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account also for the geology, location, and other characteristics of each 
well. The new wellhead prices incentivized producers to increase their 
production and expand their search for new sites. All wellhead price 
ceilings were removed under the Natural Gas Wellhead Decontrol Act of 
1989 (Federal Energy Regulatory Commission, 1989). Canada started 
dismantling protections for domestic crude oil and natural gas producers 
with the introduction of the “Western Accord on Energy” in 1985 (Fertel 
et al., 2013). The legislation aimed to address the increasing surplus of 
supply in Canada during the 1980s. 

In addition, Mexican policy-makers introduced in 2013 the Energy 
Reform (Aleman-Nava et al., 2014) in order to promote Mexican pro
duction and exploit domestic resources. In an attempt to curb the decline 
of Mexican natural gas production and increase investment on existing 
sites, in 2019 the Mexican government called for restrictions on in
vitations for oil block bids that were previously allowed under the 2013 
Energy Reform (Graham, 2018). Moreover, the government has also 
proposed stricter regulations on pipeline contracts between the Mexican 
government and pipeline operators as a way to decrease the cost for the 
public sector. This has led to the renegotiation of contracts for new 
pipelines that subsequently delayed their connection to the system 
(Stilman, 2019). However, restrictions on natural gas infrastructure 
need to be the same for both domestic investors, i.e., state owned 
companies, and U.S. investors under the United States-Mexico-Canada 
(USMCA) Agreement (Gantz, 2019). 

On the demand-side, excise tax and infrastructure tax credits have 
contributed to the adoption of natural gas in the commercial and resi
dential sectors. Finally, state-level policies aiming to mitigate climate 
change, such as cap-and-trade (Tsao et al., 2011), lead to the substitu
tion of coal-fired plants with natural-gas fired plants. 

More specifically, fossil-fuel power plants are indispensable to elec
tricity generation in the short-term for stability and resiliency reasons. 
First, fuel-fired power plants contribute to the stability of the power 
grid’s frequency (Ulbig et al., 2013). Second, the operation of renew
ables requires a certain amount of active fuel-fired power plants at all 
times (Bruninx et al., 2014). However, the transition to a low-carbon 
economy (European Commission, 2018), as a result of climate change, 
necessitates the decrease of emissions in the power sector and the in
crease of energy efficiency of all sectors of the economy. The policies to 
reduce emissions include the creation of a market for emissions allow
ances (Goulder et al., 2009), carbon taxes (Larry and John, 1994), as 
well as updated buildings insulation standards (Li and Colombier, 
2009). The first two policies favor natural gas-fired plants over other 
conventional fuel-fired plants due to the low emissions rate of natural 
gas consumption. For that, natural gas has emerged as a bridging fuel 
during the transition to a low-carbon economy. Hence, in North America 
natural gas is both an economically competitive and a “cleaner” option 
for power production compared to coal and oil due to the low emissions 
rate of natural gas consumption, the availability of natural gas resources, 
and the power system’s reserves and grid frequency stability 
requirements. 

Still, natural gas-fired power plants remain CO2 emitters, albeit the 
least intensive ones. Consequently, the deeper the penetration of re
newables, the greater the displacement of natural gas-fired plants in the 
long-term. A complete treatment of the change in natural gas con
sumption would need to rely on an integrated framework that would 
grasp the interactions between the natural gas sector and the rest of the 
economy. However, some trends are prevalent. Natural gas is being 
displaced in fuel-intensive sectors, such as the transportation sector 
(Williams et al., 2011), due to increasing electrification. 

Therefore, the timing of natural gas abatement, which is critical for 
the maintenance and development of natural gas production and pipe
line infrastructure, depends on multiple factors. On the one hand, the 
availability of resources and stability requirements of the power sector 
render natural gas an economical short-term alternative to conventional 
fossil fuels. On the other hand, moving to a low-carbon economy implies 
the abatement of natural gas in the long-term. Hence, the challenge of 

studying the development of the natural gas sector in North America lies 
in the complexity of the interactions of the natural gas sector with all 
other sectors of the economy, the political nature of fossil fuels exploi
tation, and the uncertainty of resource availability. In this study we 
isolate potential sources of disruption for the natural gas sector and look 
to understand their impact. More specifically, we ask:  

● How resilient is North American natural gas production and pipeline 
infrastructure, given uncertainty in future resource availability and 
technological change?  

● Which North American producers and pipeline operators are the 
most vulnerable and should be accounted for in policy design?  

● How does the growing exposure of the U.S. to international markets 
affect Canada and Mexico? 

