy outlook

Meanwhile, the share of inter-regional LNG transmission also grows gradually from 40% in 2010 to 60% in 2040, then stays at this level. This is similar to what is projected in industry, as the comparison shown in Figure 5.
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Fig. 5. Global LNG VS Pipeline trade proportion
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Fig. 6. Gas import for different demand agents in 2040
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Fig. 7. Gas export for different supply agents in 2040

Since the IEA World energy outlook (WEO) “New Policies Scenario” projection is the only one with global trade details in 2040, it is compared with GAME base case to illustrate the validity of this model [30]. Figure 6 and 7 show that both demand and supply sides have broad similarities. In East Asia, Australia sells less at 46 BCM/y in GAME as compared to 88 BCM/y in WEO. In contrast, higher market shares are gained by Middle East (24%) and ASEAN (17%) in our analysis. The Chinese gas market grows substantially in both projections to around 250BCM annual import in 2040. However, unlike WEO that projects Caspian supplies to dominate the Chinese market by taking 57%, GAME indicates the share as only 15%, with Middle East, Australia and ASEAN each taking around one fifth. Russia and Africa also play roles in the Chinese market. Results are rather similar for Western Europe, with GAME showing slightly lower imports from the traditional main suppliers like Russia and Norway. The emerging exporters like North America and Caspian achieve more trades.

Discussion on result differences and the reasoning behind is presented here. Generally speaking, most demand agents import slightly less in GAME base case. In addition, the volumes flowing into one market are more evenly distributed among the suppliers. The reasons lie in the algorithms of both MEM and IEM: 1) the Nash-Cournot equilibrium computed by MEM tend to have large suppliers with market power strategically selling less for higher profit margins, opening the opportunity for fringe players to grab more market shares; 2) more supplies from one fringe player enable it to receive more contracts for the following period, as the demand agents allocate contract requests in IEM based on last period trades. This correspondingly promotes the regional production and transmission infrastructure development. Hence, new suppliers in markets are allowed with more competitive positions via this model design.  

As WEO does not explicitly model the infrastructure development, the World gas model (WGM) 2030 projection [24] is used for LNG capacity comparison, as shown in Figure 8. In WGM, the infrastructure operators invest based on perfect foresight over the whole projection horizon. Hence, major players like Middle East, ASEAN, and Africa expand their exportation capacities aggressively to secure large volume profitable sales. New entrants in LNG trade, namely North America and Australia, have lower expansion levels as compared to GAME base case. This is because GAME has its capacity expansion algorithm combining both demand agent requests, which is based on current period market prices, and supply agent economic analysis. When the prices become high, the exporters, similarly with WGM, tend to invest aggressively. However, the importers would see gas less attractive and therefore assign less contracts. In this way, the economic incentives of both sides are balanced, leading to more moderate expansions by major players. New entrants in a market initially receive 10% of the total requests to start their infrastructure development. Once they start selling in the markets, demand agents continue to assign contract requests and thus their market shares can increase further. Consequently, Gas-GAME IEM allow new entrants to take the market shares from major players gradually as long as they can deliver gas competitively. 
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Fig. 8. Projections on liquefaction and regasification capacity

To conclude, the comparisons and discussions above show that Gas-GAME results align well with industry projections and other models. The variations in global gas trade in 2040 (Gas-GAME versus IEA World energy outlook) and LNG development in 2030 (Gas-GAME versus World Gas Model), are explained through detailed examination on modelling methods. Since the base year result has been calibrated against real world data, and all parameters and assumptions are supported by literature, the alternative scenarios generated from Gas-GAME do explore the possible gas market futures that were traditionally overlooked by other models.



4.3 Base case results
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Fig. 9. Major import market trade and capacity details

Figure 9 shows how import volumes of the three major markets change with respect to time, together with the corresponding infrastructure capacities. Western Europe, as the major gas importing region, continues to depend heavily on pipeline supply. Alongside this, LNG trades there stay steady at around 100 BCM/y, with the regasification capacity decreasing from 160 BCM/y to 130 BCM/y during the first half of projection. The reason is that while the original assets decommission, Western Europe lacks the underpinning long-term LNG contracts to invest in. However, from 2035, its regasification capacity gradually expands back due to the increasing market price and finally reaches 230 BCM/y in 2060. East Asian demand increases to approximately 250 BCM/y by 2060, relying solely on LNG. Initially, the regasification plants there were significantly over-capacity. After 2030, the capacity gradually adapts to the real import level. Though dominated by Middle East and ASEAN countries in 2010, East Asian market is rather different by 2060, because of global LNG developments. Australia could take an 18% share, and others such as Africa (11%) and North America (9%) become more important. Gas import in China grows rapidly, from 14 BCM/y in 2010 to 230 BCM/y in 2060. The regasification capacity experiences two rounds of mass investment (in 2010s to 60 BCM/y and in 2030s to 150 BCM/y) and is usually fully utilised. Regarding the pipelines into China, major expansion is expected to happen between 2020 and 2040, driven by the contracts with Russia and Caspian countries. 
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Fig. 10. Global liquefaction capacity changes

