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Limited increases in Arctic offshore 
oil and gas production with climate 
change and the implications 
for energy markets
Ying Zhang 1*, Siwa Msangi 1,2, James Edmonds 1 & Stephanie Waldhoff 1

Climate change impacts on sea ice thickness is opening access to offshore Arctic resources. The 
degree to which these resources are exploited will depend on sea-ice conditions, technology costs, 
international energy markets, and the regulatory environment. We use an integrated human-Earth 
system model, GCAM, to explore the effects of spatial–temporal patterns of sea-ice loss under climate 
change on future Arctic offshore oil and gas extraction, considering interactions with global energy 
markets and emission reduction scenarios. We find that under SSP5, a “fossil-fueled development” 
scenario, the effects of sea-ice loss are larger for Arctic offshore oil production than gas. Under SSP5, 
future extraction of Arctic offshore oil and gas through 2100 adds roughly 0.8–2.6 EJ/year to oil and 
gas markets but does not have large impacts on global oil and gas markets. Surprisingly, a low-carbon 
scenario results in greater Arctic offshore oil production to offset the more emissions-intensive 
unconventional oil production.

Keywords Arctic offshore oil and gas, Sea ice, Climate change, Energy market, Human-Earth system, 
Integrated assessment model

Climate change has led to Arctic sea-ice thinning. The loss of sea ice will open new regions in the Arctic for 
human activities such as oil and gas extraction. The United States Geological Survey (USGS) has assessed the 
undiscovered oil in the Arctic to be 500 Exajoules (EJ)1, which is approximately three times the world’s crude 
oil production in  20152. The undiscovered gas in the Arctic, including natural gas liquids, is assessed to be 1850 
 EJ1—about 11 times the world’s gross gas production in  20153. Approximately 84% of the assessed Arctic oil and 
gas potential is  offshore1, where 22% and 69% of the offshore oil and gas, respectively, is located in the Russian 
Arctic; 40% and 12% in the US Arctic; 21% and 10% in the Greenland Arctic; 13% and 5% in the Canadian 
Arctic; and 4% and 4% in the Norwegian Arctic.

Climate models from the sixth phase of the Coupled Model Intercomparison Project (CMIP6)4 agree on 
an overall trend of sea ice thinning in the Arctic over the next few decades, particularly under high warming 
 scenarios5. This will increase access to the prospective offshore oil and gas resources that have been cost pro-
hibitive to extract under historical sea-ice conditions. Thinner sea ice or completely ice-free conditions would 
enable the use of lower cost offshore extraction  technologies6, leading to a potential increase in Arctic oil and 
gas production under the changing climate.

Spatial and temporal projections of sea-ice thickness and extent are highly dependent on future warming 
 conditions5. Even within a single warming scenario, projections vary across climate models and ensemble runs. 
Moreover, the spatial–temporal variability of sea-ice conditions across the Arctic will affect where and when it 
will be technically and economically viable to extract the underlying oil and gas resources.

While there are other crucial determinants of resource extraction potential in the Arctic, such as national 
energy security objectives and tax incentives, we focus on the climate, technical, and economic aspects in pro-
jecting the future of Arctic offshore oil and gas production and assume the other determinants to be business as 
usual (i.e., remain at current levels and trends). Using an integrated human-Earth system model, we capture the 
regional market interactions between Arctic and non-Arctic oil and gas resources, as well as those with other 
energy sources under climate and socioeconomic changes.
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To our knowledge, no previous study has performed an integrated modeling of changes in future Arctic off-
shore oil and gas production due to climate impacts and energy market interactions with the rest of the globe. 
Specifically, we explore the impacts of global climate change on Arctic sea-ice conditions and its implications 
for Arctic offshore oil and gas production as well as global energy markets at large, using a dynamic, global, 
integrated, human-Earth system model. The model is a modified version of the Global Change Analysis Model 
(GCAM)7, in which we explicitly break out Arctic offshore oil and gas resources for the five GCAM Arctic regions, 
based on the 60 geological Assessment Units. We explore the long-term future of Arctic offshore oil and gas 
production through the end of the century considering the individual and interactive effects of climate change 
on sea-ice loss and scenarios that achieve a low-carbon future.

Methods
Sea-ice thickness, resource potential, and extraction costs
To model climate change impacts on Arctic offshore oil and gas production, we first select global climate 
models in  CMIP64 that are shown to perform the best in historical simulations of Arctic sea ice compared to 
 observations5. We then obtain the gridded data of monthly sea-ice thickness projections under different climate 
warming scenarios from those model  ensembles8. In total, we obtain 13 model ensembles (Table S1) under two 
Representative Concentration Pathways (RCP) scenarios (i.e., RCP2.6 and 8.5). RCPs are trajectory scenarios, 
which include emissions and concentrations of greenhouse gases (GHGs), aerosols and chemically active gases, 
as well as land use/land cover changes over  time9,10. The numbers, 2.6 and 8.5, represent the approximate radiative 
forcing, in W/m2, in 2100 under the respective RCP, resulting in different levels of climate change.

The USGS estimated the undiscovered oil and gas potential in the Arctic at the Assessment Unit (AU) level, 
which is a sub-unit of hydrocarbon basins with similar geological  properties1,11. A total of 53 offshore AUs are 
selected, and the associated AU-level oil and gas resource potentials are implemented in our model. A map the 
offshore AUs are provided in Fig. S1. The associated oil and gas potential at each AU is provided in Table S2.

To estimate the extraction costs for exploiting the oil and gas potential in each AU in response to the sea-ice 
conditions, we first average the gridded sea-ice thickness at the AU level. We then develop cost functions which 
depend on the temporal window within which the AU-level monthly sea-ice thickness falls under a critical 
threshold necessary for viable offshore extraction technologies to be installed and used; that is, an AU is con-
sidered not tappable when sea-ice thickness is greater than 1.5 m; an AU is tappable by subsea offshore extrac-
tion technology when there are three consecutive months with sea-ice thickness less than 1.5 m; and when the 
monthly sea-ice thickness is below 1.5 m and will no longer exceed 1.5 m, a cheaper technology, floating, becomes 
 viable6 (Fig. S2). More information on estimating the extraction costs can be found in Appendix S1 (Figs. S3–S5).

