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In the Paris Agreement, many nations set ambitious global goals to stabilize and reduce carbon emissions to
mitigate climate change. A large share of these emissions is caused by electricity production. Scientists have been
debating the viability of using natural gas as a transition fuel while renewable energies mature technologically
and economically. Although natural gas might help the energy transition by reducing emissions compared to
coal, there are other long-term implications of investing in natural gas which can work against reaching climate
goals. One concern is that investments in natural gas might crowd out investments in renewable alternatives.
This research reviews the literature on the role of natural gas in reducing carbon emissions to mitigate climate
change and to bridge between coal and renewable technologies. We advance the debate by laying out how
various positive and negative effects of natural gas interrelate. Our research warns that natural gas’ negative
delayed and global effects can easily outweigh the positive immediate and local effects unless precautions are
taken.
Existing studies agree that natural gas helps avoid greenhouse gas emissions in the short term, while unin
tended long term effects might also hinder the transition into renewables. Our review helps to inform the policymaking process by reviewing the systemic effects of using natural gas as a transition fuel and suggests policy
actions to avoid the negative long term consequences.

1. Introduction
Natural gas, due to having approximately half the CO2 polluting ef
fects vis-à-vis other fossil fuels [1,2], has been considered as a transition
fuel before renewable energy’s technological viability can surpass its
challenges to produce secure and sustained energy [1]. Transition fuel in
this context means: a substitute low-carbon fuel (natural gas) for higher
content fossil fuels (coal and oil) to reduce CO2 emissions in the near
future [3]. Natural gas’ role of bridging between more polluting fossil
fuels and zero-carbon technologies is considered only as a temporary
role because natural gas still emits CO2 emissions [2,4]. The un
certainties and complexity of the issue divide stakeholders (policy-
makers, scientific community, NGOs, and public) into conflicting
factions. One view argues that natural gas can help with the current
challenges of renewables [1,5,6]. However, others oppose this view by
warning that natural gas might create a continued dependency on fossil
fuels [7–9]. On one hand, natural gas can synergize with renewable
technologies to balance intermittent electricity outputs [6,10,11] and
provide uninterrupted energy even during peak hours [7,10,12] with

their flexible on-off cycles [6,7,13]. On the other hand, investing in
natural gas infrastructure might delay the transition to zero-carbon
technologies and hinder the emission mitigation efforts in the
long-term [9,12,14].
The recent IPCC report and Paris Agreement [15,16] stress the
importance of implementing appropriate climate policies promptly. To
design appropriate policies, more knowledge is needed on the global and
long-term effects of using natural gas as a transition fuel. The objective of
our study is to provide such knowledge through analyzing existing
studies on the potential of natural gas as a transition fuel. We derive
conclusions by looking for commonalities and differences between the
reviewed papers and advance the debate by laying out how various
positive and negative effects of natural gas interrelate. The research
question is: what are the effects of using natural gas as a transition fuel in
terms of helping or hindering the energy transition? Our research sug
gests that natural gas’ negative delayed and global effects can outweigh
the positive immediate and local effects, unless appropriate policy
measures are taken.
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scale of the goals. Nations differ in the extent that they have access to
technology and resources which affects the pace of each nation’s tran
sition. However, the extent to which the Paris goals are met depends on
global emissions. Therefore, it is worthwhile to investigate the global
effects of investments in natural gas as a transition fuel instead of
considering only the local effects. Investments that seem rational on a
local level can have unexpected and undesired global outcomes.
Another challenge for emission mitigation is that the effects of
climate change present themselves in the long-term. There is a substan
tial delay between emissions and their impact on the global climate
because emissions accumulate progressively over time. Even if every
coal and oil plant was shut down today, CO2 in the atmosphere would
not dissolve immediately but would do so with a time delay [23].
Similarly, the goal of a climate-neutral economy has a long-term hori
zon. The current infrastructure is based on fossil fuels and the pace of
transitioning away from fossil fuels substantially impacts the associated
costs of writing off existing infrastructure. Because of the long-time
horizon of the climate change and energy transition, it is worthwhile
to analyze the impact of investments in natural gas on the long-term.

2.1. The energy transition
In the context of this paper, we refer to energy transition as the
transition towards environmentally and economically sustainable en
ergy technologies which help the world to mitigate climate change. The
Paris Agreement set out a long-term vision to create a climate-neutral
economy by 2050 [16]. The nations in the Paris Agreement would like
to lead the way to climate-neutrality by synergizing policies for industry,
finance, and research, funding feasible and achievable technology op
tions, and empowering communities [16]. Although the nations of the
world had also set ambitious global goals during the Kyoto Protocol
[17], CO2 emissions have continued to increase as shown in Fig. 1 [18,
19]. In May 2019, CO2 emissions have reached a critical level of 414
ppm, a mere sprint away from the global goal of staying under 450 ppm
[19,20]. More than 40% of the CO2 emissons is caused by the electricity
and heat sector as shown in Fig. 2 [21,22].
One possible reason for the continued emissions resides in the global

Fig. 1. Current trend in the CO2 concentration has not changed after the Kyoto protocol in 1997 [19].
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Fig. 2. Tons of greenhouse gas emissions by sectors [22].

2.2. A systems approach
Climate change, being a global and long-term problem [24], is a
suitable object to be studied using a systems approach, a scientific
tradition that puts exactly these characteristics central stage [24–26].
An important characteristic of the systems approach, compared to ap
proaches that pay more attention to local and immediate effects, is that
circular-causality is considered. Systems approaches focus on how
interconnected elements affect each other and through these other ele
ments themselves again over time [24–26], aspects that typically are
beyond the scope of other approaches. We define a system as inter
connected elements which are organized in a certain way [24]. Systems
approaches focus on the interdependence of elements [26], and the
many two-way interdependencies in systems lead to feedback effects.
We will illustrate the two different types of feedback effects with
examples. Fig. 3 shows a reinforcing feedback effect. Natural gas power
plants need various infrastructure investments which consist of

pipelines, fuel processing facilities, and storage. When the pipeline
infrastructure exists, several gas plants can benefit from it. If pipelines
are not present, natural gas has to be processed into transportable forms
such as LNG. Installing pipelines reduces the transportation costs for
future natural gas plant investments. In turn, gas plants become more
attractive to invest in. Moreover, installing natural gas plants would
make it more attractive to invest in natural gas infrastructure for
reducing costs. In this type of feedback, the elements are reinforcing
each other because an initial increase in one of the variables leads to a
further increase of that same variable through the other variables. The
opposite also holds: an initial decrease of one of the variables leads to a
further decrease of that same variable through the other variables.
Fig. 4 shows a balancing feedback effect. In this type of feedback, the
elements in the feedback loop affect each other until a goal is reached.
An initial increase of a variable leads to a decrease of that same variable,
through the other variables. This effect continues until the system is in
equilibrium. To illustrate, the relationship between the energy gap and

Fig. 3. Reinforcing Feedback Example – The relation between pipeline infra
structure and installed natural gas capacity.

Fig. 4. Balancing Feedback Example – The relation between the energy gap and
installed power plant capacity.
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power plants can be considered. An energy gap occurs when the energy
demand cannot be met with current capacities. To provide uninter
rupted energy, new investments are required. Installing power plants
will satisfy the energy gap. In this type of feedback, the elements cease to
change their levels when the goal is reached. These feedbacks are called
balancing feedbacks since they have a stabilizing effect on the system.
Feedbacks can form resilient structures, bring unexpected outcomes,
and become insensitive to policies [27]. Overlooking the in
terdependencies in policies can create more problems than solutions
[28]. The systems approaches complement other approaches by study
ing interdependencies, allowing synthesizing insights that have been
gained through more disciplinary approaches. System Dynamics (SD) is
one of the systems approaches that is characterized by utilizing
modeling techniques [24,25]. SD has been applied to the electricity
generation and energy transition [27,29,30]. SD models can conjoin
various theories and views on a debate and provide a tool to discuss their
dynamics [31,32]. Thus, this research aims to complement existing
studies on the natural gas debate by applying SD modeling.