Liquefaction capacities over time, with regional disaggregation, are illustrated in Figure 10. The total volume almost doubles from 2010 (400 BCM/y) to 2060 (930 BCM/y), with contributions mainly from Middle East, North America, and Australia. North America invests heavily in the first half of the projection period, reaching its highest export capacity (185 BCM/y) in 2040. When global LNG supply becomes abundant from 2040, North America slows down the investment, stabilising at 130 BCM/y level till 2050. Afterwards, the global supplies are tightened, leading to higher Asian gas prices, as indicated in Figure 11. This then drives the second round of North America liquefaction expansion. A similar trend can be observed for Australian LNG development. 

Figure 11 shows the base case market price results, with the two alternative scenarios represented as well. The fluctuating pattern of regional prices highlights the advantage and novelty of this modelling method. The reason behind this fluctuation is that investors expand supply capacities heavily during the high-price period, holding the expectation that future prices would also be high. As a result, a supply abundance is created and market prices decrease. Then the investors face the low-price condition and stop further investment in capacities. This leads to a tightened market when the previously expanded infrastructures decommission. The prices then rise again because of the limited supply capacity. Such fluctuation is often observed in the real markets [50], as shown in Figure 12. However, this feature has seldom been captured by other gas models. In those models, prices are usually simulated following a smoothly increasing or decreasing trend. 
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Fig. 11. Major market prices between 2010 to 2060
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Fig. 12. Japan gas price fluctuation





5. Case study for alternative US exportation strategies

Two alternative scenarios – ConNA (conservative North America investment) and AggNA (aggressive North America investment) – have been simulated.

In the ConNA scenario, North America sets the IRR benchmark for accepting contract requests as 20%, representing investors expect high uncertainties in future LNG prices and hence only expand capacities for high returns. Note that this modification only affects the future contracts generated endogenously in IEM. Regarding those contracts already concluded by 2016, this scenario assumes that the related investment would happen. Other supply agents continue using 12% IRR as their contracting criteria.

The AggNA scenario describes the condition when North America sets its contracting criteria as IRR over 5% and further decreases its non-cost component in  to 0 gradually from 2010 to 2040. Here, North American investors expand at lower return rates, trying to obtain a dominant LNG supplier position and benefit through high-volume trades. In essence, it represents a scenario where North America intends to realize the value of its gas resources as soon as possible. 

5.1 Conservative North America investment scenario (ConNA)

[bookmark: OLE_LINK15][bookmark: OLE_LINK20][bookmark: OLE_LINK21]Figure 13 presents North American LNG export conditions for all scenarios. In ConNA, its exportation capacities only expand in the initial period, driven by the already concluded contracts before 2016. The capacity level, between 2015 to 2040, stabilizes at around 80 BCM/y. When these capacities decommission, after 2040, gas export from North America plunges to less than 10 BCM/y level, creating a global LNG supply tightness. 
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Fig. 13. North America LNG export
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Fig. 14. Illustration of gas flow changes in ConNA scenario
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Fig. 15. Total undiscounted real revenue earned by supply agents over the simulation horizon
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Fig. 16. Major market import between 2010 and 2060

Figure 14 illustrates the changes in global gas trade and the impacts on major markets due to North American conservative exportation. North American LNG mainly targets the Western European market in the initial projection periods. Afterwards, facing its capacity decommission, North America choses to serve East Asia demand first for the high profitability there, leaving nearly zero supply to Western Europe. Hence, other European gas suppliers, mainly Russia, Norway, and Africa take up the slack with sales increased there. Figure 15 shows that Russia earns $300 Billion more revenues in this scenario during the whole projection horizon, benefiting the most from the conservative North American expansion strategy. It takes nearly 40% of Western Europe imports and thus further secures its dominant position. The share of Russian exports to Europe is also roughly 40% in one similar scenario, which assumes no new US LNG projects achieve final investment decision, presented by Rogers using general economic analysis [8]. 