Arctic offshore oil and gas in GCAM
We use the integrated human-Earth system model,  GCAM7, to couple Arctic offshore oil and gas production to 
global oil and gas markets, which in turn are coupled to the larger global socioeconomic, energy, agriculture, 
land, water, and climate systems. The model simultaneously solves all energy, agriculture-land-use, and water 
markets in a dynamic-recursive approach. For more details, please refer to the model documentation available 
at https:// jgcri. github. io/ gcam- doc/.

In this study, the AU-level Arctic offshore oil and gas potential along with the extraction costs derived given 
the sea-ice thickness in each AU are incorporated into GCAM. As 32 regions are modeled globally in GCAM’s 
energy and socioeconomic systems, the 53 offshore AUs overlap with five of the 32 regions (i.e., USA, Canada, 
Russia, Norway as part of European Free Trade Association (EFTA), and Greenland as part of EU-15; Table S3), 
resulting in 60 AU-region combinations (Table S2).

The newly developed representation of AU-specific Arctic offshore oil is nested within the GCAM oil 
resource-reserve production structure, where non-Arctic crude oil and unconventional oil are also nested. 
Similarly, AU-specific Arctic offshore gas and non-Arctic gas are nested under GCAM’s natural gas commodity 
category. The total oil and gas are then processed in the downstream energy transformation and end-use sectors 
to meet regionally differentiated market demand. They are also traded globally as primary energy sources with 
considerations of preferences between domestic and imported  commodities12. The extraction of nested resources 
depends on the resource supply curves and the endogenously solved regional market prices. Once the economi-
cally attractive resources are extracted and added to reserves, production out of each reserve occurs over time.

GCAM is calibrated over historical periods spanning from 1975 to the model base year of 2015, from which 
it runs at a 5-year time step (i.e., 2020, 2025, …) through 2100. The GCAM resource supply curves for Arctic 
offshore oil and gas are defined by five-year averages of the annual extraction costs centered around each GCAM 
period and the associated USGS estimated quantities of resource potential across AUs (Figs. S6–S10). As the 
sea-ice thickness changes over time and space, the corresponding resource supply curve shifts over the projec-
tion periods.

Additionally, the extraction costs for climate model ensembles under RCP scenarios in the base year (i.e., 
2015) are averaged to obtain a unified base-year resource supply curve. We then incorporate the climate change 
impacts on sea-ice thickness, projected by these climate model ensembles, using relative ratios of the associated 
extraction costs in the future periods in comparison to the same base-year cost. In this way, we start with the 
same base year cost and retain the variation of extraction costs based on different projections of the climate 
model ensembles for the future periods. We include more details in the Appendix S2.

https://jgcri.github.io/gcam-doc/
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GCAM model scenarios
We analyze five scenarios, defined by three future sets of sea-ice conditions (Table 1) and two GHG emission 
pathways, to study the individual and interactive effects of climate change and decarbonization efforts on the 
spatial and temporal patterns of future Arctic offshore oil and gas production.

The first three scenarios explore the role of sea-ice conditions on Arctic offshore oil and gas extraction: a 
Reference (“Ref ”), with no change in sea ice from present, and changes in sea-ice thickness under RCPs 2.6 and 
8.5 (“RCP2.6” and “RCP8.5”), which define the lower and upper boundary of climate change impacts on sea-ice 
thickness explored in CMIP6. The fourth scenario is designed to explore the discrete impact of changes in the 
energy system in a low-carbon future scenario (“LowC”), which achieves a radiative forcing of 2.6 W/m2 in 2100 
(RCP2.6), while sea-ice conditions remain the same as the reference. The final scenario explores the joint effects 
of climate change impacts on sea-ice thickness under RCP2.6 and the emissions reductions required to achieve 
this pathway (“LowC|2.6”). Each of the scenarios with climate change impacts has 13 ensembles corresponding 
to the climate model ensembles. All scenarios (including ensembles) are run with the newly developed repre-
sentation of AU-specific Arctic offshore oil and gas resource-reserve technologies in GCAM.

Note that Shared-Socioeconomic Pathway 5 (SSP5) in GCAM is used as the baseline for all model scenarios 
(https:// jgcri. github. io/ gcam- doc/ ssp. html). We use SSP5 because, in this scenario, fossil fuel development is 
intensive and therefore could lead to the most noticeable changes, if any, in the future Arctic offshore oil and 
gas production as sea ice thins. The SSPs do not include major energy system transitions. However, they can be 
paired with the transition pathways that achieve lower radiative forcing targets, such as the RCP2.6 used in this 
study. This enables exploration of the implications of emissions reductions scenarios under the SSP5. Under this 
Ref scenario, the model is instructed to find a pathway that reaches the target in 2100 through carbon taxes (plac-
ing a price on emissions). The price is transmitted through the modeled systems, which affects the production 
and consumption across markets. For example, carbon-intensive resource production would be reduced due to 
the carbon tax because it would cost more to produce such resources than a scenario without the carbon tax.

The LowC scenario employed in this study uses a pathway target of RCP2.6 to be reached in 2100. In this 
scenario, GHG reductions through 2035 are adjusted to represent current regulations, after which the model 
finds a pathway to reach the target in 2100. The resultant carbon tax pathway under LowC and LowC|2.6 are 
shown in the Fig. S11. More information on the pathway target in GCAM can be found at https:// jgcri. github. 
io/ gcam- doc/ polic ies. html.

Results
Sea-ice thickness
Both RCP2.6 and 8.5 project a trend of decreasing annual sea-ice thickness through 2100 at the AU level (Fig. 1 
and Figs. S12–S14). The rate of decrease is larger under the warmer climate scenario, RCP8.5, leading to ice-free 
conditions (sea-ice thickness equal to zero) in 2100 in almost all AUs, with less uncertainty across the model 
ensembles than the lower radiative forcing scenario, RCP2.6.