[6,12,34,35] mentioning these various challenges). Another challenge is
the renewables’ high costs. Natural gas stands out as a transition fuel
because of its economic viability compared to emerging renewable
technologies and less polluting effects compared to other fossil fuels (see
studies [5,6,33,34] mentioning advantages of natural gas). Overall,
natural gas can directly affect the energy transition positively by helping
renewables by providing uninterrupted energy and reducing emissions
by replacing coal [6,34].
Fig. 5 shows the electricity production by fuel source. In 2014, 41.1%
of the global electricity was produced by coal, 21.92% was produced by
natural gas, and only 6.1% was produced by renewables (exluding hy
dropower) [36]. If natural gas can redirect investments from coal, it
would have a significant growth potential. While natural gas is replacing
coal, this transition would reduce the annual emissions. Sequentially,
zero-carbon
technologies
can
replace
natural
gas
until
climate-neutrality is achieved.
However, investing in natural gas is controversial because of its
environmental uncertainties and potential future repercussions. One of
the notable indirect effects of natural gas is the crowd-out effect
mentioned by several authors [7,9,12,14,33,37–40]. Crowd-out hap
pens when a bridging technology (natural gas) siphons investments from
an emerging technology (renewables). Through crowd-out, investments
in natural gas may lead to continued investments in other fossil fuels,
because of the accompanying reinforcement of the fossil fuel infra
structure, and diminish investments in renewables [9,38]. Direct envi
ronmental benefits of gas can be nullified if it indirectly leads to a
prolonging of the fossil fuel infrastructure. The role of natural gas as a
transition fuel can fail if gas supports other fossil fuels instead of
replacing them. To advance the debate on natural gas as a transition
fuel, therefore, we investigate its systemic effects on the energy transi
tion. We contribute to the literature by discussing the interrelated in
direct effects of natural gas.

2.3. Direct and indirect effects of natural gas as a transition fuel
In the context of this study, we classify local, immediate, short-term1,
and linear effects as direct effects. We classify global, delayed, longterm2, nonlinear, and feedback effects as indirect effects. To elaborate on
the differences between direct and indirect effects, we summarize the
advantages and drawbacks of using natural gas in the energy transition.
Natural gas can assist renewable technologies and replace more
polluting fossil fuels. Renewable wind and solar technologies provide
intermittent energy [10,11,33]. These renewable technologies are
dependent on the renewable resource availability that nature provides.
For example, solar panels can only generate electricity when exposed to
an adequate amount of solar rays. A solution to this problem might be
found in storing energy (via sustainable energy carriers) and electricity
grid innovations. However, these solutions are currently not always
commercially, technologically, or environmentally viable (see studies

Fig. 5. Electricity production share by fuel source in 2014 [36].
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3. Methodology

Table 1
Table of literature comparison and categorization.

Our study investigates indirect effects of using natural gas as a
transition fuel. To this end, we carry out a systematic literature review.
We used secondary data from papers, books, and reports from academic
and industrial sources. For the data analysis, we first utilized open and
axial codes in the selected literature to expose the debate in detail and
discover causal relations regarding the effects of gas. Then, qualitative
stock and flow diagrams (SFD) [25] were built using the coded material.
In the following subsections, we discuss these various steps in more
detail.

Themes

Positive
direct effects

Positive
indirect
effects

Negative
indirect
effects

Uncertain
indirect
effects

[2,6,7,10,12,
14,53–60]
[2,6,7,10,13,
14,33,53–55,
58,60,61]
[1,10,12–14,
40,55,58,62,
63]

–

–

–

–

–

–

–

–

–

–

[6,40,57,
63–65]

[7,8,13,14,
33,53,
65–67]

Carbon lock-in

–

–

Energy rebound
Environmental
impact
CO2 emissions

–

–

[7,9,12,14,
33,37,39,40,
54–56,65,
66]
[7,9,11,12,
57]
[13,67,68]

[1,5–7,10,12,
13,33,40,
54–57,59,61,
64,66,68,69]
[1,6,33,57]

[70]

[1,12,39,54,
57,66,68,71]

[7,13,33,54,
57,66,67]

[72]

[1,33,57,59,
62,67,72]

[1,5,6,12–14,
33,40,54,
56–62,
64–67]
[1]

[6,64,67]

[1,12,13,40,
54,57,59,62,
67,68,
71–73]
[12,13,37,
71]

–

[1,12,13,33,
39,40,59,67]

[1,40]

[1,6,10,33,
55–57]
[1,5,6,10,13,
33,54,56,57,
59,61,62,66]

–

[6,7,11,12,
33,56,57]
[12,13,52]

[7]

Energy reliability
Intermittency
Flexibility
Peak demand

3.1. Open and axial coding to build models

Sociotechnical
Effects
Crowd-out Effect

Debates can be clarified by comparing conflicting views about the
problem and its solution [41]. This type of comparative thinking
approach can help us verify the validity of current hypotheses and reveal
new insights about the debate [41]. Thus, we carried out a systematic
literature review on the debate of natural gas as a transition fuel. Coded
and structured secondary data can form an empirical foundation to build
theoretical models where ongoing scientific theories and views can be
explored with clarity [42]. A disciplined qualitative description of a
system can identify systemic forces such as feedback loops and delays to
generate insights and explain a complex narrative in a single diagram
that normally requires many pages [43]. Thus, we aimed to build
qualitative theoretical models from coding to reveal new implications by
synthesizing different views [31,42].
Coding practices for building models have a four-step approach [44].
The first two steps contain a mixture of open and axial coding to
structure the data and debate [44–47]. In the first step [44–47], we used
open codes with an inductive approach to identify relevant and recur
ring themes in the debate. Then, we utilized axial codes to categorize
these views into a hierarchical coding tree [44]3. By reiterating through
axial codes, we structured and formatted revealed patterns in data to
corroborate the opposing views in the debate [48]. As a result, the
coding tree captured various effects of gas into subgroups according to
the documents’ interests and claims. From the coding tree, Table 1 was
built showing natural gas’ direct and indirect effects as well as the
positive/uncertain/negative nature of the effect. The last two steps are
identifying the causal relationships and representing the model [44]. These
two steps are completed in the results section through the presentation
of SD models [44].

Other emissions

Replacing coal

Other
environmental
effects
Energy costs
Transition costs
Electricity
generation costs

[33]

[9,11,12,
38]
[67]

[7,37,54,62,
66]

[40,59]

the variables in the system which accumulate or deplete over time and
thus have a certain level (or state) at a given time. Flows are the rates
that alter the stocks [25].
In the scope of this research, natural gas plant capacity is a stock.
Investments in natural gas is an example of an inflow and depreciation of
natural gas is an example of an outflow. When an investment decision is
made, it typically takes two to three years to build a natural gas plant
[51] and a gas plant’s economic lifetime is approximately 30 years [52].
Therefore, changes in stocks are not instantaneous but rather they
happen over time through connected flows as shown in Fig. 6. Dis
tinguishing stocks and flows provides a better operational representa
tion of the system [25]. SFDs also provide a starting point for
quantification in future research [50]. For these reasons, we have chosen
to use SFDs.

3.2. Stock and flow diagrams
System Dynamics diagrams can represent how different variables of
a system are interconnected in feedback structures [49]. They denote the
connection between elements that are responsible for system behavior
[50]. The causal links connect the variables in SD diagrams. The nature
of the links is explained by different annotations on causal arrows [50].
A þ sign on an arrow means that the connected variables change in the
same direction. Whereas a - sign means that the connected variables
change in the opposite direction. The delay sign, II, means that the
causal effect does not happen instantaneously but with a time delay.
Feedback loops are formed through closed chains of causal relations.
Reinforcing feedback loops are presented with an R letter and balancing
feedback loops are presented with a B letter.
System Dynamics has two main types of diagramming approaches:
Causal Loop Diagrams (CLD) and Stock and Flow Diagrams (SFD).
Figs. 3 and 4 are CLD representations of various feedback loops. CLDs
are appropriate when the aim is understanding and visualizing the
feedback structure of a system. CLDs can help us model complex systems
in an accessible way [50]. However, CLDs become ambiguous when
aggregating certain variables and structures for the sake of simplicity
[50]. SFDs can overcome CLDs’ ambiguity because they differentiate
between stocks and flows. Stocks are state variables [25]. They represent

3.3. Systematic literature review
We built our models using secondary data: documents consisting of
academic or expert books, reports, and papers. We used Scopus, Web of
Science, ScienceDirect, and Google Scholar databases to access the
documents. Searching “Natural gas”, “clean energy” and “transition
fuel” as keywords returned 585 results. In this research, solar and wind
energy technologies have been chosen as renewable energy technologies
and coal has been chosen as the competing fossil fuel. Appendix A
contains more information on selection and filtering. Fig. 7 shows a
5
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Fig. 6. SFD example.