2. Literature review 

We can divide the studies of the natural gas market into two cate
gories: global and regional. While global studies aim at analyzing the 
drivers of increasing LNG trade, regional analyses focus on arbitraging 
between regions and pipeline infrastructure development. Egging et al. 
(2010) study international LNG trade using the World Gas Model 
(WGM), which includes 80 countries and assumes Nash-Cournot 
competition between representative producers. In WGM, Mexico is 
represented by one node, Canada is divided into two, and the U.S. into 
six. Avetisyan et al. (2011) use WGM to study the impact of CO2 emis
sions policies and availability of resources in the U.S. to the international 
natural gas market. To do so, they updated WGM to include environ
mental regulations. (Siddiqui and Gabriel (2012)), enhanced WGM by 
assuming that the census region that contains the two largest shale 
plays, the Barnett and Haynesville shale plays, is a leader in the market 
in a “Leader-Follower” setting. Egging (2013) enhanced WGM by 
introducing a Benders Decomposition scheme for stochastic mixed 
complementarity problems. Apart from the US, neither Canada nor 
Mexico are included in the latter version. Finally, Aune et al. (2009) 
highlight the role of decreasing LNG costs on integrating global markets. 
The authors develop FRISBEE, a recursive-dynamic, partial-equilibrium 
model of the global natural gas market with 13 regions where the U.S. is 
represented as its own region, whereas Canada and Mexico are part of 
other regions. 

Focusing on Europe, the Price-Induced Market Equilibrium System 
(PRIMES) includes a detailed natural gas submodule with regional detail 
of Europe, Russia, Middle Africa, North Sea, China, and India, and has 
been used to produce the “EU Reference Scenario 2016” (European 
Commission, 2016). Golombek et al. (1995) focus on the liberalization 
of Western European natural gas markets. Modeling-wise, they are the 
first to introduce a nonlinear marginal cost of production. (Holz et al. 
(2008)) highlight the importance of liberalizing the downstream market 
using GASMOD. In their analysis they only represent the European 
natural gas market with added detail on the regions that import and 
export natural gas from and to the European Union. Abada et al. (2013) 
study the impact of long-term contracts using GaMMES. GaMMES is 
formulated as a Generalized Nash Equilibrium problem. 

Beltramo et al. (1986) were among the first to study the outlook of 
the natural gas sector of North American countries. For this, they 
developed the North American Gas Trade Model (GTM) which was one 
of the first models of North America with regional detail regarding the U. 
S. and Canada that explicitly took into account pipeline interconnections 
between the two countries. (Gabriel et al. (2005)) introduced a model 
with 12 regions for the U.S. and two regions for Canada to study market 
power in North America. Finally, the Natural Gas Market Module 
(NGMM) (U.S. Energy Information Administration, 2018), a submodule 
of the National Energy Modeling System (NEMS) developed by the U.S. 
Energy Information Administration (EIA) has been used to produce 
Annual Energy Outlooks for the U.S. NGMM incorporates the nine 
census regions, one region for Canada and another for Mexico. In 
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NGMM, capacity expansion is not endogenous, but extra capacity is 
allocated exogenously based on the increase in national demand. On the 
other hand, the North American Natural Gas Model (NANGAM), 
developed by Feijoo et al. (2016), accounts for endogenous capacity 
expansion both in production and in pipeline infrastructure. Moreover, 
it includes all nine census regions for the U.S. but breaks down Canada 
into two regions and Mexico into five. NANGAM has been used to study 
the impact of the Mexican Energy Reform to cross-border Mexico-U.S. 
infrastructure. 

Although the models in all the above studies implicitly assume some 
level of market interaction between regions, only few of them explicitly 
deal with market integration. Evidence on the lack of market integration 
in the 1990’s can be found in De Vany and Walls (1995). On the other 
hand, (Serletis (1997)) argues that there is no split between Eastern and 
Western U.S. prices. Serletis and Herbert (1999) suggest that greater 
integration between North American regions, as a result of the liber
alization of the natural gas market, leads to more effective arbitraging 
mechanisms. Siliverstovs et al. (2005) also try to empirically assess 
market integration, but focus on the global market. Feijoo et al. (2016) 
and Sankaranarayanan et al. (2017) treat a fully integrated North 
American natural gas market and aim to study the development of 
cross-border infrastructure. They find that higher Mexican demand leads 
to higher pipeline exports from the West South-Central region to Mexico. 
Feijoo et al. (2018) focus on the impact of socioeconomic factors that 
influence natural gas infrastructure. The study concludes that the 
resulting heterogeneity in demand can lead to investment in certain 
pipeline interconnections while other pipeline interconnections are 
underutilized. 