However, there is large spatial variability in sea-ice thickness across the AUs earlier in the time horizon and 
under RCP2.6. The annual sea-ice thickness is generally lower in AUs in Norway than other regions, particularly 
in Norway’s Barents Platform South and Arctic Norwegian Sea, where the AU-level sea-ice thickness is projected 
to be zero over the entire 2015–2100 period in almost all model ensembles (Fig. 1a). Sea-ice thickness spans 
wider ranges across model ensembles and AUs in the USA, where the Alaskan platform and Hope basin have 
generally lower sea-ice thickness than in other AUs (Fig. 1b).

Arctic offshore oil and gas extraction costs
The overall pattern of extraction costs follows the sea-ice thickness change over time; that is, the resultant extrac-
tion costs are generally lower by the end of the century than early decades and lower under RCP8.5 than RCP2.6 
(Fig. 2 and Figs. S15–S22). As a result, the extraction costs are at the lower bound when sea-ice thickness is zero, 
making the oil and gas under the sea more economically attractive (e.g., Arctic Norwegian Sea; Fig. 2a). The 
extraction costs for tappable AUs are contained within the upper- and lower-bound costs for Arctic oil and gas 
production defined by the International Energy Agency (see Appendix S1).

Table 1.  GCAM model scenarios. Note that all scenarios are run under GCAM’s SSP5, “fossil-fueled 
development”. Scenario RCP2.6, RCP8.5, and LowC|2.6 include 13 climate ensembles for each.

Climate change Low-carbon future

Ref No change of sea-ice conditions from present

No low-carbon scenarioRCP2.6 Change of sea-ice conditions under RCP2.6

RCP8.5 Change of sea-ice conditions under RCP8.5

LowC No change of sea-ice conditions from present
RCP2.6 in 2100

LowC|2.6 Change of sea-ice conditions under RCP2.6

https://jgcri.github.io/gcam-doc/ssp.html
https://jgcri.github.io/gcam-doc/policies.html
https://jgcri.github.io/gcam-doc/policies.html
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Future Arctic offshore oil and gas production
Regional results
The potential future Arctic offshore oil production varies across regions and scenarios (Fig. 3). Under Ref sea-ice 
conditions, production of Arctic offshore oil begins in Norway, Russia, and USA before or around the model 
base year (i.e., 2015), consistent with historically observed extraction in these regions. However, our results show 
that under Ref, Canada and Greenland are unlikely to have economically viable production for Arctic offshore 
oil before the end of our simulation period (2100).

As expected, the climate change impacts on sea-ice conditions will affect the timing of future production of 
Arctic offshore oil, as sea-ice thickness and extent decreases, improving the economic competitiveness of these 
resources. Under our RCP8.5 simulations, Canada and Greenland are projected to start production around 2080 
and 2070, respectively. Greenland is also projected to begin production under RCP 2.6 in 2095.

The difference between RCP 2.6 and 8.5 is minimal in terms of the timing of beginning production for Rus-
sia and the USA. However, the climate scenarios have a pronounced effect on the production quantity (Fig. 3). 
Under current sea-ice conditions (Ref), USA and Russia are unlikely to expand Arctic offshore oil production 
through 2100, while climate change leads to drastic increase of production, particularly in the USA, which sees 
much higher production in the near term under RCP2.6 and 8.5 than Ref. In general, RCP8.5 leads to earlier 
and higher production of Arctic offshore oil than RCP2.6 and Ref.

In Norway projections of production under both RCPs differ little from the Ref scenario without sea ice 
impacts (Fig. 3). This is due to relatively small impact of climate change on sea-ice conditions in Norway (Fig. 1a) 
and thus the extraction costs (Fig. 2a), particularly at the AUs with relatively large oil resource potential, such as 
Barents Platform South and Arctic Norwegian Sea (Table S2).

Figure 1.  Annual sea-ice thickness over 2015–2100 across Assessment Units (AUs) in (a) Norway and (b) USA 
(See other regions in Figs. S12–S14), based on projections from CMIP6 model ensembles under RCP2.6 and 
8.5. Each RCP category is shown in a single-color band bounded by the maximum and minimum value of all 
ensembles over years.
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The regional Arctic offshore oil production under LowC scenario is generally higher than Ref, particularly 
towards the end of the century (Fig. 4). This is because Arctic offshore oil is relatively clean and can replace the 
unconventional oil production to meet the overall oil demand, as non-Arctic crude (conventional) oil is gradu-
ally depleted during the last few decades approaching 2100 (see more in the section “Effects on global oil and 
gas markets”). Sea-ice thinning leads to even higher Arctic offshore oil production under LowC|2.6, which is 
comparable with the production under RCP8.5, due to the combined effects of lower extraction costs with thin-
ning sea ice and the need for comparatively clean oil under the RCP2.6 scenario.

Currently, only Norway produces Arctic offshore gas. Under the scenarios explored here, Arctic offshore gas 
production continues to remain exclusively in Norway (Fig. S23). The differences in Arctic offshore gas produc-
tion, compared to oil, are due to relatively low costs of non-Arctic natural gas, which makes the Arctic offshore 
gas less economically competitive than Arctic offshore oil.

Like oil, the Arctic offshore gas production in Norway is also associated with relatively small uncertainties 
across scenarios. This indicates that the climate change impacts on sea-ice conditions and human efforts to 
reach a low-carbon future are not likely to have a large effect on Norway’s Arctic offshore oil and gas production. 
Overall, the projection shows that Norway’s Arctic offshore gas production increases in the near term, and then 
decreases to zero by 2100 (Fig. S23).