Fig. 7. Filtering steps used in the literature.

summary of the filtering steps.

technologies with their challenges through various mechanisms. The
reviewed studies converge on the idea that natural gas can help with the
energy transition with its positive direct effects. However, Table 1 also
shows that the issue becomes complicated when indirect effects are
considered. The studies diverge on the indirect effects of natural gas,
with some mentioning positive, and many mentioning negative and
uncertain effects under three main themes: sociotechnical effects,
environmental impacts, and energy costs. Below we discuss each of these
themes in more detail, which will form the foundation to then discuss
the various factors that will determine the occurrence of positive and
negative effects. Finally, we will utilize qualitative SFD models to create
a comprehensive view of the indirect effects of gas as a transition fuel.

4. Results
Table 1 presents the classification of mechanisms that resulted from
our review of the literature on natural gas as a transition fuel. We looked
for commonalities and differences across studies in reiterations that in
the end converged in five themes that recurred in the literature. These
four main themes are: Energy Reliability, Sociotechnical effects, Energy
Costs, and Environmental Impact3. There are twelve sub-themes as
shown in Table 1 and coding tree in Appendix B. In Table 1, we show
that many authors mention the positive direct effects of natural gas for
the energy transition. Natural gas can immediately help renewable
6
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4.1. Energy reliability

for investment. An incumbent technology can dominate the market and
prevent alternative technologies to emerge [9]. This theme investigates
whether the natural gas siphons investments from renewables systemi
cally as mentioned by several authors [7–9,33,38] or supports renew
ables as mentioned by others [40,57,63–65]. The responsibility of
natural gas as a transition fuel is well-defined in the literature: synergize
with renewable technologies until they become a viable option to pro
vide affordable and reliable energy [33,63]. This synergy between gas
and renewables can smooth-out the transition’s burden on the society
and energy configuration. However, crowd-out can also occur as a result
of both technological evolutions and social mechanisms (adoption of
users, inertia of institutional design, etc.) of natural gas. If natural gas
constantly redirects resources because of its increasing sociotechnical
power, then it might crowd-out renewables and reinforce a lock-in to
fossil technologies.
Carbon lock-in constitutes the dependency on fossil fuel technology
pathways as a result of the crowd-out effect. Existing infrastructures
dependent on fossil fuels can hinder advances in emerging renewable
technologies [9,38] and this results in the continuity of fossil fuel in
frastructures and technologies despite the environmental consequences
[9]. Carbon lock-in can create a barrier for renewables and prolong the
transition into new designs which can settle the existing environmental
disputes [9]. Therefore, energy systems might be locked in on a fossil
fuel path if the crowd-out effect is prolonged.
Table 1 shows that some authors [40,57,63–65] mention positive
indirect crowd-out effects. Some [9,57,64] argue that natural gas will
help renewable technologies with positive direct effects and renewable
technologies will ultimately become economically and technologically
viable. Channel et al. [40] discuss that renewables and natural gas are
not in direct competition since natural gas can be used for other pur
poses (fuel alternatives for heating and transportation). Parkinson [63]
mentions that natural gas will be used as a leverage to fill in the gaps of
renewable technologies and will soon be priced out of the conventional
market. Then, emerging renewable technologies will become incumbent
as long as natural gas is used as a leverage to enable renewables. Most of
these arguments rely on technological learning [75]. Technological
learning refers to the decrease in a technology’s unit costs as the expe
rience in the manufacturing process increases [75]. As the experience on
a technology increases with time, unit costs for that technology drops.
Fig. 8 shows how directed investments towards renewables can activate
the learning effect feedback (R1) and decrease their costs so that re
newables become more attractive6.
Yet, some authors [7,9,12,14,33,38–40] argue that natural gas
would divert investments from renewable technologies by causing a
crowd-out effect and eventually result in a carbon lock-in unless specific
policies are present. The learning feedback applies to any type of tech
nology. If natural gas is chosen for its affordability and ample supplies,
this would make natural gas even more economically viable and tech
nologically mature in the future. The physical and informational net
works of natural gas and other fossil fuels can become more valuable as
the users grow in size [9]. This value is multiplied as many sub-systems
of natural gas evolve with fossil fuels’ primary network [9]. Every time
renewables are not chosen, their relative position against natural gas
and other fossil fuels declines because they would be lacking the
required network and infrastructure to expand their reach [9]. To
conclude, every energy source competes with each other to satisfy en
ergy demand. If one technology becomes attractive, its advantage can be
reinforced through the learning feedback. Fig. 9 shows an SFD repre
sentation of the competition to satisfy the energy gap.
The success of attaining clean energy systems depends on how well
policy efforts are handled (see studies [2,6,7,13,64] mentioning the
policy necessity). Baron et al. [7] explain several policies to enable
renewable technologies. Reforming energy subsidizations is the first
discussed policy. Renewables can be subsidized to increase their
viability. Renewable subsidies are intended to increase the shares of
renewables in the fuel mix. Although these subsidies would increase

Many studies mention natural gas’ potential role in the provision of
secure and reliable energy. We distinguished three sub-categories under
the energy reliability theme: intermittency, flexibility, and peak de
mand. Intermittency refers to renewables’ characteristic of providing
variable energy outputs. Wind and solar power produce energy when
there is resource availability4. Generated but unused renewable energy
cannot be utilized unless they are stored or transported. Furthermore,
abrupt fluctuations in resource availability directly affect electricity
generation output throughout the day. This makes it even harder to
anticipate the electricity generation potential, to ensure the grids’ sta
bility, and thus to satisfy electricity demand reliably. Natural gas plants,
however, can be leveled to an energy demand if needed. Thermal plants
can reduce their electricity generation levels to secure the grids’ stability
when energy demand drops. Hence, natural gas plants can accompany
renewable plants to balance the intermittent electricity generation (see
studies [2,6,7,10,11] mentioning natural gas’ help with intermittency).
Flexibility refers to the ability of swiftly increasing and decreasing
energy production at will. As discussed, renewable energy plants’ total
electricity generation capacity is limited to the availability of renewable
resources. When the energy demand exceeds resource availability,
renewable plants cannot provide electricity even if the plant capacity is
more than sufficient. To prevent blackouts and brownouts, the resulting
energy gaps have to be satisfied. Natural gas can assist renewable plants
in compensating such energy gaps because of its flexibility. Natural gas
plants have short on-off cycles and thus compensate renewables’ fluc
tuating differences between electricity supply and demand. If renewable
power plants cannot satisfy the energy demand, gas plants can be
switched on to secure continuous energy. If renewable energy plants can
satisfy the energy demand, then gas plants can be turned off easily to
minimize resulting emissions from burning gas (see studies [6,7,10,13]
mentioning natural gas’ flexibility).
Peak demand refers to the ability of providing sufficient energy even
when energy consumption fluctuates at higher levels during specific
time periods of the day. For example, energy demand would be higher
during hot summer noons due to an increased air conditioning and
refrigeration load, or in a cold winter night due to an increased heating
load. Uncertainties in peak demands force the investors to overbuild
capacity [74]. Renewable technologies need to be compensated by
higher levels of overcapacities due to their dependence on resource
availability. These overbuilt capacities lay dormant when there is no
peak demand [74]. Providing continuous energy to the grid becomes
harder when trying to satisfy the uncertain peak demands with uncer
tain renewable resource availability. In this endeavor, natural gas can
help relatively inflexible renewable technologies to provide secure and
reliable energy. To reduce the level of overcapacity in the electricity
supply, natural gas “peaking” plants can complement renewable plants
(see studies [10,14,40,63] mentioning natural gas’ peaking potential).
At this moment, natural gas is one5 of the viable options to address
renewable energies’ intermittency by providing secure and reliable en
ergy even at peak demands with their flexible on-off cycles. Table 1
shows that authors only mentioned direct positive effects for this theme.
Renewable technologies require help from other technologies to provide
reliable energy. According to our review, natural gas can assist in all of
the sub-categories. There were no negative or uncertain effects
mentioned in the literature for this theme.
4.2. Sociotechnical effects
This theme investigates the effects caused by the dynamics between
gas’ social and technical components. There are three sub-themes under
this theme: crowd-out effect, carbon lock-in, and energy rebound.
Crowd-out can be defined as a constant redirection of investments from a
desired technology due to the attractiveness of another technology.
Crowd-out occurs when different types of energy technologies compete
7
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Fig. 8. SFD representation for the learning effect feedback.

