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(European Parliament and European Council, 2009). RES are set cen
trally from the European Commission, but vary among countries on the 
basis of their potential to exploit renewable energy resources. 

As a result of RPS, production from fossil fuel-fired plants is being 
discouraged. However, in the case of natural gas, RPS do not necessarily 
translate into a decrease of production from natural gas-fired plants. 
Under RPS, gas-fired plants – as any other CO2 emitting technology – are 
disadvantaged compared to non-emitting technologies. At the same 
time, RPS are often coupled with emissions cap or emissions tax policies 
at the state or federal level. Natural gas-fired plants have benefitted from 
such schemes in the short term due to their relatively lower emissions 
factors compared to other fossil fuel-fired plants. In addition, natural gas 
in North America is becoming cheaper (Feijoo et al., 2016). Thus, the 
combination of RPS, emissions policies, and resource availability in 
North America has led to an overall increase in natural gas consumption 
by the electricity sector. 

More generally, natural gas is an important source of energy for the 
residential, commercial, industrial, electricity, and transportation sec
tors. Shocks in these sectors result in different natural gas infrastructure 
investment decisions, which in turn affect long-term natural gas prices. 
The resulting price deviations can be mitigated by developments in the 
natural gas market. Under integrated natural gas markets, prices be
tween trade partners are more tightly linked, thus more resilient to 
shocks. Huntington (2009) argues that enhanced integration of the 
North American natural gas markets leads to more stable long-term 
natural gas prices and increases energy security of the U.S., Canada, 
and Mexico. However, the interdependence of electricity and natural gas 
markets renders the latter vulnerable to changes in the former, regard
less of the level of integration of natural gas infrastructure. Moreover, 
different energy and electricity models are often built using different 
databases or with different level of detail. Consequently, the models still 
disagree about the resulting impact of the same policy to the electric and 
natural gas sectors. 

In this paper we focus on the interplay between RPS and natural gas 
markets and infrastructure. To do so, we couple four models that provide 
estimates of natural gas consumption with the North American Natural 
Gas Model (NANGAM) to simulate the natural gas system in North 
America. Moreover, this analysis aims to complement the analysis in 
Avraam et al, (2020), and Bistline et al. (2020) conducted within the 
scope of the Energy Modeling Forum 34 (Huntington et al., 2020). 
Avraam et al, (2020) focus on the response of North American natural 
gas markets under different assumptions on key drivers of natural gas 
production. On the other hand, this paper aims to quantify the impact of 
RPS, as studied in Bistline et al. (2020), on the natural gas system due to 
the interdependence of the electricity and natural gas sectors. More 
specifically, we ask:  

● What are the implications of different levels of RPS coordination for 
regional natural gas production and pipeline infrastructure in North 
America?  

● Under the same level of RPS coordination, how sensitive are the 
results for the natural gas sector to the modeling assumptions 
regarding mandated renewable shares?  

● How do the developments in the natural gas market inform policy- 
making in the electricity sector? 

2. Literature review 

RPS are policy tools for reducing CO2 emissions that explicitly favor 
renewables, as opposed to technology-neutral policies that do not 
differentiate between power generation technologies. Young and Bist
line (2018) find that the cost of RPS, as measured by the Net Present 
Value (NPV) through 2050, can be twice that of a technology-neutral 
portfolio for the same CO2 emissions target. Upton and Snyder (2017) 
conclude by using empirical methods that RPS increase electricity prices 
between 10.9% and 11.4%. Moreover, Palmer and Burtraw (2005) argue 

that for the same emissions reduction target, a cap-and-trade system is 
more cost-efficient when compared with RPS, as it forces a greater 
quantity of coal-fired plants, the highest emitters, out of the system. 
Their findings are consistent with Fischer and Newell (2008) who 
identify that a market for CO2 emissions permits is the most 
cost-effective policy among six policy alternatives. Weyant (2008) and 
Schmalensee and Stavins (2017) identify how political concerns can bias 
the design of emissions reduction policies. 