East Asia becomes even more profitable for LNG export because of the decreased supply from North America. Hence, ASEAN countries, Australia, and Middle East increase their sales to East Asia, earning considerably higher revenues. Since these regions are also the major LNG suppliers to the Chinese market, their increasing supply in East Asia leads to a supply reduction in China. This makes the prices in China rise in ConNA scenario. From the other side, this allows the Caspian region to expand more pipeline capacities and gain higher market shares in China, increasing its total revenue by $100 Billion.

5.2 Aggressive North America investment scenario (AggNA)

By conducting the aggressive expansion, North American export capacity exceeds 200 BCM/y by 2035 and 240 BCM/y by 2060. The values are approximately 30% larger than the base case. This is mainly driven by two factors. Firstly, more contracts, which have lower return rates, are agreed with Western Europe. Secondly, Chinese contract requests to North America have higher volumes. Sales by North America in Eastern Asia, Western Europe, and China all increase considerably as compared to base. Consequently, its total revenue throughout the projection period is 35% higher. These additional earnings are more than adequate for the extra capital investment required. Therefore, the aggressive expansion strategy simulated in this scenario is beneficial to North America under current assumptions. 
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Fig. 17. Illustration of gas flow changes in AggNA scenario

Because of the additional supply from North America, East Asian gas prices are lower in this scenario. In contrast, China imports gas more expensively. Though a considerable amount of North American LNG flows to China, mainly after 2035, other LNG exporters, including ASEAN countries, Africa, Australia, and Middle East, decrease their supplies to the Chinese market by a large extent. 

Russia, with its cost advantages in production and pipeline transportation, still plays the dominant role in West European gas market. Though this is similar to the base case, more contracts are concluded between Western Europe and North America in this scenario, resulting in fast development in European regasification plants. By 2035, Western Europe achieves a 200 BCM/y LNG import capacity, and the capacity reaches 300 BCM/y by 2060. The utility rate stays at around 60% throughout the projection periods, which indicates that the aggressive expansion strategy by North America allows Western Europe to have more potential for supply alternatives. Salameh also discussed the potential impact of US LNG exportation in the European market [51]. He suggested that Russian market share would hardly be threatened but Europe can improve its leverage against Russia with a potential price ceiling for negotiation. However, the analysis was mainly based on current price assumption and operating cost comparison. A detailed examination on the potential interaction between markets and suppliers globally is lacked. Such an examination is provided by this study with Gas-GAME.

Among all exporting agents, Middle East and Australia are influenced substantially, both suffering total revenue reduction by $150 Billion. ASEAN, Africa, Russia, and Norway also loses over $110 Billion, respectively, if North America expands its LNG in this way.



6. Conclusion

As mentioned above, the uncertainties in US natural gas exportation strategy can have significant influences on global gas trade dynamics. It is crucial to simulate these influences so that our understanding of the climate change mitigation pathways and future energy industry can be enhanced. Related works and their methods, including both qualitative economic analysis and quantitative systematic modelling, have been reviewed. Based on the existing models, gas market players can hardly be represented separately with their individual strategies. Moreover, the contract-driven investment process and investors’ myopia is commonly overlooked. These gaps highlight the importance of developing a new modelling method for gas market analysis.

In this paper, a new model, named as Gas-GAME, is proposed. It simulates global gas trade and market expansion in an agent-based framework, with market power representation and explicit bilateral contracting process. In this model, investors are assumed to have imperfect foresight and make investment decisions based on their own perspectives to future gas markets. It is the first-of-its-kind model capable to analyse how alternative future scenarios are generated by different incentives, strategies, and perspectives of market players.

Gas-GAME has a two-module structure, including (1) a Market Equilibrium Module which simulates the short-term global gas trade using a mixed complementarity problem approach, and (2) an Infrastructure Expansion Module mimicking the contract-driven investment process for capacity expansion. In addition, both import and export agents are modelled to involve in the market expansion decision making. In order to illustrate the model functionality, a base case has been simulated. The general consistency between Gas-GAME base case results and other well-known gas market projections, including IEA World energy outlook [30], BP Energy outlook [31], and the World gas model [24] is shown to validate this new modelling method.

Finally, two scenarios representing conservative and aggressive North American LNG expansion strategies are presented. When North America stays conservative in its strategy, its exportation is constrained to 80 BCM/y level before 2040 and 10 BCM/y afterwards, creating a global LNG supply tightness. Meanwhile, other gas exporters take advantage of this by supplying more in West European and East Asian markets. Among these exporters, Russia is the biggest winner. Its total gas trade revenue increases by $300 Billion. Moreover, by taking over 40% market share, Russia reinforces its dominant position in the West European gas market. When North America sets its strategy to be aggressive, it manages to expand its LNG exportation capacity to 240 BCM/y by 2060 and has its revenue increased by 35%. East Asia and China import considerably more from North America under this assumption. In addition, this scenario does make Western Europe more accessible to global LNG supplies and thus have more bargaining power in the price negotiation with Russia. 