Fig. 9. SFD representation of the energy source competition to satisfy energy demand.

energy expenditure at first, the learning effect should reduce the ne
cessity of subsidies in time [7]. Conversely, fossil fuel subsidizations still
continue globally [7]. Another policy is putting a price on carbon ex
ternalities7. Carbon-prices would affect the coal industry substantially
due to its high emission-coefficient and motivate investors to switch to
gas [6,64]. At the same time, carbon-prices would make natural gas less
attractive compared to renewables. Moreover, acquired funds from
subsidies and carbon-prices can be redirected to enhance learning in
zero-carbon technologies [7]. As a result, the carbon-pricing policies are
expected to create an incentive towards reducing emissions and
switching to zero-carbon technologies [7]. The SFD in Fig. 10 shows how
policy efforts can help the transition into renewables.
While carbon policy mechanisms are debated globally, natural gas
has been becoming more attractive. Gas prices have been getting
competitive compared to other fuels due to the recent emergence of
hydraulic fracturing technologies and shale gas. Competitive gas prices

have been decreasing the relative attractiveness of investing in renew
able technologies and persuading more investors to divert their focus
from renewables (see studies [7,12,13] discussing the gas price and
crowd-out mechanism). For example, wind energy technology pro
ducers have been reporting substantial losses due to the competitive
natural gas prices caused by hydraulic fracturing production rates in the
USA [12,73]. The investment competition is not only between natural
gas and other fossil fuels. Rather it is between natural gas and all energy
sources, not only renewables but also fossil fuels and nuclear [12,33].
The urgent demand for energy supply reduces our sensitivity to the fuel
choice despite the environmental externalities (see studies [7,11–13]
mentioning the insensitivity for fuel choice). Hence, growing energy
demand does not discriminate fuels for the sake of continued economic
growth [12]. Therefore, some authors [7,12,13] question which tech
nologies natural gas investments replace in reality. Natural gas’ direct
positive effects and speed of development might lead to a default
8
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Fig. 10. SFD representation of how directed policy efforts can enable renewables.

Fig. 11. A animated graph which portray the strong trend between energy use per capita and GDP per capita [80].
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position of relying mainly on fossil fuels [12]. In parallel, the share of
renewables has remained unchanged since the 1990s because additional
fossil fuel capacities have also been added to the energy mix [7]. Hence,
without policies that enable renewables, it is hard to assume that every
gas investment is done “at the expense of other fossil fuels” [13].
Energy Rebound refers to the interlinkage between energy costs,
global production, and global energy demand [13]. When energy costs
increase, higher energy spending is expected throughout the world [13].
Contrarily, a decrease in energy costs does not necessarily reduce energy
spending linearly. When the energy costs drop (i.e. affordable natural
gas), this motivates an increase in global production [13]. Global gross
domestic product (GDP) increases when more is produced with the same
costs. An increase in global GDP would result in additional funds which
would lead to an increase in production facilities. Therefore, an increase
in global GDP will ultimately have an increasing effect on the global
energy demand. As a result, even if the energy costs decrease signifi
cantly, only a percentage of that decrease returns back as an economic or
resource saving. The complementary percentage is exerted as a means to
increase global production and consumption. This effect is called energy
rebound [76,77] and it can emerge by any affordable energy technology
including natural gas.
Scientists tends to differ in their views about energy rebound. Ac
cording to different authors, rebound can backfire by leading into more
resource use [77] or offset the expected reductions in energy costs and
fuel consumption [76]. Overall, energy rebound is hard to calculate due
to high uncertainties, especially regarding macro-economic rebound
(which is the effect of global natural gas prices) [78,79]. Even though it

is hard to be sure about the magnitude of this dynamic relationship
between energy prices, global GDP, and energy demand, there is a strong
trend between energy use and a nation’s wealth and growth as shown in
Fig. 11 [80]. Furthermore, the causality between energy prices, global
GDP, and energy demand still persists. After reviewing 100 different
studies, Chontanawat et al. [81] discuss that the causality between en
ergy to GDP is found to be more prevalent in developed OECD countries
which are the countries responsible of a major share of the global
emissions. In 2017, the average CO2 emissions per capita in OECD
countries were 9.02 tonnes while the average for the world is 4.35
tonnes [82].
Due to the challenges of calculating the exact rebound percentage
[78,79], there may be two different outcomes of energy rebound. If
energy rebound leads to a backfire, then using affordable gas might lead
into increased resource use including fossil fuels [77]. If energy rebound
offsets the saving percentage [76,79], then using affordable gas or cheap
fuels cannot be a silver-bullet strategy to reduce the global energy costs.
Even if we are uncertain about the magnitude of rebound, when we add
the increasing trend of the global energy demand to the offsetting effect
of energy rebound, it is safe to argue that increases in energy demand
would reduce our sensitivity to the fuel choice and result in a crowd-out
effect by pitting natural gas against all other types of energy sources. In
his work, Baron [7] confirms this mechanism in action. Although the
renewable energy capacities have been increasing spectacularly, their
share in the electricity supply has remained unchanged since 1990
because a large amount of fossil fuels have also been added to the mix
[7]. Fig. 12 depicts the energy rebound feedback.

Fig. 12. SFD representation of how affordable natural gas can decrease the sensitivity to fuel choice due to increasing energy demand.
10
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4.3. Energy costs

would also increase. To illustrate, a 0.88% increase in renewable ca
pacities were associated with a 1% increase in the share of fast-reacting
fossil fuel technologies in the OECD countries [55]. Any cost increase on
the generation side would also affect consumer prices (see studies [1,5,6,
10,13,33] mentioning dynamics for consumer prices). In addition,
complementing natural gas plants would not only be used for helping
out renewables. If there exists a power plant and an energy need, these
natural gas capacities will be utilized even though they would result in
GHG emissions [12,13]. Overall, natural gas presents an opportunity to
provide affordable energy for consumers and profitability for investors
but only do so at the expense of increasing the relative costs of investing
in renewables.
Transition Costs refer to the total costs which are associated with the
transition into more sustainable energy systems. Natural gas is consid
ered as a transition fuel to bridge polluting fuels to zero-carbon tech
nologies. Natural gas plants would only be utilized until zero-carbon
technologies emerge since gas still results in GHG emissions. Hence,
natural gas investments present a short-term to medium-term solution
for the energy transition as argued by several authors [6,12,33,40,63].
When emission pressures increase, investments have to be reallocated
once more. Some authors [6,7,11,12,33] mention that these realloca
tions might make the whole energy transition more expensive depend
ing on the timing of the transition out of gas. Furthermore, investing in
soon-to-be-dropped technologies may delay the transition into
zero-carbon technologies which would also lead to environmental re
percussions [9,38]. Baron [7] argues that carbon-prices are not at the
levels that they should be and they are still not fully directed at
renewable technologies [7]. Even if they were directed at renewables,
this would negatively affect the fossil fuel industry’s electricity gener
ation costs and thus consumer prices. Overall, natural gas presents an