Figure 2.  Extraction costs for Arctic offshore oil over 2015–2100 across Assessment Units (AUs) in (a) Norway 
and (b) USA (see other regions and the costs for Arctic offshore gas in Figs. S15–S22), given sea-ice thickness 
projections from CMIP6 model ensembles under RCP2.6 and 8.5. Each RCP category is shown in a single-
color band bounded by the maximum and minimum value of all ensembles over years. Costs beyond the y-axis 
upper limit indicate that the assessment unit is untappable at that time. The gigajoule (GJ) is equal to  109 J and 
approximately 0.2 barrel of oil equivalent (BBOE).



6

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6699  | https://doi.org/10.1038/s41598-024-54007-x

www.nature.com/scientificreports/

Figure 3.  Arctic offshore oil production across regions under Ref, RCP2.6, and 8.5. The RCP2.6 and 8.5 include 
13 ensembles each, and thus an ensemble envelope is shown with the maximum and minimum value being the 
upper and lower bound. The exajoule (EJ) is equal to  1018 J and approximately 0.2 billion barrels of oil equivalent 
(BBOE).

Figure 4.  Arctic offshore oil production across regions under LowC and LowC|2.6, in comparison to Ref, 
and the lower and upper bounds of RCP2.6 and 8.5. The LowC|2.6 includes 13 ensembles, with the ensemble 
envelope defined by the maximum and minimum value being the upper and lower bound. The exajoule (EJ) is 
equal to  1018 J and approximately 0.2 billion barrels of oil equivalent (BBOE).



7

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6699  | https://doi.org/10.1038/s41598-024-54007-x

www.nature.com/scientificreports/

Assessment unit‑level results
Offshore oil production levels are projected to start at various periods for different AUs, which vary under differ-
ent scenarios. Under Ref, the sea-ice thickness does not change relative to the present and the viable extraction 
technologies in each AU do not change, so increases in production are driven only by increasing demand and 
the resulting increases in price. Thus, under Ref, only two additional AUs begin offshore oil production by 2100, 
beyond the three that have historically been producing oil. Other than one AU at the north of Alaska, all other 
producing AUs under Ref are located at the Norway and Northwest Russia side (Fig. 5a).

Under warming scenarios, the sea-ice thickness is higher traveling in a northeast direction at the Norway and 
Russia side of the Arctic, and the sea-ice thickness is generally higher at the other side of the Arctic, as shown 
by the 13 CMIP6 ensemble members (Fig. S24). In RCP2.6, production begins in most of the offshore AUs in 
Norway and Northwest Russia (Fig. 5b). Under RCP8.5, the producing AUs further extend to a large part of the 
USA, Canada, and Greenland side of the Arctic, although many of the AUs are projected to start the production 
towards the end of the century (Fig. 5c).

Under LowC, all AUs in the Baffin Bay between Canada and Greenland show positive production levels by 
2100 (Fig. 5d). This production begins after 2050 when non-Arctic crude (conventional) oil is gradually depleted, 
and unconventional oil production is relatively more expensive under LowC due to its associated higher emis-
sions and the cost of carbon emissions in this scenario. Arctic offshore oil, which has lower emissions than 
unconventional oil, becomes a more economical choice. This effect is amplified when the joint effects of climate 
change and low-carbon energy system transitions are modeled, as shown by more AUs producing Arctic offshore 
oil under LowC|2.6 (Fig. 5e) than the combined producing AUs under LowC and RCP2.6 (Fig. 5b,d). This is 
attributed to the simultaneous occurrence of two conditions: the decrease in sea-ice thickness, which reduces 

Figure 5.  Arctic offshore oil production at the Assessment Unit (AU) level under (a) Ref, (b) RCP2.6, (c) 
RCP8.5, (d) LowC, and (e) LowC|2.6. For scenarios with multiple ensembles, the production is shown using 
ensemble mean. The color shows when the production first started or is projected to start. The size of the circle 
shows all-time cumulative offshore oil production until 2100 in that AU. The exajoule (EJ) is equal to  1018 J and 
approximately 0.2 billion barrels of oil equivalent (BBOE).
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the cost of extracting Arctic offshore oil, and the reduction in emissions, which generates an increased demand 
for Arctic offshore oil due to its lower carbon emissions during production compared to unconventional oil. The 
cumulative Arctic offshore oil production from all AUs by 2100 under LowC|2.6 is 213.6 EJ, slightly lower than 
the combined production under RCP 2.6 and LowC (110.5 EJ and 113.1 EJ, respectively). This effect reflects the 
increased competitiveness of Arctic offshore oil production as the technology costs decrease with thinning sea 
ice along with its lower emissions profile compared to unconventional oil.

The production quantity of Arctic offshore oil depends on the available oil resources and the sea-ice conditions 
within each AU. In some AUs, cumulative offshore oil production by 2100 reaches 70EJ, while others have none 
(Fig. 5). The quantity also varies across scenarios within regions. Most notably, the Alaska Platform cumulative 
production under Ref and LowC is only 5EJ but is approximately 60EJ under RCP 8.5, which has sea-ice condi-
tions more favorable for lower-cost offshore oil extraction. This difference is due to the large oil resources in the 
Alaska Platform AU (Table S2), which leads to large increases in production when economically viable. All other 
AUs are associated with a cumulative production through 2100 of 20EJ or less under all scenarios.

In the near term (before 2030), none of the currently non-producing AUs begins production under any 
scenario. The expansion of Arctic offshore oil production occurs mid-century and beyond, as viable technology 
and demands change under the different scenarios.

Different from oil, Arctic offshore gas production is projected to occur at two AUs with the lowest sea-ice 
thickness levels (Barents Platform South and Arctic Norwegian Sea) under all scenarios (Fig. S25). The former 
AU has positive historical production levels, and the latter is projected to start production around 2020 with a 
relatively large cumulative amount that accrues within a shorter time frame.