Overall, Gas-GAME contributes to a nuanced view of global gas market dynamics, taking into account both short-term and long-term strategic behaviours. Contracting processes are modelled explicitly to drive market expansion. Investor foresight is limited, and therefore sub-optimal decisions can be made, as happens in real markets. It can be applied to a wide range of market and technology research questions, and is a useful tool for a variety of energy system stakeholders.



Appendix A. Region representation

	Import Market
	Countries

	East Asia
	Japan, Korea, Chinese Taipei, Afghanistan, Bangladesh, Bhutan, Cook Islands, DPR of Korea, East Timor, Fiji, French Polynesia, Kiribati, Macau, Maldives, Mongolia, Nepal, New Caledonia, Pakistan, Papua New Guinea, Samoa, Solomon Islands, Sri Lanka, Tonga, Vanuatu

	West Europe
	Austria, Belgium, Czech Republic, France, Germany, Greece, Hungary, Ireland, Italy, Luxembourg, Netherlands, Poland, Portugal, Slovak Republic, Slovenia, Spain, Turkey, United Kingdom, Estonia, Denmark, Iceland, Sweden, Switzerland

	East Europe
	Bulgaria, Croatia, Cyprus, Latvia, Lithuania, Malta, Romania, Finland, Albania, Belarus, Bosnia and Herzegovina, FYR of Macedonia, Gibraltar, Montenegro, Republic of Kosovo, Republic of Moldova, Serbia, Ukraine

	India
	India

	China
	People’s republic of China, Hong Kong





	Export Region
	Countries

	ASEAN
	Indonesia, Laos, Malaysia, Myanmar, Philippines, Singapore, Thailand, Viet Nam, Brunei Darussalam, Cambodia

	Middle East
	Qatar, Oman, Bahrain, Islamic Republic of Iran, Iraq, Jordan, Kuwait, Lebanon, Saudi Arabia, Syria, United Arab Emirates, Yemen

	Caspian
	Azerbaijan, Kazakhstan, Turkmenistan, Uzbekistan, Armenia, Georgia, Kyrgyzstan, Tajikistan

	Africa
	All countries on the continent of Africa

	Australia
	Australia

	North America
	America, Canada, Mexico

	Norway
	Norway

	Russia
	Russia

	South America
	Caribbean and South American countries



Due to the focus of this study, the five import markets are selected based on historical gas import volumes and high demand expectation in the future. Though each country has different market dynamics and pricing schemes, aggregation is done for those who share the same import source profile and price levels within the same range. Export regions are chosen to reflect the competitive relationship to serve the import requirement. For example, Russia, Norway, Middle East, and Africa are all supplying the European gas market with different objectives. While Caspian region is also developing pipeline projects to grab some share from there.



Appendix B. Parameters

Table B.1
Calibrated equilibrium module parameters (Base-period)
	Export region
	Import market
	Transmission method
	Calibrated short-run delivery cost
($/MMBtu)
	Literature-based short-run delivery cost 
[20, 33-35]
($/MMBtu)
	Non-cost term
($/MMBtu)