This theme investigates various costs in the energy transition. Two
sub-categories are used for this theme: electricity generation costs, and
transition costs. Electricity generation costs refers to the financial viability
of natural gas when generating electricity, including the cost of in
vestments, maintenance, operation, and fuel prices. Several authors [1,
10,33] argue that natural gas technologies are economically more viable
than current renewable technologies. Natural gas’ levelized cost of
electricity (LCOE) is better than those of renewable technologies [83,
84]. LCOE uses a life-time approach by dividing the average total cost to
build and operate a power plant by the average total energy output [83,
84]. Natural gas’ overnight costs also perform better [83,84]. The
overnight cost is an economic comparison method for investments that
focus on the average total cost of building a power plant [83,84].
Therefore, natural gas often presents a better opportunity for investors.
Due to renewables’ high costs, investing in them would also increase the
electricity price on the demand side (see studies [1,5,6,10,13,33]
mentioning renewables’ high costs). Hence, natural gas can also provide
affordable energy to consumers. In 2017, 13.2% of the world population
still did not have access to electricity [85]. Most developing countries
have been increasing the ratio of electricity accessibility rapidly [85].
Expanding the electricity grid to new areas needs vast investments,
especially to rural areas [85]. On one hand, natural gas can provide
affordable electricity to certain rural regions because of low fuel prices
and initial investment costs [14,62]. On the other hand, investing and
expanding natural gas infrastructure creates a barrier against future
investments in renewable technologies by increasing their relative costs
[9]. Ahmed, & Cameron [12] argue that if natural gas is used to
compensate intermittency, relative costs of renewable technologies

Fig. 13. SFD representation of how energy costs are affecting the energy rebound loop.
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affordable transition solution in the short term while increasing transi
tion costs into zero-carbon technologies in the medium-long term
depending on the timing of the transition. In contrast, an immediate
transition into renewables increases the electricity generation costs in
the short term.
Energy costs are added to the model. Fig. 13 shows how affordable
electricity generation costs of natural gas increases the energy demand
through the energy rebound feedback. Additionally, investing in natural
gas can increase the transition costs in the long-term, although natural
gas’ immediate electricity generation costs are lower than those of
renewables.

further down the road if complemented with policy measures. Aguilera
and Aguilera [64] mention that a carbon-tax would enable natural gas
investments by deteriorating coal’s relative position. Both authors [6,
64] argue that competitive natural gas prices would support a switch out
of fossil fuels and reduce emissions. In parallel, using gas has led to a
local emission reduction in the USA [2,13,33] and the Netherlands [1].
Furthermore, some authors [2,33] argue that an emission-reduction
might be expected if natural gas should ever become dominant in
Asia. Natural gas’ emission-reduction potential is shown in Fig. 15.
Attractive natural gas is forcing investors to transition out of more
expensive and polluting fossil fuels. As a result, a switch to natural gas
should reduce emissions caused by burning coal.
On the other hand, there are counter-arguments where affordable
gas prices did not result in an emission-reduction. Ahmed and Cameron
[12] refer to Tracking Clean Energy Progress report [86] which reveals
that the US shale gas advances had the opposite effect on Europe.
Although the USA reduced its emissions with ample supply of shale gas,
the competition in the fossil fuel market also incentivized US coal export
prices to drop significantly. The affordable coal has been exported to
Europe [7,37] and made it possible to keep the European coal plants
running. Fig. 16 shows this behavior called carbon leakage [54]. Carbon
leakage is a type of fossil spillover which stems from the reallocation of
industry [87]. IPCC identifies fossil spillover as a broad concept that is
used to discuss how emission-reduction policies are interrelated with
changes in the industry infrastructure and implementations of technol
ogy [87]. To illustrate, already extracted coal will be used in someplace
else in the world, if not used in the location where it was extracted. Arent
et al. [13] emphasize the global scale of the problem and discusses that
local abundant gas can have contrasting consequences for emissions in
different regions. Meaning, coal spills over to other continents if it
cannot compete with affordable gas in the local market.
The GHG emissions theme refers to the environmental viability of
natural gas in terms of its emissions. Natural gas results in GHG emis
sions during various processes in its life-cycle: extracting, producing,

4.4. Environmental impact
Environmental impact investigates the environmental effects of using
natural gas as a transition fuel. According to the IEA [21], the electricity
and heat generation sector is responsible for approximately 40% of
global CO2 emissions. Increasing emissions and the urgency of climate
change is gradually affecting the perceptions of different technologies.
Fig. 14 shows how GHG emissions can pressure the fossil fuel industry.
Global warming increases the attractiveness of natural gas compared to
coal, and attractiveness of renewables compared to all fossil fuels.
In this theme, we identified three sub-categories: replacing coal,
GHG emissions, and other environmental effects. Replacing coal refers to
the transition out of carbon-intensive coal power plants. Burning gas
emits less GHG emissions compared to other carbon-intensive fuels as
pointed out by several authors [1,2,5–7,10,33,64]. Hence, replacing
coal, the most carbon-intensive fuel, with gas would reduce emissions.
Thus, a shift from highly-polluting coal to less-polluting natural gas has
been considered an environmental-friendly step in the energy transition
(see studies [1,2,6,13,14,33,40,62,64] arguing how natural gas can
replace coal and reduce emissions). Concurrently, Colombo et al. [6]
mention that affordable gas prices and ample supplies would be an
incentive to replace coal and enable other zero-carbon technologies

Fig. 14. SFD representation of how increasing emissions are resulting in an urgency to mitigate climate change.
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Fig. 15. SFD representation of natural gas replacing coal and reducing direct emissions.

Fig. 16. SFD representation of how economic spillover of natural gas can result in carbon leakage.
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transporting, and burning. Natural gas consists primarily of methane
(CH4) including a small percentage of other gases which also cause
global warming including CO2, NOx, and SOx. There were only two
quotations on NOx and SOx emissions in the selected literature [6,33].
Both mentioned that natural gas emits less NOx and SOx emissions
compared to other fossil fuels when burned. CO2 and methane were the
primary focus in the reviewed literature.
CO2 dissolves much slower than it accumulates in the current energy
configuration. If CO2 passes the 450 ppm, this would reduce the world’s
chances of staying under global warming by 2 ◦ C scenario significantly
[23]. CO2 emissions from natural gas are mostly caused by burning gas8.
But, they also occur during other processes such as extraction, produc
tion, and transportation. Although recognized as inconsiderable
compared to burning fossil fuels [39], these other CO2 emissions are
harder to measure because the range of emissions varies for different
processing facilities and transportation methods [88]. Overall, CO2
emissions are one of the riskiest GHGs because CO2 has a significantly
long atmospheric life-cycle [23]. After 100 years, only 60% of CO2
emissions can be dissolved from the atmosphere. After 1000 years, 80%
of CO2 emissions can be dissolved from the atmosphere. 10% of CO2
emissions remain in the atmosphere even after 10,000 years [23].
However, methane emissions contribute to the global warming po
tential significantly more than CO2 [71]. Methane emissions stay in the
atmosphere for about a decade before converting into CO2 [23]. Because
of this conversion, methane emissions compound the challenge of CO2
mitigation. According to the IPCC’s fourth assessment report [4], the
20-year global warming potential of methane is 72 times larger than
CO2’s. Recent innovations in extracting shale gas provide the possibility
for the world to keep extracting and using natural gas. However, because
of methane emissions, shale gas could perform 20% worse than coal over
a 20-year time-frame and 100% worse over a 100-year time-frame [71].
One source of methane emissions is flaring. Natural gases that are un
economical to collect are flared. Flaring also converts certain unsafe

gases into safer compounds [1]. Flaring takes place in refineries, gas
plants, and during well-tests [1]. Natural gas still is a cleaner fuel
compared to oil and bitumen in terms of methane flaring emissions if
necessary precautions are taken [1]. Another source of methane emis
sions are accidental methane leaks and routine venting [1]. These are
also called fugitive methane [40]. There are uncertain numbers and
reports for the expected level of methane emissions in the gas life-cycle
(see studies [2,33,89] mentioning uncertainties about methane emis
sions). To understand natural gas’ actual effect on the global warming
potential, comparative studies have to be done on life-cycle methane
emissions of gas and total anthropogenic emissions [1]. Fig. 17 shows
how overlooked life-cycle emissions of natural gas, both carbon and
methane, can undo the direct emission-reduction benefits of burning
natural gas.
Other Environmental Effects investigates other negative environ
mental effects of gas besides emissions. Some of these negative effects
can be traced back to the hydraulic fracturing process. Extracting shale
gas needs an excessive use of water as well as chemicals [1,2,59]. Water
contaminations in Ohio, Arkansas, Texas, and Oklahoma were associ
ated with hydraulic fracturing applications [1]. In addition, extracting
gas leaves the ground susceptible to tremors and earthquakes [1,33]. In
Oklahoma, the public associated earthquakes to hydraulic fracturing
[1]. Similarly, in the Netherlands, the public has pulled back its support
from natural gas extraction after tremors [33].
5. Discussion
Natural gas is currently being considered as a transition fuel: a tem
porary solution to mitigate greenhouse gas emissions while more sus
tainable technologies mature. Without leveraging a transition fuel or
supporting technology, the transition into zero-carbon emission may not
materialize. However, increasing investments in natural gas will also
initiate mechanisms that will delay the sustainability transition rather