The low international natural gas prices, the recent discovery of low- 
cost shale gas in the Middle-Atlantic region, the Energy Reform in 
Mexico, and the recent discovery of the largest hydrocarbon reserves 
deposit in the last 30 years in Mexico (Ore et al., 2019) constitute major 
changes that can affect the North American natural gas market in the 
long-term. In lieu of these developments, this paper provides the most up 
to date assessment of the impact of resource availability, international 
trade, and low oil prices on natural gas infrastructure development in 
North America. 

3. Objectives and scenarios 

Our objective is to analyze the implications for the natural gas pro
duction and pipeline infrastructure of a range of scenarios under inte
grated North American natural gas markets. For that, we formulate a 
comprehensive list of scenarios that are designed to explore the uncer
tainty of future resource availability, technological change, and poten
tial policy changes:  

a) Reference: A scenario that serves as benchmark against which all 
other scenarios will be compared to. Reference production and 
consumption projections are consistent with AEO2017 for the U.S. 
(EIA, 2017b), “Canada’s Energy Future 2017” for Canada (NEB, 
2017), and the “Natural Gas Outlook 2016–2030” of the Mexican 
Secretary of Energy (Secretaría de Energía) SENER (SENER, 2017) 
for Mexico. The process of attaining the Reference scenario is 
detailed in Section 4.1.  

b) Low_Oil_Price: Following the low natural gas prices after 2014 (Linn 
and Muehlenbachs, 2018), we assume a shock in the international 
market that consequently affects regional demand. This scenario 
aims to quantify the resiliency of the North American natural gas 
system to decreased oil prices which consequently lead to decreased 
demand for natural gas. We implement this scenario by computing 
the change in regional natural gas demand with respect to reference 
demand in the “Low Oil Price” scenario of the “Annual Energy 
Outlook 2017” (EIA, 2017b). We then impose the same percentage 

change to NANGAM’s reference regional demand (variable QD
yhnde in 

(Feijoo et al., 2016)), starting from 2020. 
c) High_Gas_Supply: We assume that due to technological improve

ments, the cost of production of natural gas decreases by 20% in 
2020, 30% by 2030, and by 30% for the remainder of the time ho
rizon. More specifically, we decrease all terms of the marginal cost 
function, namely the linear, quadratic, and Golombek terms (pa
rameters linP

ysne, qudP
ysne, golPysne in (Feijoo et al., 2016)), by the 

respective percentages of each time period. 
d) Natural Gas Resources: We assume that our medium-term pro

jections regarding the availability of natural gas are correct and 
introduce a shock to the availability of resources in 2030 through 
2050. By simulating two different variations, these scenarios aim to 
explore the ability of natural gas infrastructure to adjust to the (un) 
availability of resources.  

i) High Natural Gas Resources (High_NG_Res): We constrain natural 
gas infrastructure (variables zP

ysne, zA
ya in (Feijoo et al., 2016)) to be 

the same as in Reference up until 2030, and allow endogenous 
change in infrastructure for the remainder of the time horizon. 
Beyond 2030, the greater availability of resources translates into our 
model to a lower operational cost of natural gas production in the US. 
The linear, quadratic, and Golombek terms of the marginal cost 
function (parameters linP

ysne, qudP
ysne, golPysne in (Feijoo et al., 2016)) 

are changed according to the percentage change in the operational 
cost of each region in the U.S. The percentage change in the opera
tional cost is calculated using the “High Oil and Gas Resources” 
scenario of AEO2017.  

ii) Low Natural Gas Resources (Low_NG_Res): The implementation is 
identical to the “High Natural Gas Resources” scenario, with the 
exception that the applied percentage changes are calculated using 
data from the “Low Oil and Gas Resources” of AEO2017. 

In both High_Gas_Supply and High_NG_Res we change the parame
ters of the marginal cost function. Nonetheless, τhe High_NG_Res aims to 
study the response of the system in a scenario of abundant U.S. re
sources, whereas the High_Gas_Supply studies the effect of higher pro
ductivity in all of North America. Therefore, the implementation differs. 
In the High_Gas_Supply, the parameters of the marginal cost function of 
all producers are decreased by 20% in 2020, whereas in the High_N
G_Res scenario the decrease in 2020 is 15%. The change in marginal cost 
parameters is different between the two scenarios for all subsequent 
years as well. 