	Middle East
	East Asia
	LNG
	2.55
	2.69
	0

	Middle East
	India
	LNG
	2.86
	2.12
	0

	Middle East
	China
	LNG
	6.13
	2.69
	3

	Middle East
	West Europe
	LNG
	7.24
	2.69
	6

	North America
	East Asia
	LNG
	10.31
	3.73
	6

	South America
	East Asia
	LNG
	10.21
	3.29
	6

	South America
	India
	LNG
	4.28
	3.58
	0

	South America
	West Europe
	LNG
	7.89
	3.01
	6

	Australia
	East Asia
	LNG
	6.56
	2.75
	3

	Australia
	China
	LNG
	5.90
	2.75
	3

	Russia
	East Asia
	LNG
	8.10
	2.84
	6

	Russia
	China
	LNG
	6.27
	2.84
	3

	Africa
	East Asia
	LNG
	9.03
	3.06
	6

	Africa
	India
	LNG
	4.29
	2.49
	3

	Africa
	China
	LNG
	6.30
	3.06
	3

	Africa
	West Europe
	LNG
	7.16
	2.21
	6

	Norway
	East Asia
	LNG
	10.46
	4.15
	6

	Norway
	West Europe
	LNG
	7.93
	3.02
	6

	ASEAN
	China
	LNG
	5.86
	2.55
	3

	Middle East
	West Europe
	PIPE
	7.83
	1.08
	6

	Russia
	West Europe
	PIPE
	5.48
	1.93
	3

	Africa
	East Europe
	PIPE
	4.97
	1.31
	3

	Africa
	West Europe
	PIPE
	7.04
	1.31
	6

	Caspian
	China
	PIPE
	5.93
	1.33
	6

	Caspian
	West Europe
	PIPE
	7.90
	1.47
	6

	Norway
	West Europe
	PIPE
	5.89
	2.26
	3






Table B.2
Adjusted equilibrium module parameters for future periods for new trade routes
	Export region
	Import market
	Transmission method
	Estimate Short-run delivery cost from calibration
($/MMBtu)
	Literature-based short-run delivery cost 
[20, 33-35]
($/MMBtu)
	Non-cost term
($/MMBtu)

	North America
	West Europe
	LNG
	5.00
	2.88
	3

	North America
	China
	LNG
	8.00
	3.44
	6

	North America
	India
	LNG
	4.50
	3.44
	0

	Australia
	India
	LNG
	4.50
	2.75
	3

	ASEAN
	East Asia
	LNG
	7.00*
	2.55
	3

	ASEAN
	India
	LNG
	6.00
	2.55
	3

	Caspian
	East Europe
	PIPE
	4.50
	1.33
	3

	Middle East
	East Europe
	LNG
	7.00
	2.69
	3

	Russia
	East Europe
	PIPE
	2.00*
	1.79
	0

	Russia
	China
	PIPE
	4.00
	2.07
	0


*: value adjusted from the calibrated result, because the base period calibration leads to a negative cost. Adjustment uses estimation from trades with similar characteristics.

Table B.3
Base-period import market parameters
	Import market
	Import volume
[32]
(BCM/y)
	Base price
[37]
(US $/MMBtu)
	Elasticity
[24]

	East Asia
	155
	10.5
	-0.25

	West Europe
	354
	8.0
	-0.7

	East Europe
	77
	5.0
	-0.6

	India
	12
	4.4
	-0.5

	China
	14
	6.3
	-0.5






Table B.4
Import-export pairs allowed for contraction [4, 47]
	Import market
	Export region
	Transmission method

	East Europe
	Africa
	Pipeline

	
	Middle East
	Pipeline, LNG

	
	Russia
	Pipeline

	
	Caspian
	Pipeline

	West Europe
	Africa
	Pipeline, LNG

	
	Middle East
	Pipeline, LNG

	
	Norway
	Pipeline

	
	Russia
	Pipeline, LNG

	
	Caspian
	Pipeline

	
	North America
	LNG

	
	South America
	LNG

	China
	Russia
	Pipeline, LNG

	
	Caspian
	Pipeline

	
	ASEAN
	LNG

	
	Africa
	LNG

	
	Australia
	LNG

	
	Middle East
	LNG

	
	North America
	LNG

	East Asia
	ASEAN
	LNG

	
	Africa
	LNG

	
	Australia
	LNG

	
	Middle East
	LNG

	
	North America
	LNG

	
	Russia
	LNG

	India
	ASEAN
	LNG

	
	Africa
	LNG

	
	Australia
	LNG

	
	Middle East
	LNG

	
	North America
	LNG

	
	South America
	LNG






Appendix C. Abbreviations


	Abbreviation
	Definition

	AggNA
	Aggressive North America investment

	BCM
	Billion Cubic Meter

	BIWGTM
	Baker Institute World Gas Trade Model

	CAPEX
	Capital Expenditure

	ConNA
	Conservative North America investment scenario

	EIA
	Energy Information Administration

	ENTSOG
	European Network of Transmission System Operators for Gas

	Gas-GAME
	Gas - Global Agent-based Market Expansion model

	GIIGNL
	International Group of Liquefied Natural Gas Importers

	IEA
	International Energy Agency

	IEM
	Infrastructure Expansion Module

	IGU
	International Gas Union

	IRR
	Internal Rate of Return

	KKT
	Karush–Kuhn–Tucker 

	LIQ
	Liquefaction

	LNG
	Liquefied Natural Gas

	MCP
	Mixed Complementarity Problem

	MEM
	Market Equilibrium Module

	MMBtu
	Million British thermal unit

	OIES
	Oxford Institute for Energy Studies

	OPEX
	Operating Expenditure

	PIPE
	Pipeline transmission

	PRD
	Production

	Pyomo
	Python Optimization Modelling Objects package

	REG
	Regasification

	WEO
	World Energy Outlook by International Energy Agency

	WGM
	World Gas Model, by University of Maryland and DIW Berlin
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