Effects on global oil and gas markets
Under RCP2.6 and 8.5, depending on the sea-ice conditions, future extraction of Arctic offshore oil and gas con-
tributes 1.3–2.6 EJ/year on average over 2020 to 2100 to oil and gas markets, compared to 0.8 EJ/year under Ref. 
However, this is not likely to affect the global oil and gas market through 2100. As shown, total oil production (a 
sum of Arctic offshore oil, non-Arctic crude, and unconventional oil production) are unaffected under RCP2.6 
and 8.5 over time, compared to Ref (Fig. 6a), similarly for gas (Fig. S26). Similarly, compared to LowC, total oil 
and gas production under LowC|2.6 are unaffected (Fig. 6a and Fig. S26), although future Arctic offshore oil and 
gas extraction under LowC|2.6 adds 2.7–3.6 EJ/year compared to 1.8 EJ/year under LowC. The main reason is 
that the resource potential of Arctic offshore oil and gas is an insignificant portion of the world’s total remaining 
discovered and undiscovered oil and gas resource pool (Fig. S27). Moreover, the extraction of Arctic offshore 
oil and gas is relatively expensive compared to its competing resources, even under thinning sea-ice conditions.

Compared to Ref, LowC leads to lower global production of both oil and gas (Fig. 6a and Fig. S26). For oil, 
the impact of GHG emission reductions mainly acts on the “dirtier” unconventional oil production with zero 
production projected around the mid-century, although depletion of non-Arctic crude (conventional) oil towards 
the end of the century raises the production of unconventional oil as well as the Arctic offshore oil to meet the 
overall oil demand (Fig. 6b) with increasing oil prices (Fig. S28). The effect on natural gas prices is smaller than 
oil prices with generally lower natural gas prices under LowC than Ref (Fig. S29).

Conclusion and discussions
Our results suggest that climate change impacts on Arctic sea-ice thickness will increase Arctic offshore oil 
production, though with that impact alone, it is likely to remain a small portion of total global oil production. 
The climate impacts on Arctic sea ice on offshore natural gas extraction are likely to be limited, with produc-
tion remaining low due to the very low relative costs of onshore natural gas extraction elsewhere in the world. 
Among Arctic regions, changes in sea ice thickness are likely to have the largest impacts on USA Arctic offshore 
oil production, particularly for the Alaskan Platform AU. We find the effects of human efforts to achieve a low-
carbon future (LowC scenarios) would increase Arctic offshore oil production, due to the simultaneous effect of 
reduction in unconventional oil production and the gradual depletion of non-Arctic crude oil over the century. 
Nevertheless, in the near term (before 2030), neither the effects of climate change-induced sea ice thinning nor 
low-carbon transition scenarios are likely to cause expansion of Arctic offshore oil production into new AUs. In 
addition, under the explored scenarios, future Arctic offshore oil and gas extraction is not likely to affect prices 
or production in the broader global oil and gas markets.

We explore the two-way interactions between energy market forces and climate change (including the con-
sideration of human efforts to reach a low-carbon future) on the relative attractiveness of exploiting those 
resources. We nonetheless note that those two drivers are hardly the only forces at work in shaping oil and gas 
production in the region and that the final determination of how much the region’s fossil fuel resources will be 
exploited will depend on the sum of all the forces operating in the region. These scenarios are not intended to 
be a full exploration of how future energy technologies will unfold, but rather to provide useful information as 
to how the changing climate will alter accessibility to and the attractiveness of offshore oil and gas in the Arctic.

Other key forces or factors shaping the future Arctic offshore oil and gas extraction include technology 
barriers and advancements, public policies, environmental and safety concerns, and other externalities related 
to Arctic offshore extraction. In this section, we provide detailed discussions of each factor below, followed by 
limitations of this study including uncertainties in resource potential estimates and the lack of explicit modeling 
for managing associated gas and transportation costs.

Technology plays a pivotal role here. First, not all Arctic nations possess the modern technology and exper-
tise to conduct offshore drilling in the Arctic, where unique challenges present due to the harsh environmental 
conditions. Consequently, countries lacking the necessary technology would need to rely on importing these 
capabilities from foreign nations or collaborating with international oil companies, contingent upon international 
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relationships. This can greatly affect the feasibility of extracting offshore oil and gas resources from the Arctic. 
For example, Russia’s drilling operation in the Kara Sea in 2014 revealed oil resources of more than 130 million 
tons; however, a following drilling scheduled for 2015 was halted as a result of Western sanctions, which restricted 
Russia’s access to necessary offshore  technology13,14. More recently, the European Union’s ban on most imports of 
Russian oil in addition to the restrictions of technology export to  Russia15 may also have implications for Russia’s 
strategies regarding the expansion of its activities in the Arctic region.

Figure 6.  (a) Global oil production as a sum of Arctic offshore oil (crude/conventional oil), non-Arctic crude 
oil, and non-Arctic unconventional oil over time under model scenarios; (b) Global oil production by the three 
types of oil over time under the same model scenarios. Note that the differences between Ref, RCP2.6, and RCP 
8.5 are negligible in (a), as well as in (b) for non-Arctic oils. Additionally, the differences among all scenarios are 
negligible for non-Arctic crude oil production in (b). The exajoule (EJ) is equal to  1018 J and approximately 0.2 
billion barrels of oil equivalent (BBOE).
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Additionally, as technology continues to evolve for alternative energy sources, such as solar, wind, and nuclear 
power, their competitiveness could potentially replace or reduce the demand for fossil fuels. With a capped 
demand for fossil fuels, technological innovations in extracting non-Arctic unconventional oil could also lower 
the attractiveness of Arctic offshore oil. Although changes in technology improvement rates are defined by 
business-as-usual assumptions in this study, providing a baseline from which we can evaluate the relative impacts 
of climate change on Arctic offshore oil and gas extraction, our model is readily applicable to explore a range of 
scenarios involving changes for various technologies.