Lack of coordination of climate policies between regions in the 
electricity sector can lead to increased electricity prices and greater CO2 
emissions. Bistline and Rose (2018) find that in the absence of coordi
nation in the power sector it is more likely for economic activity to shift 
from more regulated regions to less regulated regions, leading to 
increased CO2 emissions and electricity prices. Fullerton and Karney 
(2018) highlight the importance of coordinating policies that target 
different pollutants at different sectors of the economy at the same time. 
Furthermore, Bistline et al., (2019) conclude that in the absence of RECs, 
coordinated policies in integrated power markets can decrease the NPV 
of a RPS scheme in the U.S. by 148 billion dollars. In the presence of 
RECs, the cost of RPS decreases by 67 billion dollars. Yin and Powers 
(2010) focus on the treatment of RECs when states set individual 
renewable energy targets. They find that when states are allowed to 
trade RECs, then some states may fail to meet their individual emissions 
targets. In addition, Bowen and Lacombe (2017) argue that there exists 
strong evidence that states with stringent RPS legislation drive invest
ment in renewables higher in neighboring states with less strict RPS 
laws. 

The majority of the studies that include the natural gas sector when 
analyzing RPS focus on the impact of natural gas prices on the effec
tiveness of RPS and vice versa. Shearer et al. (2014) find that under a 
moderate carbon tax and a strict carbon cap, the availability of cheap 
natural gas delays the introduction of renewables by a decade. However, 
under RPS, the introduction of renewables follows the same trajectory 
for both scarce and abundant natural gas resources. Bistline and Young 
(2019) study the penetration of wind and solar in the U.S. power gen
eration mix for natural gas prices of 4$, 6$, and 8$ per MMBtu in the 
presence of RPS. They find that moving from 4$ to 8$ per MMBtu can 
increase the share of solar and wind by 33%, given transmission 
expansion costs and CO2 policies as in their Reference scenario. More
over, RPS have been considered in all the Annual Energy Outlooks 
published by the U.S. Energy Information Administration (EIA) since 
1998 (EIA, 1998). In two separate studies by EIA the implementation of 
a 10% RPS for the U.S. decreases natural gas wellhead prices by 3.67% 
and 0% respectively (EIA, Impacts of a 10-percent renewable portfolio 
standard (SR/OIAF/2002–03), 2002), (EIA, Impacts of a 10-percent 
renewable portfolio standard (SR/OIAF/2003–01), 2003). Wiser et al. 
(2007) collect results of 12 studies published between 1998 and 2003 by 
EIA, the American Council for an Energy-Efficient Economy (ACEEE), 
the Tellus Institute, and the Union of Concerned Scientists. The studies 
quantify the reduction of natural gas wellhead prices due to the intro
duction of RPS targets of 6.3% in Rhode Island, and 10%, 15%, or 20% in 
the U.S. (Wiser & Bolinger, Can deployment of renewable energy put 
downward pressure on natural gas prices? 2007) 

Studying the impact to one sector of a policy applied to another 
sector requires understanding the interdependencies between two 
different sectors. Hence, modelers need to develop tools with the 
appropriate level of detail in both sectors or link existing bottom-up 
models. Modelers can choose between a soft-link or a hard-link 
approach. To the extent that one model’s output is used as another 
model’s input, in a soft-link the first model does not account for the 
response of the agents in the second model. This means that a soft-link, 
albeit solving faster than a hard-link, rarely converges to a point that 
solves both models (Krook-Riekkola et al., 2017). On the other hand, 
different models are calibrated using different databases that are often 
inconsistent for the data at the interdependencies, which is critical for 
the implementation of a hard-link. Moreover, solving two fully 
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integrated large-scale bottom-up models can prove an arduous task 
computationally (Bohringer and Rutherford, 2009). Therefore, the 
choice of model-coupling method depends both on the models at hand 
and the research question (Hourcade et al., 2006). Both the soft-link 
(Hogan and Weyant, 1982; Feijoo et al., 2018) and the hard-link ap
proaches (Tapia-Ahumada et al., 2015) have been used in energy and 
climate studies. Among the hard-link approaches, Abrell and Weigt 
(2012) introduce a framework for integrating partial equilibrium 
models of the electricity and natural gas sectors. The framework is 
similar to co-optimization (He et al., 2018b) and its variations, namely 
robust co-optimization (He et al., 2018a) and security-constrained 
co-optimization (Zhang et al., 2015). Natural gas models have also 
been integrated with optimal power flow models (Martines-Mares and 
Fuerte-Esquivel, 2012). 