4. Methods 

The North American Natural Gas Model (NANGAM) is an inter
temporal, bottom-up, partial-equilibrium model of the interconnected 
natural gas sectors of the U.S., Canada, and Mexico (U.S. Energy Infor
mation Administration, 2018). NANGAM is built with a focus on North 
America. It comprises nine census regions of the U.S. (Fig. 1), a region 
for Alaska and Hawaii, five regions for Mexico (Northwest, Northeast, 
Interior, Interior-West, South-Southwest), two regions for Canada (East, 
West), amounting to seventeen regions in total. There exist 13 producing 
regions, based on regional historical capacity data, namely census re
gions 2–9, both regions in Canada, Northeast Mexico, and 
South-Southwest Mexico. In addition, the seventeen regions are con
nected via 69 representative links that emulate the inter-regional pipe
line interconnections. In addition, storage facilities exist in each node in 
the U.S. and Canada. We use a database of 778 existing projects and 187 
new ones provided by the U.S. Energy Information Administration 
(EIAc) to produce estimates of pipeline investment cost, as well as fixed 
and marginal cost of transporting natural gas. For the documented 
pipelines, the database provides the technical characteristics, their cost 
structure, and whether they are interstate, intrastate or cross-border 
projects. NANGAM is thus able to account for endogenous flows and 
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implement this scenario by constraining all infrastructure decisions by 
2030 to their reference level (variables zP

ysne, zA
ya in (Feijoo et al., 2016)) 

and allowing them to adjust thereafter. Moreover, in 2030, we adjust the 
linear, quadratic, and Golombek terms of the marginal cost function 
(parameters linP

ysne, qudP
ysne, golPysne in (Feijoo et al., 2016)) according to 

each scenario’s specifications. 
In the High_NG_Res scenario, the higher availability of resources in 

North America results in higher consumption in all countries. Fig. 15 
shows how consumption in the U.S. increases by 6% by 2050 in the 
High_NG_Res scenario, while consumption of Canada and Mexico in
crease by 4%. In the Low_NG_Res scenario, U.S. consumption decreases 
by 3.5% and Mexican and Canadian consumption decrease by more than 
2% and 3% respectively. 

Pipeline infrastructure allows Mexican and Canadian consumers to 
benefit from low-cost U.S. resources. In addition, in the High_NG_Res 
scenario, West-South-Central exploits its capabilities as the biggest 
producing region and at the same time the major trade partner of 
Mexico. Total exports from the U.S. to Mexico increase by 6.97%. Trade 
between other U.S. regions is depicted in Fig. 16. Notably, Mountains is 
capable of providing to Pacific all of the demand previously covered by 
West-Canada. Therefore, trade between West-Canada and the Pacific is 
eliminated and trade between Mountains and the Pacific region in
creases by 15.75%. To do so, the Mountains also need to curtail some of 
their supply to West-North-Central. Finally, Fig. 17 depicts how the 
flows from large U.S. producers (West-South-Central and Middle- 
Atlantic) to regions with limited production (South-Atlantic and 
North-East-Central respectively) serve as a means for expanding 
regional markets with limited resources. 

Similarly, in the Low_NG_Res scenario, the scarcity of resources in 
the U.S. results in a decrease in trade. The reason is the need for pro
ducers to cover their regional demand. Therefore, exports from the U.S. 
to Mexico are reduced by 4.12%. In addition, West-Canada exploits the 
difficulty of the U.S. to cover their demand and increases both its pro
duction and its trade with the Pacific region. Finally, when producers 
prioritize covering their regional demand then flows to other regions are 
curtailed, resulting in a decrease in natural gas trade between West- 
South-Central and East-South-Central. 

The changes in natural gas trade do not alter investment decisions in 
pipeline infrastructure compared to Reference in the High_NG_Res and 
Low_NG_Res scenarios respectively. The only pipeline interconnection 
that is affected is the Middle Atlantic to North-East Central. In the 
High_NG_Res scenario its capacity increases by 10.14 BCM/year and in 
the Low_NG_Res by 2.09 BCM/year by 2050. The reason is that 2015 
pipeline infrastructure is sufficient for most interconnections. Fig. 18 
shows that in Reference, the pipeline capacity infrastructure of many 
major interconnections is underutilized. Therefore, in response to 
changes in trade, pipeline operators adjust their utilization rate instead 

Fig. 8. Percentage inter-temporal change in natural gas trade between selected 
North American regions under the Low_Oil_Price scenario. Among major in
terconnections, the West-South Central – East South Central interconnection is 
affected the most. 

Fig. 9. Percentage change in natural gas production per country under the 
High_Gas_Supply scenario. Mexican production increases the most with respect 
to Reference. 

Fig. 10. Percentage change in natural gas consumption per country under the 
High_Gas_Supply scenario. 