In addition to technology changes, motivation to explore and develop fossil fuel resources in the Arctic will 
also depend on national and corporate responses to other drivers. Oil price fluctuations can be greatly affected 
by unpredictable events as we have seen from COVID-19, responses to Russia’s invasion of Ukraine, and evolv-
ing public policies and public opinions are also important determinants of the motivation for Arctic oil and gas 
exploration. The current climate crisis inevitably raises concerns on fossil fuel reliance, particularly regarding 
the extraction of oil and gas from the nearly untapped Arctic offshore areas. In Norway, Arctic offshore develop-
ment has been a priority for the nation since 2005 to support its economy and to satisfy growing energy demand 
nationally and  internationally16. Yet, a recent shift in domestic opinions on the nation’s further Arctic oil explora-
tions has led Norwegian oil companies to increase commitments to renewable energy such as offshore  wind17. 
Similarly, Greenland was searching for financial autonomy from the Danish central authorities by exploring 
Arctic offshore oil  resources18, but abandoned these exploration plans in 2021 due to climate  concerns19. In the 
case of Canada, its government has prohibited oil and gas work in offshore Canadian Arctic waters since 2019 
due to environmental  considerations20. Whether or not the Canadian government’s standpoint will change will 
significantly affect the nation’s future exploration in the offshore Arctic. In the United States, Chukchi Sea and 
Beaufort Sea planning areas in the offshore Arctic are currently withdrawn from oil and gas  drilling21–23. While 
our results show increased Arctic offshore oil production in these U.S. Arctic offshore areas in future periods 
due to decreased sea ice thickness, these results represent the isolated impacts of climate change on production, 
without considering current regulations in our model. Moreover, within the overarching context of climate 
change and public opinions, oil companies are also concerned with their reputational risk. If potential Arctic 
explorations are widely disputed, their future decisions on Arctic oil and gas extraction would be affected.

In contrast, Russia inclines towards the utilization of its Arctic fossil resource potentials. Russia sees Arctic 
offshore oil and gas extraction as a strategic piece of its plan to develop its Northern regions, in order to secure 
its national interests. In addition to Arctic offshore oil and gas extraction, the plan also includes the develop-
ment of infrastructure and the Northern Sea Route (NSR) along Russia’s northern  coast24. However, given the 
unfavorable price trends of oil and gas since 2014 and restrictions on offshore technology, experts predict that 
large-scale offshore oil and gas production in the Russian Arctic will likely become feasible only after  203524,25. 
This outlook also aligns with the latest Energy Strategy of the Russian  Federation26, which declares significant 
growth in hydrocarbon production in the Arctic beyond 2035.

The Arctic’s unique environment also presents potential hazards that are uncommon elsewhere. Despite the 
decrease in sea-ice thickness, increasing access to offshore oil and gas, the expanding ice-free ocean will likely 
cause increases in wave  heights27,28 and increases in the frequency and intensity of  storms29–31. These hazards 
can endanger the safety of personnel and infrastructure in Arctic offshore extraction operations. Iceberg threats 
are another concern that could increase logistical challenges and operational costs. While these factors are likely 
incidental and their effects on the costs could vary case-by-case, future research could use our model to evaluate 
the “shock” of such events on prolonged increases in overall production costs and their implications for Arctic 
offshore oil and gas production.

Furthermore, the Arctic’s eco-sensitive nature amplifies the potential consequences of offshore oil and gas 
extraction activities. The risk of oil spills in these pristine waters stands as a looming concern, as the Arctic is 
particularly vulnerable to oil spills due to factors such as its fragile ecosystems and slow ecosystem recovery. 
Additionally, addressing oil spills in the remote and hazardous location is difficult and the current ability of 
Arctic nations to respond to such events is  limited32,33. Conversely, there are also positive externalities stemming 
from drilling activities, such as job creation and infrastructure development, stimulating local economies. These 
multifaceted factors collectively shape decisions on Arctic exploration.

Our study aims to isolate the impacts of climate change and a transition to a low-carbon energy future on 
Arctic offshore oil and gas extraction, rather than give a definitive prediction of the future. This model can serve 
as a useful tool to explore additional factors and the associated outcomes of Arctic offshore oil and gas extraction 
as climate and non-climate conditions begin to resolve in the future. However, there are a few limitations of this 
study that could be improved in future research given available data.

First, the undiscovered Arctic offshore resources estimated by USGS are associated with uncertainties. In 
this study, we take the mean estimates to represent the current best guess of resource potential. The uncertain-
ties explored in this study are based on uncertainties in sea-ice conditions under climate change, as projected 
by different global climate models. Future work could extend this to explore the effects of resource potential 
uncertainty on the outcomes or if an updated dataset on resource potential becomes available.

Second, we do not explicitly model the cost of managing the associated gas in oil production. Depending 
on the techniques and strategies in managing the associated gas, this industrial process can generate different 
costs and benefits, and impose different environmental impacts. For example, burning off associated gas at the 
wellsite, known as flaring, has been a common and simple practice with relatively low cost. However, regulations 
have been put in place to limit flaring due to its release of greenhouse gases and air pollutants in several coun-
tries, including two Arctic nations—Norway and the United  States34. More sustainable management practices 
of associated gas in the future could lead to different costs and benefits in the overall oil production. This study 
assumes the non-explicitly modeled costs are consistent with a business-as-usual scenario; however, the model 
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can be used to explore a range of scenarios such as an increasing of the overall oil production costs due to future 
changes in managing associated gas, which is not the focus of this study but can be of interest in future research.

Similarly, we do not explicitly model the costs of transporting the oil produced offshore to the demanded 
destinations, which can vary depending on the transportation modes (e.g., a combination of tankers and pipe-
lines) and the proximity to the destinations (e.g., onshore processing sites, refining facilities, or direct-exporting 
destinations). Notably, sea-ice loss in the Arctic has made navigation easier in the region, particularly along the 
Northern Sea Route (NSR) off Russia’s northern coast. If the offshore oil produced needs to be shipped across the 
Arctic through the NSR, shipping costs are likely to be lower in the future with sea-ice loss under climate change. 
Future work may involve improving the representation of oil and gas transportation in the model.

While we provide valuable insights into the potential impacts of climate change and energy transitions on 
Arctic offshore oil and gas production and its implications for broader energy markets, it is essential to recognize 
the scope and limitations of our study. As Arctic conditions continue to evolve, future research can build on our 
study to advance understanding and modeling of Arctic offshore oil and gas production.