To the best of the authors’ knowledge, little to no emphasis has been 
given to the impact of RPS on regional natural gas markets. This paper 
aims to understand the interplay between RPS and the natural gas 
market and quantify the regional impact of RPS schemes to natural gas 
infrastructure. Moreover, it aims to understand how policies in the 
electricity sector affect the natural gas sector and subsequently influence 
natural gas trade between the U.S., Canada, and Mexico. 

3. Objectives and scenarios 

Our objective is to quantify the impact of RPS on the natural gas 
market. RPS mechanisms result in higher penetration of renewables1 in 
the electricity sector. In our formulation, the U.S., Mexico, and Canada2 

mandate that the share of renewables in the power generation mix is 
greater than or equal to 30% in 2020, 40% in 2030, 50% in 2040, and 
60% in 2050, with linear increase between years. These targets are fed 
into the individual electricity or macroeconomic models that output 
natural gas consumption. The resulting change in natural gas con
sumption is then fed into NANGAM to quantify the impact of each policy 
on natural gas markets and infrastructure. We simulate three different 
variations that assume different levels of RPS coordination between the 
U.S., Canada, and Mexico.  

a) International coordination (Scenario 1): The U.S., Canada, and 
Mexico are obliged to jointly meet the scenario’s renewables pene
tration targets. International coordination allows for unbundled 
RECs to be traded between all three countries.  

b) No international coordination (Scenario 2): Each country is 
obliged to meet the scenario’s renewables penetration targets indi
vidually. Lack of coordination implies that unbundled RECs can be 
traded only among electricity producers of the same country.  

c) No inter-regional coordination (Scenario 3): Each region within 
each country is obliged to meet the scenario’s renewables penetra
tion targets individually. Lack of coordination implies that unbun
dled RECs can be traded only between electricity producers of the 
same region. 

The impact of different RPS coordination schemes on natural gas 
consumption is not trivial and is analyzed in detail in Bistline et al. 
(2020). Bistline et al. (2020) show that limiting RPS coordination leads 
to more gas generation being displaced in the U.S. This finding builds on 
existing literature that suggests that RPS increase the displacement of 

natural gas in the electricity sector (Mai et al., 2018). Moreover, in 
Scenario 1, regions with little solar and wind potential are able to 
leverage the potential of their neighbors in order to meet the renewables 
penetration target. Subsequently, the required renewables capacity 
needed in North America on aggregate to meet that target is minimized, 
which in turn allows for more natural gas capacity to be installed. 
Although natural gas-fired plants are displaced compared to Reference 
in all three scenarios, greater RPS coordination among regions results in 
less installed renewable capacity which leaves more room for invest
ment in natural gas-fired plants. This is particularly the case with Can
ada that has an already high penetration of hydro. In Scenario 1, 
Northeastern U.S. leverages the hydro and wind potential of Canada 
instead of investing in their lower quality renewable resources. On the 
other hand, in Scenario 3, the same regions would have to invest in their 
inferior resources to meet their targets. Consequently, a larger part of 
Northeastern U.S. demand would be covered from renewables in the 
future, leaving less room for investment in natural gas-fired plants. A 
more in-depth discussion on the conditions under which this argument 
suffices to explain the results for gas-fired plants, as well as detailed 
results for the electricity sector can be found in Bistline et al. (2020). 

4. Methods 

For the purpose of this study, four models were used to project 
natural gas consumption for the three variations of RPS policies. 
Moreover, other than the renewables penetration targets, no other fea
tures of the models used to provide natural gas consumption projections 
were altered, including the assumptions on investment and operational 
costs. First, we provide an overview of the models used in this study. 