Fig. 11. Change in Mexican natural gas production and consumption in 
High_Gas_Supply. Mexican consumption expands due to greater availability of 
Mexican low-cost resources. The magnitude of the change in Mexican con
sumption is comparable to the change in Mexican production intertemporally. 
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before exploiting inter-country trade. The vast majority of pipeline op
erators respond to changes in trade by adjusting the utilization rate of 
pipelines, since pipeline infrastructure is underutilized in Reference. 

6. Conclusion and policy implications 

This study explores the evolution of North American natural gas 
infrastructure under a variety of plausible scenarios. For the purpose of 
this paper we use NANGAM, a large-scale, bottom-up, game-theoretic 
model of the North American natural gas system that allows for the 
representation of market agents with competing objectives. We run a 
scenario where the low oil and gas prices observed after 2014 are pre
served in the future, a scenario of higher supply due to technological 
change, and two scenarios of high and low availability of natural gas 
resources. 

We show that when oil prices remain low all three countries’ pro
duction decreases by more than 3% by 2040. Total investment in new 
production capacity infrastructure in the U.S. also decreases, but the 
impact varies regionally. Larger U.S. producers decrease their invest
ment in production infrastructure, however certain smaller U.S. pro
ducers marginally increase their investment in new infrastructure. 
Moreover, the exposure of the U.S. to international trade leads to pro
duction decreasing faster in the short-term than in the long-term, as a 
response to the faster short-term decrease in consumption that is 
imposed in this scenario. Although Canada is not as exposed to inter
national trade as the U.S., the decrease in production between the two is 
similar through 2050. Mexico on the other hand taps into its potential in 
the long-term and is able to offset the effects of the shock by 2050. The 
results suggest that the strong projected link of the U.S. with 

international markets renders the U.S. vulnerable to changes in inter
national prices in the mid-term. Decreased demand also leads to 
decreased flows from major U.S. producing regions to traditional trade 
partners in mainland U.S. and Mexico. 

More aggressive technological change in North America results in 
Mexican production growing by more than the rest of the countries. The 
disproportional growth of Mexico happens without any investment in 
new production infrastructure, as the reduced cost allows Mexico to 
exploit more efficiently its existing resources. However, Mexico con
tinues to rely on the U.S., with U.S. exports to Mexico decreasing only 
marginally. The result suggests that the Mexican Energy Reform can 
succeed in exploiting Mexican natural gas resources if it manages to 
stimulate those market forces that would enhance the productivity of the 
Mexican natural gas industry by at least as much as the rest of the 
countries. At the same time, enhancing Mexican production does not 
necessarily imply that Mexico’s dependence on U.S. natural gas is 
mitigated. 

In the High_NG_Res (Low_NG_Res) scenarios where more (less) re
sources are available in the medium and long-term for the U.S., U.S. 
producers increase (decrease) their market share in North America. The 
results suggest that the (un)availability of resources in the U.S. affects 
primarily U.S. consumption and secondarily U.S. imports and exports. 
Given that pipeline infrastructure is underutilized in Reference, pipeline 
operators respond to changes in trade by adjusting the pipeline utiliza
tion rate. From the policy-makers’ point of view, the U.S. would bare the 
benefits (costs) of resource availability. From a stakeholder’s point of 
view, certain trade infrastructure might not be resilient to changes in its 
current and projected status. 

Our results highlight the spatial distribution of the effect of plausible 

Fig. 14. Percentage change in natural gas production per country under the High (left) and Low (right) Natural Gas Resources scenarios. Greater availability of 
resources in the U.S. in High_NG_Res provides U.S. producers with a competitive advantage over Canadian and Mexican producers. The opposite is true 
in Low_NG_Res. 

Fig. 15. Percentage change in natural gas consumption per country under the High (left) and Low (right) Natural Gas Resources scenarios. Greater availability of 
resources in the U.S. in High_NG_Res drives consumption higher in all three countries. The opposite is true in Low_NG_Res. 
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future development trajectories of the natural gas sector in North 
America. We stress the importance of using a framework that accounts 
for the interactions between competing market agents as a means to 
understand the transformation of the North American natural gas sector. 
We study three scenarios that explore the impact of low international oil 
prices, technological change in the natural gas sector, and availability of 
natural gas resources. By using NANGAM, we are able to provide policy- 
makers and stakeholders with an informed outlook on North American 
regions and pipelines that are most affected both between countries, but 
also within the U.S. Our analysis focuses on the crucial role of natural 
gas on the ongoing transformation of the North American energy system 
towards a low-carbon economy in an attempt to inform future policy 
design. 
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