Data availability
The data and model implemented in this study are available at https:// doi. org/ 10. 5281/ zenodo. 10126 664.

Received: 14 November 2023; Accepted: 7 February 2024

References
 1. Bird, K. J. et al. Circum‑Arctic Resource Appraisal: Estimates of Undiscovered Oil and Gas North of the Arctic Circle (US Geological 

Survey Fact Sheet 2008-3049, 2008).
 2. International Energy Agency. Oil Information. https:// www. iea. org/ data- and- stati stics/ data- produ ct/ oil- infor mation (2020).
 3. U.S. Energy Information Administration. https:// www. eia. gov/ inter natio nal/ data/ world (2021).
 4. Eyring, V. et al. Overview of the coupled model intercomparison project phase 6 (CMIP6) experimental design and organization. 

Geosci. Model Dev. 9, 1937–1958. https:// doi. org/ 10. 5194/ gmd-9- 1937- 2016 (2016).
 5. Notz, D. & Community, S. Arctic sea ice in CMIP6. Geophys. Res. Lett. 47, e2019086749. https:// doi. org/ 10. 1029/ 2019G L0867 49 

(2020).
 6. Petrick, S. et al. Climate change, future Arctic Sea ice, and the competitiveness of European Arctic offshore oil and gas production 

on world markets. Ambio 46, 410–422. https:// doi. org/ 10. 1007/ s13280- 017- 0957-z (2017).
 7. Calvin, K. et al. GCAM v5.1: Representing the linkages between energy, water, land, climate, and economic systems. Geosci. Model 

Dev. 12, 677–698. https:// doi. org/ 10. 5194/ gmd- 12- 677- 2019 (2019).
 8. O’Neill, B. C. et al. The scenario model intercomparison project (ScenarioMIP) for CMIP6. Geosci. Model Dev. 9, 3461–3482. 

https:// doi. org/ 10. 5194/ gmd-9- 3461- 2016 (2016).
 9. IPCC. in Global Warming of 1.5°C: IPCC Special Report on Impacts of Global Warming of 1.5°C above Pre‑industrial Levels in Context 

of Strengthening Response to Climate Change, Sustainable Development, and Efforts to Eradicate Poverty (ed V. Masson-Delmotte, 
P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. 
Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, T. Waterfield), 541–562 (Cambridge University Press, 
2018).

 10. Moss, R. H. et al. Towards New Scenarios for Analysis of Emissions, Climate Change, Impacts, and Response Strategies (Intergovern-
mental Panel on Climate Change (IPCC), 2008).

 11. Gautier, D. L. et al. Assessment of undiscovered oil and gas in the Arctic. Science 324, 1175–1179. https:// doi. org/ 10. 1126/ scien 
ce. 11694 67 (2009).

 12. Armington, P. S. A theory of demand for products distinguished by place of production (Une théorie de la demande de produits 
différenciés d’après leur origine) (Una teoría de la demanda de productos distinguiéndolos según el lugar de producción). Staff 
Pap. 16, 159–178. https:// doi. org/ 10. 2307/ 38664 03 (1969).

 13. Staalesen, A. Drilling in Kara Sea put on ice. https:// theba rents obser ver. com/ en/ indus try/ 2015/ 11/ drill ing- kara- sea- put- ice (2015).
 14. Mikkola, H. & Käpylä, J. Russian Arctic sanctioned. https:// www. fiia. fi/ wp- conte nt/ uploa ds/ 2017/ 01/ comme nt16_ 2014e ng. pdf 

(2014).
 15. European Council & Council of the EU. EU sanctions against Russia explained. https:// www. consi lium. europa. eu/ en/ polic ies/ sanct 

ions/ restr ictive- measu res- again st- russia- over- ukrai ne/ sanct ions- again st- russia- expla ined/ (2023).
 16. Morgunova, M. Why is exploitation of Arctic offshore oil and natural gas resources ongoing? A multi-level perspective on the 

cases of Norway and Russia. Pol. J. 10, 64–81 (2020).
 17. McCully, P. et al. Five Years Lost How Finance is Blowing the Paris Carbon Budget (Springer, 2020).
 18. Harsem, Ø., Eide, A. & Heen, K. Factors influencing future oil and gas prospects in the Arctic. Energy Policy 39, 8037–8045. https:// 

doi. org/ 10. 1016/j. enpol. 2011. 09. 058 (2011).
 19. Buttler, M. Greenland Scraps All Future Oil Exploration on Climate Concerns. https:// www. bloom berg. com/ news/ artic les/ 2021- 

07- 16/ green land- scraps- all- future- oil- explo ration- on- clima te- conce rns (2023).
 20. Pressman, N. Feds Extend Restrictions on Arctic offshore Drilling. https:// www. cbc. ca/ news/ canada/ north/ arcitc- offsh ore- drill ing- 

restr ictio ns- exten ding-1. 66998 33 (2023).
 21. Memorandum. Withdrawal of Certain Areas off the United States Arctic Coast of the Outer Continental Shelf from Oil or Gas Leasing. 

https:// www. white house. gov/ briefi ng- room/ presi denti al- actio ns/ 2023/ 03/ 13/ memor andum- on- withd rawal- of- certa in- areas- off- 
the- united- states- arctic- coast- of- the- outer- conti nental- shelf- from- oil- or- gas- leasi ng/ (2023).

 22. Executive Order 13754. Protecting Public Health and the Environment and Restoring Science to Tackle the Climate Crisis. https:// 
www. white house. gov/ briefi ng- room/ presi denti al- actio ns/ 2021/ 01/ 20/ execu tive- order- prote cting- public- health- and- envir onment- 
and- resto ring- scien ce- to- tackle- clima te- crisis/ (2021).

 23. Bureau of Ocean Energy Management. Areas Under Restriction. https:// www. boem. gov/ oil- gas- energy/ leasi ng/ areas- under- restr 
iction (2023).