NANGAM (Feijoo et al., 2016) is a game-theoretic, planning model 
that simulates production, consumption, and trade decisions for natural 
gas in the U.S., Canada, and Mexico. NANGAM comprises 17 regions, 
including the nine census regions for the U.S., a node for Alaska and 
Hawaii, five regions for Mexico (Northwest, Northeast, Interior-West, 
Interior, and South-Southeast), and two regions for Canada (East and 
West). Representative producers exist in the 13 regions that have natural 
gas production capacity and regional consumption is approximated 
using a linear inverse demand curve. Pipeline interconnections between 
regions are aggregated into 69 arcs, whose investment, fixed, and 
marginal cost of transporting natural gas is based on a database of 778 
existing projects and 187 new ones. In NANGAM every region in the U.S. 
and Canada is also equipped with a storage facility. At the upstream 
level, producers compete in a Nash-Cournot style market wherein 
pipeline operators are assumed to be profit maximizers who ensure that 
regional natural gas demand is met. Investment decisions on production 
and pipeline capacity are endogenous and are based on future profit
ability. NANGAM considers three seasons – peak, high, and low – and 
runs in five-year time steps up to the year 2050. NANGAM is based on 
Multimod (Huppman and Egging, 2014) and therefore can simulate 
supply-side or demand-side shocks, infrastructure development de
cisions, and policy interventions. 

ReEDS2.0 (Eurek et al., 2016) simulates operation and capacity 
expansion decisions for the electricity markets of the contiguous U.S., 
Canada, and Mexico. It comprises 205 Balancing Areas and 454 
Resource Supply regions. ReEDS2.0 runs in two-year time steps from 
2010 to 2100. Each year is divided into four seasons in which each 
season is further divided into four time segments that represent over
night, morning, afternoon, and evening. ReEDS2.0 is a linear program 
and is suitable for modeling emissions policies such as carbon taxes and 
emissions caps. 

NATEM (Vaillancourt et al., 2018) is based on MARKAL/TIMES, 
from which it inherits the detailed representation of the entire energy 
system. As with TIMES, the decisions in NATEM are the result of an 
intertemporal cost minimization program. NATEM-Canada includes all 
13 Canadian provinces and territories. There exist five end-use con
sumer categories (commercial, residential, industrial, transportation, 

1 Following Bistline et al. (2020), the renewable technologies considered are 
wind, biomass, concentrated solar power (CSP), utility-scale photovoltaic (PV), 
geothermal, and hydro.  

2 Canadian hydropower generation constitutes more than 60% of the energy 
mix in 2016. Therefore, new renewables would be introduced due to RPS in 
order for neighboring regions to meet a certain requirement and only to the 
extent that they are rendered competitive compared to renewables of other 
regions. 
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and agriculture) each of which bases its decision on 70 end-use services. 
The version of NATEM used in this study is intertemporal and produces 
results in five-year time steps from 2015 to 2050. Each period accounts 
for four seasons that are further disaggregated into four intra-day pe
riods per season. 

NEMS-AEO2019 (EIA, NEMS - National Energy Modeling System: An 
Overview - EIA, 2009) is a bottom-up model of the U.S. energy system 
that is maintained by the U.S. Energy Information Administration. 
NEMS-AEO2019 comprises 16 sub-modules, each with its own techno
logical features as well as regional disaggregation that is based on data 
availability and practicality for policy analysis. NEMS-AEO2019 yields 
projections in yearly time steps up to 2050. NEMS-AEO2019 is the 
version of NEMS used to produce the “Annual Energy Outlook 2019”. 
Compared to previous versions, it includes up-to-date data on taxes, 
vehicle stock, and updated assumptions for residential and commercial 
end-use technology, state-specific RPS and the solar Investment Tax 
Credit. 

GENeSYS-MOD (Loffler et al., 2017) is based on the OSeMOSYS 
model (Open-Source Energy Modeling System) and extends the previous 
framework in many ways, namely by including a detailed power system, 
increasing the number of time segments, adding storage technologies, 
and improving the representation of trade. GENeSYS-MOD is a linear 
program that minimizes the sum of all the cost components of the energy 
system subject to constraints that simulate the workings of the energy 
system. The version used in this study divides Mexico into nine regions 
and includes all main generation technologies, namely utility PV, 
onshore and offshore wind, geothermal, coal-fired thermal plants and 
CHP, gas-fired thermal plants and CHP, and oil-fired thermal plants and 
CHP. Energy demand is disaggregated into demand from the electricity, 
the transportation, and the industrial heating sectors. 