Fig. 17. SFD representation of how life-cycle emissions of natural gas can negate its emission-reduction benefits.
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extended periods (see studies [9,96–98] mentioning this dynamic).
Treating technologies in isolation and focusing solely on competition
cannot address this dilemma [94,96]. Fig. 18 shows two opposing
functions that emerge out of multi-modal interactions between natural
gas and other technologies [94,96]. Natural gas might help or hinder the
energy transition depending on which function is dominant. Hence, to
investigate whether one technology is bridging or a lock-in, the frame
work of choice should encapsulate a richer variety of interactions
amongst different technologies [96]. Complexity arises from the in
teractions between technologies changing over time, due to changes in
products, processes, structure of the industry, and companies in the in
dustry [94]. Therefore, different technologies also evolve over time and
thus change the interaction paradigm amongst technologies altogether.
To avoid lock-ins, it is crucial to understand the trajectories of each
technology as well as the interdependencies amongst technologies.
Technologies evolve through path-dependent processes due to the
sociotechnical systems they reside in (see studies [97–100] on techno
logical trajectories and evolutionary economics). Engineers define
relevant problems for a technology depending on what users, markets,
societies, or policies demand. Then, they define specific knowledge and
a set of procedures related to the problems’ solutions [98–100]. Tech
nical trajectory is the direction towards which technological paradigm
advances [100]. Carbon lock-in is a rigid trajectory which enables
carbon-intensive technologies and locks-out other emerging technolo
gies such as renewables [101]. A technological trajectory can become
rigid when the incumbent technology has already taken advantage of
evolutionary improvements, such as costs and performance characteristics
[92,102]. Comparably, natural gas has benefitted from various evolu
tionary improvements [102]. On one hand, natural gas has many
beneficial direct effects on renewables because of these evolutionary
advantages (i.e. enabling an affordable energy transition, complement
ing renewables in energy reliability, etc.). On the other hand, natural gas
can crowd-out renewables because of the same advantages [92,102]. In
particular, one technological trajectory of natural gas has already
transformed the energy transition paradigm. Hydraulic fracturing,
which enables accessing natural gas in shale formations, has led to
increased competition in the fossil fuel market, lower coal export prices,
and carbon leakage. Ultimately, the technology trajectory affects which
functions are dominant. Therefore, the technological trajectory and
relative position of natural gas vis-à-vis renewables can both enable a
higher share of renewables in the energy mix as well as becoming a
dead-end in a carbon lock-in scenario.
Innovations in another technology niche can also challenge socio
technical systems after sufficient knowledge has accumulated (see
studies [90,91] on sociotechnical systems and niches). For example,
while a trajectory towards creating feasible smart-grid applications
would ultimately benefit renewables, a trajectory towards creating
feasible carbon capture and storage (CCS) applications would synergize
with fossil fuels. Therefore, managing transitions requires an under
standing of the relations amongst various incumbent technologies and
their innovation systems in relation to the various emerging technolo
gies and their innovation systems [92,102]. Many scientists prioritize
specific pieces of the transition puzzle according to their expertise [91]
and unifying the accumulated knowledge can reveal novel insights for
the energy transition. Therefore, synthesizing accumulated knowledge
in different disciplinary approaches with multi-disciplinary frameworks
[103] would further our efforts in investigating dynamic interactions
amongst technologies and trajectories of each technology, and potentially
reveal crucial elements to accelerate and smooth-out transitions [90].

than help it. In this paper we advance the debate by reviewing the
various mechanisms that will determine the impact of natural gas as a
transition fuel, and by showing how these mechanisms interrelate. Our
findings have implications for two streams of literature: technological
innovation and transition management.
5.1. Technological innovation
Transitions into emerging and sustainable energy technologies
originate from dynamic interlinkages between technical systems. A
transition begins at the level of technological innovation at niches
[90–93]. Mature technologies cannot prevent emerging technologies
forever (see studies [9,38,90,91] on transition into emerging technolo
gies) and emerging technologies often replace mature technologies by
developing new processes and techniques [94]. Until recently, the
competition approach has been used in the conventional setting of
technology strategy which focuses on the attack and defense relationship
between incumbent and emerging technologies [94]. With the
increasing complexity of large technical systems [95], the multi-mode
framework has provided a richer setting for discussing interactions
amongst technologies (see symbiosis, neutralism, parasitism, commen
salism, and amensalism in [94,96]).
Interdependencies between technologies are in a dynamic flux. A
bridging technology (transition fuel) or lock-in can only make sense when
dynamic relationships amongst technologies are considered. To elabo
rate, a bridging technology parasitizes on the existing technology and
the emerging technology parasitizes on the bridging technology [96]. In
theory, natural gas should parasitize on fossil fuels and help renewables
while renewables parasitize on natural gas. As a result, renewable
technologies need to gradually transform the existing system and be an
indispensable element of the energy market. However, the very idea of
bridging or transition means that spillovers are also involved in this
process [96]. Thus, some authors argue that initial investments to a
potential transition fuel could lock-out emerging technologies for

5.2. Transition management
Technological innovations are dependent on the context they aim to
create a change in. Seeing this, different authors have come up with
various frameworks to analyze how the context affects transitions,
innovation, and policies. The energy transition, or transitions in general,

Fig. 18. Different functions of natural gas might help or hinder en
ergy transition.
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are affected by the “socio-technical regime and landscape” [90,91],
“techno-institutional complex” (TIC) [9,38], and “technology innova
tion systems” (TIS) [92,93]. Fundamentally, a technology or innovation
cannot be separated from its social context [12]. Technology can be
defined as a configuration that fulfills a societal function [90,104].
Technologies fulfill their societal functions by becoming part of our
social patterns and routines [90]. A societal function is a set of activities
that fulfills a certain societal need [105] and functions of technologies
are born out of sociotechnical configurations [90,104]. Then, a transi
tion is the switch from one sociotechnical configuration to another [90].
However, the alignments between existing sociotechnical systems can
suppress the transition (see studies [90,106,107] discussing crowd-out
and lock-in with different frameworks). Lock-in occurs as an unin
tended function of existing sociotechnical configurations as they are
fulfilling other societal functions. If the bridging function is dominant,
then natural gas is parasitizing on fossil fuels more than natural gas
benefits fossil fuels, and renewables are parasitizing on natural gas more
than natural gas parasitizes on renewables. Therefore, the bridging
function of gas fulfills certain societal needs (e.g. fulfilling energy de
mand, polluting less than other fossil fuels, etc.). If the crowd-out func
tion is dominant, then natural gas is in symbiosis with fossil fuels more
than it parasitizes on fossil fuels. Also, natural gas is parasitizing on
renewables more than renewables parasitize on natural gas. The
crowd-out function of gas can be defined as a byproduct function (or
unintended function) of fulfilling energy demand with the fossil-based
sociotechnical configurations. Two functions of natural gas are in
competition and the debate on gas exists because the levels and extent of
the multi-modal relationships amongst technologies are uncertain.
Therefore, successful transition policies depend on investigating which
functions are supported at which level by the alignments between
sociotechnical systems.
Understanding sociotechnical systems in detail can reveal possible
obstacles for the energy transition. Notably, the multi-level perspective
(supported by other frameworks such as TIS [92,93] and TIC [9,38])
puts forwards a broad analytical and heuristic framework which aims to
understand why and how technological transitions succeed or fail. At the
core of the framework, there are three levels of sociotechnical systems:
technological niches, sociotechnical regimes, and sociotechnical land
scapes [90]. A transition is an outcome of cumulative interactions be
tween these different hierarchical levels of sociotechnical systems [90].
Innovations at niches challenge incumbent structures at the regime [90].
The landscape may pressure the regime due to slow and gradual changes
in society, economy, or the environment, and thus create windows of
opportunities [90]. And regimes can create policies to enable or hinder
trajectories towards transition [90]. Finally, transitions occur when all
these systems align together [90]. This transition management frame
work helps forming a better understanding of how to foster a sustain
ability transition [103]. Due to their roots, transition management
studies mostly focused on case studies and applied qualitative empirical
analysis so far [103]. However, transforming complex systems in written
and mental databases [108] into qualitative and quantitative models can
further our efforts in transition management studies.
Systems approaches and modeling practices can capture interactions
between sociotechnical structures, interactions between technologies,
and evolutionary stages of sociotechnical and innovation systems. These
elements form the foundations of transition management and techno
logical innovation frameworks [103]. Then, systems approaches can
incorporate dynamic relations amongst sociotechnical systems while
keeping innovation and transition systems as the focal point [109]. At
the same time, long-standing transition management studies can also aid
systems approaches and modeling practices. Transition management
studies are a successor of two different lines of literature, evolutionary
economics and sociology of technology, that have emerged in the 1980s
[103]. In particular, sustainability transition management studies have
received increasing attention over the last two decades. These studies
can provide systemic content and written data to model innovations and