The four models that provide estimates of changes in natural gas 
consumption have different regional and temporal disaggregation. 
ReEDS2.0 models the electricity markets of the U.S., Canada, and 
Mexico in detail; NATEM models the energy system of Canada; NEMS- 
AEO2019 the energy system of the U.S.; and GENeSYS-MOD that of 
Mexico. Inputs for Scenario 1, which assumes coordination at the in
ternational level, were retrieved only from ReEDS2.0 since it includes all 
three North American countries. All models other than ReEDS2.0 pro
vide percentage changes in country-level total yearly natural gas con
sumption for the country-specific Scenarios 2 and 3. The country-level 
percentage change is then applied to every NANGAM region included in 
each country. ReEDS2.0 has a more granular representation of North 
America than NANGAM. For that, ReEDS2.0 yearly output is aggregated 
to provide percentage changes in natural gas consumption by the elec
tricity sector for every NANGAM region. The change in total natural gas 
consumption given ReEDS2.0 inputs is derived by the contribution of 
consumption from the electricity sector in total consumption of natural 
gas of a region. The derived region-specific change in total natural gas 
demand is then input into NANGAM for all time periods modeled in 
NANGAM (2015–2050). Table 1 provides an overview of each model’s 
geographical scope and the scenarios each simulates. 

The coupling method is a two-step process, as shown in Fig. 1. In the 
first step, all models with the exception of NANGAM project natural gas 
demand. Percentage changes in total natural gas consumption derived 
by the data provided by each model in each scenario are detailed in 
Appendix A. The results of each model are compared with respect to 
their own Reference scenario to compute percentage changes in natural 
gas consumption in each scenario. Subsequently, we decrease the linear 
term of the inverse demand curve of regional consumption of NANGAM 
(parameter intDyhnd (Feijoo et al., 2016)) by the amount provided from 

Table 1 
Models and scenarios overview.  

Model Name Abbr. Sectors Countries Regions Scenarios Supporting Organization(s) 

North American Natural Gas Model NANGAM Natural Gas U.S., Canada, Mexico 17 S1, S2, S3 Johns Hopkins University 
Regional Energy Deployment System ReEDS2.0 Electricity U.S., Canada, Mexico 73 S1, S2, S3 National Renewable Energy Laboratory 
North American TIMES Energy Model NATEM Electricity Canada 13 S2, S3 ESMIA Consultants Inc. 
National Energy Modeling System NEMS-AEO2019 Electricity, End-Use U.S. 22 S2, S3 U.S. Energy Information Administration 
Global Energy System Model GENeSYS-MOD Electricity Mexico 9 S2, S3 DIW Berlin  

Fig. 1. Description of linkage between NANGAM and all other models.  

C. Avraam et al.                                                                                                                                                                                                                                



“ ’

” “

– ” 







’



–







Energy Policy 148 (2021) 111855

12

We find that natural gas infrastructure development is sensitive to 
model-specific projections of natural gas consumption. Most notably, in 
Scenarios 2 and 3, the U.S. is projected to become a net exporter to 
Canada when coupling NANGAM to ReEDS2.0 or NEMS-AEO2019. 
Moreover, natural gas infrastructure development is also sensitive to 
renewable policy coordination assumptions. U.S. production infra
structure adjusts heterogeneously, depending on the region. Major 
producing regions in Canada and Mexico adjust their production infra
structure usage rate instead. In most cases we do not observe significant 
changes in production and cross-border trade when we switch from a 
country-level to a regional-level RPS coordination scheme. However, 
this is not true when we use inputs from ReEDS2.0; we observe that 
greater regional participation in a RPS coordination scheme mitigates 
the impact on natural gas production, trade, and prices. 