transitions. Whereas, systems approach and modeling practices can
provide the necessary tools and methods to investigate and experiment
with modeled social systems. In this research, we hoped to benefit from
this synergy. We have used documents which investigated natural gas’
effects on energy transition and built qualitative system dynamics
models intending to reveal feedback structures between sociotechnical
systems of the energy transition. We were able to discuss issues such as
the lock-in, crowd-out, and concept of transition fuel by using qualita
tive models because models can act as a boundary object [32,110].
Boundary objects are used for communicating and conveying under
standing across individuals with distinct backgrounds [32,111]. By of
fering a shared discussion artifact, models can help stakeholders to (i)
develop and analyze a problem, (ii) gain insights about a problem by
challenging and questioning structures of the system, (iii) and pursue
collaboration, negotiation, and consensus for debates (see studies [32,
103,110,112,113] discussing various benefits of using models as
boundary objects). In this research, we have used models as boundary
objects to conjoin opposing arguments on natural gas. This approach
helped us emphasize the existing sociotechnical systems in the energy
transition and uncertainties regarding which function of natural gas is
dominant. To conclude our discussion, synergizing systems approaches
and modeling practices with transition management studies can advance
our understanding in social systems’ complex dynamics, and thus open
up a space for seeking shared understanding amongst various stake
holders of energy transition regarding contrasting perceptions of our
problems and their possible solutions.
5.3. Policy suggestions
The transition into zero-carbon solutions can be categorized in two
phases. Phase 1 is the transition from other fossils to natural gas and
Phase 2 is the transition from all fossils to zero-carbon solutions. These
two phases simultaneously occur rather than a linear process. For both
phases, we summarize two policy suggestions that can smooth-out the
energy transition: clear road-map for natural gas and immediate
implementation of a supranational carbon-price.
Many countries have long-term visions for climate-change mitigation
and natural gas. Concrete road-maps or exit-strategies, which specif
ically discuss (i) upper-limits of natural gas and coal plants, (ii) fossil
fuel capacity which is needed to transition out in a clearly specified timeframe, (iii) and how to manage and fund this transition, can prevent
pitfalls in the energy transition. Without clear upper-limits for fossil
fuels in the energy mix and a concrete allowable time-frame to invest in
fossil fuels (including natural gas), investments in gas might lead to
extended investments in all fossil fuels. Unless the total allowable ca
pacities are negotiated transparently, extended investments can create
an overshoot in the fossil fuel capacity and thus the global emissions
might pass over the 450 ppm. Therefore, first suggested policy is to have
clear national as well as global road-maps and exit-strategies.
Furthermore, most of the articles which argue that natural gas could
enable renewables in the medium time-frame, ground their arguments in
the implementation of carbon-price. Although there are some active
carbon-price policies on national levels, there are still no legislations in
place that work on a global scale other than the promises made in the
Paris. Moreover, there are still many countries that do not apply any
type of carbon control. For the first phase of the transition, carbon-price
could decrease the attractiveness of other fossils without hurting the
attractiveness of gas much if limited to a certain level. For the second
phase of the transition, carbon-price could be increased once more to
decrease the attractiveness of gas this time and increase relative
attractiveness of renewables. Yet, national carbon-price policies can
hardly be enough to smooth-out the transition because the lack of a
supranational carbon-price could easily lead to carbon leakage by dis
placing the dirty electricity generation to other countries with less car
bon restrictions. Therefore, our second policy suggestion is to clearly
identify a carbon-price implementation method, preferably on a global
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scale, and clearly define how this fund could subsidize renewable
technologies or other zero-carbon technologies’ learning.

7. End-notes
1,2 – We have used short-term as up to 20 years, medium-term as up
to 40 years, long-term starting from 40 year to the future. Short-term
and medium-term were determined from the natural gas plants’
average economic lifetime which is 30 years [52].
20 years can be considered a short-term for the energy transition
since a transition from natural gas in 20 years would mean the whole
life-span of a brand new gas plant was not utilized in full.
40 years can be considered as medium-term because there are still
ongoing natural gas investments (and there will also be future natural
gas investments in the next decade or even more), which will depreciate
again in the next 30 years.
For the long-term, we have decided to use 40 year + because it also
gives a 10 year additional time for achieving Horizon- 2050 goals if the
goals are not already met by then.
3 – Appendix B features the coding tree that was used to design
Table 1. The coding tree uses the same themes mentioned in the Results
Section. Appendix C mentions how the readers can obtain the data table
consisting of the corresponding quotations, providing evidence for each
of the themes, and allowing the reader to trace these themes back to the
reviewed studies.
4 –This assumption is true for variable renewable energy sources
such as solar and wind technologies. To illustrate, as long as there is
wind availability, a wind power plant would generate electricity even
though if there is no energy demand. As mentioned before, solar and
wind have been selected for this research. The decision for choosing
solar and wind technologies is explained in Appendix A. However, there
are also other renewable technologies such as bioenergy or hydropower
which cannot be considered as intermittent.
5 – Energy reliability is about optimizing the balance between elec
tricity generation and consumption. There are two discussed emerging
solutions to tackle reliability challenges. One discussed solution is to
store energy via various energy carriers (i.e. electrical batteries, com
pressed air, dammed water or hydrogen, etc.). The second discussed
solution is to innovate grid infrastructure so that energy surplus in one
local region could be easily transferred to another region where there is
energy demand [115]. The conventional electricity grid works as a
one-way road, from electricity generator to electricity consumer [115].
Smart-grids work as a two-way road where electricity can flow freely
between various regions with surplus and demand by using information
communication technologies and smart meters [115]. Although working
on these solutions could pave the way towards a sustainable future, they
still require technological, environmental, economic, or infrastructural
break-throughs (see studies [35,115–118] that mention several of these
solutions and their challenges).
6 - In our learning feedback diagram, learning effect represents the
effect a combination of economies of scale (the more we produce a
technology, the more affordable and attractive that technology be
comes) and accumulation of innovation (the more we know about a
technology, the more affordable and attractive that technology be
comes). Different learning types can be investigated in this case study
[119].
7 – There are two discussed approaches for a carbon-price [7]. The
first approach is to tax emissions (carbon-tax). The other approach is to
create a tradable market-based instrument for emissions (emission-
shares) [7]. In the latter, total allowable emissions would be decided on
a national or global scale. The market-based instruments would be sold
to organizations emitting GHGs [7]. A cleaner organization can sell its
allowed emission shares to more polluting organizations. These
carbon-pricing policies are expected to create an incentive towards
reducing emissions and switching to zero-carbon technologies [7].
8 – Chemical formula for burning gas: CH4 + 2O2 → CO2 + 2H2O.
CH4 stands for Methane (natural gas). It is burned by using oxygen, O2.
The result is carbon dioxide (CO2) and water (H2O). Therefore, when
natural gas burns, it emits CO2 emissions.