We find that no country’s natural gas production is higher inter- 
temporally when RPS policies are introduced. On the other hand, 
lower production with respect to Reference implies that not all regional 
cost-efficient natural gas resources are exploited. Among all scenarios, 
U.S. production infrastructure investment, as well as Canadian and 
Mexican production infrastructure usage rate, decrease the least in 
Scenario 1. In the case of cross-border natural gas trade between Canada 
and the U.S. in Scenario 3, the decrease in natural gas demand in the U.S. 
is higher than that of Canada. This creates a surplus of competitive 
available natural gas production in the U.S. that can be exported to 
Canada. More generally, when the natural gas markets of the three 
countries are fully integrated but their RPS policies are not coordinated, 
there is a tradeoff between lower regional demand for natural gas due to 
RPS but potentially higher trade due to availability of low-cost natural 
gas production in neighboring regions. Investment in inter-country 
pipeline infrastructure remains unchanged and pipeline operators 
choose to respond to the shock by operating at a lower capacity usage 
rate. 

We also find that lack of coordination of RPS schemes results in 
higher discrepancies in U.S. natural gas prices as compared to Reference. 
Consumption of natural gas decreases the most when RECs can-not be 
traded outside a region in contrast to scenarios where RECs can be 
traded at the country or at the international level. Decrease in short-term 
consumption results in a decrease of natural gas prices. However, a 
decrease in natural gas prices renders natural gas competitive for a 
longer period of time compared to other power generation technologies 
and thus increases consumption in the long-term. We propose that 
further research be conducted to understand how RPS coordination af
fects consumption of natural gas by studying the natural gas and elec
tricity sectors in a single framework. 

Our analysis at this point is limited by the one-way link between the 
electricity and natural gas models. RPS reduce the price of natural gas 
which would increase investment in natural gas-fired plants and miti
gate the impact of RPS on natural gas consumption, if a representative 
feedback from the natural gas model back to the electricity models 
existed. For that, our analysis of the natural gas sector is a bounding 
scenario, as we don’t consider feedback from natural gas markets into 
the electricity sector. Nevertheless, the results reveal the tradeoff be
tween lower consumption but greater U.S.-Canada cross-border trade of 
natural gas as a result of more stringent RPS targets. 

Moreover, in our analysis we treat LNG trade as exogenous. U.S. LNG 
exports are growing rapidly, with 9.64 BCF/d extra liquefaction capacity 
being installed by 2020. In addition, net LNG exports are expected to 
amount to 5.02 BCF/d by 2050 per the 2019 Annual Energy Outlook 
(EIA, 2019a). Therefore, the treatment of LNG as exogenous implies that 
natural gas producers are deprived of the option to sell in the interna
tional market when North American demand decreases. The fact that 
producers would have the option to export natural gas outside North 
America does imply in a straightforward manner that LNG exports 
would increase, as this is a market outcome. Therefore, proper treatment 
of LNG trade requires modeling of the global market (Moryadee et al., 
2014), which is out of the scope of this paper that focuses on North 

American production and pipeline infrastructure. Since our modeling 
assumption constraints the available options of North American pro
ducers, the results on production and production capacity can be viewed 
as a worst-case scenario at the national level. Future research needs to 
study the sensitivity of the regional results to assumptions regarding 
LNG infrastructure. 

Finally, RPS also contribute in the decrease of CO2 emissions both in 
the electricity and in the natural gas sector. Therefore, there exists a 
tradeoff between the cost of RPS that is incurred by different agents in 
the electricity and natural gas sectors and the social benefit of emissions 
reduction. As the focus of this study has been on infrastructure devel
opment, future research can address how the changes in lifecycle 
emissions for the different RPS coordination schemes impact welfare. 

Our results establish the impact of RPS on natural gas markets and 
natural gas infrastructure. We emphasize the importance of coordi
nating RPS policies for North American natural gas production. We 
study three scenarios that assume different levels of coordination of RPS 
among the U.S., Canada, Mexico, and their regions. By coupling models 
with detailed representation of the electricity sector with NANGAM we 
are able to identify the tradeoff between regional natural gas production 
and trade. By receiving inputs from four different models we are able to 
test our findings against different assumption on the electricity sector. 
We conclude that fine-tuning stringent RPS policies in the electricity 
sector can prove critical for the timeline of retirement of natural gas 
infrastructure. 
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