5.4. Limitations and future research implications
Quantitative models help us perform experiments on system trends
and policies where dynamics of systems can be investigated thoroughly.
Thus, our policy suggestions can benefit from the quantification of these
models. Secondly, challenging and expanding the boundaries of system
models, both mentally and formally, is one of the intrinsic goals of
system dynamics. Expanding the renewable technologies and literature
selection might reveal new system structures. We have performed a
literature review because peer-reviews in academic journals check the
quality and objectivity of the academic work by default. However, using
expert interviews and other types of primary data might also reveal new
in-depth information about the structure of the system.
6. Conclusion
We have investigated the direct and indirect effects of natural gas on
the energy transition. We conclude that overlooked indirect effects of
natural gas can negate its direct benefits. In this research, we have taken
a systems approach to investigate these systemic forces. We have
underpinned several indirect effects that are caused by interlinkages
between different technologies, conflicts in global versus local goals,
and delayed responses in the system. We have done a systematic liter
ature review on the indirect effects of using natural gas as a transition
fuel to discuss the conflicting forces in the energy transition with the
help of qualitative stock and flow diagrams. All things considered, there
is an opportunity to help renewable technologies by supporting them
with natural gas as long as the right steps are taken. As a mature tech
nology, natural gas has been through more evolutionary processes
compared to renewables. For this reason, natural gas can directly sup
port renewable technologies in many functions such as balancing
intermittency, providing reliable energy, offering affordable in
vestments and consumer prices. Without these leverages from a sup
porting technology or a transition fuel, the reconfiguration of the energy
systems into renewable technologies might be infeasible, overpriced and
more importantly significantly delayed. However, taking advantage of a
transition fuel comes also with challenges. Initial investments to a po
tential transition fuel such as natural gas could lock-out emerging
renewable technologies for extended periods. Technology lock-ins occur
as distant and delayed responses from the system and amplify the
complexity of transition management. Overall, using system dynamics
models as boundary objects helped us reveal conflicting views in the
natural gas debate and stress the significance of indirect effects in
sociotechnical systems’ transition.
Human beings’ next possible frontier is in understanding our social
systems [114]. As social systems get more complex, sharing accumu
lated knowledge in different disciplines gains relevance. Achieving that
requires crossing the boundaries of disciplines and applying analysis
frameworks that can embody various methods, tools, and approaches
within. In particular, systems approaches can be synergized with tran
sition management studies to work as a comprehensive
multi-disciplinary framework to investigate the dynamics of socio
technical systems over time. As a next step, quantitative modeling
practices can help us test our hypotheses on energy transition policies
and system trends in simulation experiments [114]. The increasing ur
gency of climate change does not leave much room for overlooking in
terdependencies amongst sociotechnical systems in future decisions
because even a simple blunder in a well-intentioned policy might lock
the world in on a path where the window of opportunity is missed to
create a climate-neutral world.
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Appendix A. Filtering method
We used Google Scholar, Scopus, Web of Science, ScienceDirect databases to access the data. Searching “Natural gas”, “clean energy” and
“transition fuel” as keywords in returned 585 results in total: 435 results in Google Scholar, 2 in Scopus, 74 in ScienceDirect, 74 in Web of Science
(results from June 15, 2020). We have used our filtering method explained below to choose relevant papers. 42 papers were selected in this study. In
these papers, a total number of 440 quotations were selected. Out of these, 177 were quotations about natural gas’ direct effects and 229 were
quotations about natural gas’ indirect effects. These quotations were categorized with the coding tree explained in Appendix B. The filtering method is
explained point by point below.
According to IPCC’s report on Renewable Energy Sources and Climate Change Mitigation [121–126], solar and wind power are one of the most
abundant resources globally compared to other renewable alternatives such as bioenergy, hydropower, geothermal, etc. [121–126]. This makes solar
and wind energy as one of the most scalable options when global climate mitigation are considered [123,126]. Therefore, for our research boundary,
solar and wind energy has been selected for the boundary of this research for renewable technologies. Solar and wind technologies provide variable
energy outputs and thus could be helped by natural gas technologies. On the other hand, other renewable technologies such as bioenergy, hydropower,
and geothermal can provide reliable and continuous energy compared to solar and wind technologies [122,124,125]. Therefore, these renewable
technologies do not need the synergy with natural gas to become a feasible and reliable renewable option. Other renewable technologies such as
bioenergy, hydropower, and geothermal are heavily dependent on local circumstances such as agricultural land availability, water availability, or
ground-water availability [122,124,125]. These restrictions challenge these technologies in becoming scalable global solutions. For example, even if
US has converted all of their corn into ethanol (renewable gas from crops for transportation), they would only be covering 20% of their gasoline
consumption let alone cover their electricity production [56]. As a result, they do not present the global scalability opportunity such as solar and wind
technologies present. Although these other renewables can be good opportunities for local instances to provide reliable energy, they have less chance
of becoming “the” global solution for mitigating climate change and reducing emissions.
For the fossil fuel technologies, coal has been selected for the boundary of this research. Coal is one of the most pollutant type of fossil fuels and
many of the literature focuses on natural gas’ availability because natural gas can phase the coal out in the short-term. As a result, our research
specifically focuses on solar and wind energy, natural gas, and coal.
There are many papers from diversified journals which focus on the different aspects of the natural gas debate. Foreign policy and law journals do
not focus on natural gas’ viability as a transition fuel. Chemistry journals focus rather on technical aspects of natural gas than its transitional qualities.
Some documents on decision-analysis and policy-making journals use natural gas as a peripheral topic. Although these documents include natural gas
in their bodies, they do not capture the necessities needed for this research, and thus were filtered out.
Secondly, we have made a decision of excluding papers that are focusing exclusively on shale gas and hydraulic fracturing (fracking) out of this
research. Shale gas is a type of unconventional natural gas which resides in the formations of shale rocks. The fracking method enabled us to use highly
pressurized water to cut through the shale rocks to reach the natural gas inside these rocks. The fracking method has many environmental and policy
uncertainties behind it. Adding shale or other unconventional gases would add a new layer of complexity to this research. This might have worked
against the simplicity and straightforwardness that we sought in our theoretical model. Thus, academic papers which were exclusively focusing on
shale, fracking and unconventional gases were left out of this research’s boundary. However, there are still 6 papers which focus on shale gas in our
analysis. These papers do not solely speak on shale gas and have relevant discussions on the natural gas debate.
Thirdly, natural gas is not only used in electricity production but also as an energy carrier. Compressed natural gas (CNG), liquefied petroleum gas
(LPG), and liquefied natural gas (LNG) are some examples of natural gas energy carriers. When we are able to transport gas in these processed states, it
becomes possible to use these fuels for many purposes: heating residential areas, alternative fuel for cars, etc. These topics were also filtered out
because electricity generation and energy carrier potential are only indirectly related to this research.
Hydrogen is another energy carrier which can store and transport energy. Hydrogen cannot produce energy as other fossil fuels or renewable
energy sources can, rather it has the potential to store the produced energy and transport it. This topic was filtered out because storing and trans
porting energy in Hydrogen do not relate to natural gas debate directly.
Some papers were filtered out because they do not have all of the relevant keywords or topics. For example, some papers focuses on solely on
natural gas, other types of fuels, energy in other sectors, etc. Although these papers include natural gas within their context, they do not present
relevant content for our study and thus they were filtered out.
The resulting papers can be found in Table 1.
Appendix B. Coding Tree
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Appendix C. Quotes of natural gas on energy transition
The authors of this paper have created a table consisting of all the quotations which were used to build Table 1. Due to copyright regulations of this
journal, this data table cannot be shared in this publication. Interested readers can send an email to the corresponding author Cem Gürsan at c.gursan
@fm.ru.nl. Upon request we will provide the data table consisting of chosen quotations that was used in this study. In addition, we will share an
example table of how these quotations were coded.
The data table distinguishes direct & indirect effects of natural gas, positive, negative, and uncertain effects of natural gas. The data table also
includes author names and quotations so that readers can trace why certain codes were selected.
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