 24. Chanysheva, A. & Ilinova, A. The future of Russian arctic oil and gas projects: Problems of assessing the prospects. J. Mar. Sci. Eng. 
9, 528 (2021).

 25. Carayannis, E. G., Ilinova, A. & Cherepovitsyn, A. The future of energy and the case of the arctic offshore: The role of strategic 
management. J. Mar. Sci. Eng. 9, 134 (2021).

 26. Russian Federation. Energy Strategy of the Russian Federation for the Period up to 2035. http:// static. gover nment. ru/ media/ files/ 
w4sig FOiDj GVDYT 4IgsA pssm6 mZRb7 wx. pdf (2020).

 27. Stopa, J. E., Ardhuin, F. & Girard-Ardhuin, F. Wave climate in the Arctic 1992–2014: Seasonality and trends. Cryosphere 10, 
1605–1629. https:// doi. org/ 10. 5194/ tc- 10- 1605- 2016 (2016).

https://doi.org/10.5281/zenodo.10126664
https://www.iea.org/data-and-statistics/data-product/oil-information
https://www.eia.gov/international/data/world
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1029/2019GL086749
https://doi.org/10.1007/s13280-017-0957-z
https://doi.org/10.5194/gmd-12-677-2019
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1126/science.1169467
https://doi.org/10.1126/science.1169467
https://doi.org/10.2307/3866403
https://thebarentsobserver.com/en/industry/2015/11/drilling-kara-sea-put-ice
https://www.fiia.fi/wp-content/uploads/2017/01/comment16_2014eng.pdf
https://www.consilium.europa.eu/en/policies/sanctions/restrictive-measures-against-russia-over-ukraine/sanctions-against-russia-explained/
https://www.consilium.europa.eu/en/policies/sanctions/restrictive-measures-against-russia-over-ukraine/sanctions-against-russia-explained/
https://doi.org/10.1016/j.enpol.2011.09.058
https://doi.org/10.1016/j.enpol.2011.09.058
https://www.bloomberg.com/news/articles/2021-07-16/greenland-scraps-all-future-oil-exploration-on-climate-concerns
https://www.bloomberg.com/news/articles/2021-07-16/greenland-scraps-all-future-oil-exploration-on-climate-concerns
https://www.cbc.ca/news/canada/north/arcitc-offshore-drilling-restrictions-extending-1.6699833
https://www.cbc.ca/news/canada/north/arcitc-offshore-drilling-restrictions-extending-1.6699833
https://www.whitehouse.gov/briefing-room/presidential-actions/2023/03/13/memorandum-on-withdrawal-of-certain-areas-off-the-united-states-arctic-coast-of-the-outer-continental-shelf-from-oil-or-gas-leasing/
https://www.whitehouse.gov/briefing-room/presidential-actions/2023/03/13/memorandum-on-withdrawal-of-certain-areas-off-the-united-states-arctic-coast-of-the-outer-continental-shelf-from-oil-or-gas-leasing/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.boem.gov/oil-gas-energy/leasing/areas-under-restriction
https://www.boem.gov/oil-gas-energy/leasing/areas-under-restriction
http://static.government.ru/media/files/w4sigFOiDjGVDYT4IgsApssm6mZRb7wx.pdf
http://static.government.ru/media/files/w4sigFOiDjGVDYT4IgsApssm6mZRb7wx.pdf
https://doi.org/10.5194/tc-10-1605-2016


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6699  | https://doi.org/10.1038/s41598-024-54007-x

www.nature.com/scientificreports/

 28. Khon, V. C. et al. Wave heights in the 21st century Arctic Ocean simulated with a regional climate model. Geophys. Res. Lett. 41, 
2956–2961. https:// doi. org/ 10. 1002/ 2014G L0598 47 (2014).

 29. Sepp, M. & Jaagus, J. Changes in the activity and tracks of Arctic cyclones. Clim. Change 105, 577–595. https:// doi. org/ 10. 1007/ 
s10584- 010- 9893-7 (2011).

 30. Ng, A. K. Y., Andrews, J., Babb, D., Lin, Y. & Becker, A. Implications of climate change for shipping: Opening the Arctic seas. WIREs 
Clim. Change 9, e507. https:// doi. org/ 10. 1002/ wcc. 507 (2018).

 31. Crawford, A. D., Lukovich, J. V., McCrystall, M. R., Stroeve, J. C. & Barber, D. G. Reduced sea ice enhances intensification of winter 
storms over the Arctic ocean. J. Clim. 35, 3353–3370. https:// doi. org/ 10. 1175/ JCLI-D- 21- 0747.1 (2022).

 32. Gulas, S., Downton, M., D’Souza, K., Hayden, K. & Walker, T. R. Declining Arctic Ocean oil and gas developments: Opportunities 
to improve governance and environmental pollution control. Mar. Policy 75, 53–61. https:// doi. org/ 10. 1016/j. marpol. 2016. 10. 014 
(2017).

 33. Zhang, B. et al. World Seas: An Environmental Evaluation 2nd edn, 391–406 (Academic Press, 2019).
 34. International Energy Agency. Gas Flaring. https:// www. iea. org/ energy- system/ fossil- fuels/ gas- flari ng (2023).

Acknowledgements
This research was funded as part of the Interdisciplinary Research for Arctic Coastal Environments (InteRFACE) 
project through the Department of Energy, Office of Science, Biological and Environmental Research Earth 
and Environment Systems Sciences Division MultiSector Dynamics program. Awarded under contract Grant 
# 89233218CNA000001 to Triad National Security, LLC (“Triad”). The views and opinions expressed in this 
paper are those of the authors alone and should not be construed to represent any official USDA, USDOE, or 
US Government determination or policy.

Author contributions
S.W. and J.E. contributed to the acquisition of financial support for the work. Y.Z., S.M., J.E., and S.W. contrib-
uted to the conception and design of the work. Y.Z. collected data required for the work, performed model 
development, and executed model runs for this work. Y.Z., S.M., J.E., and S.W. contributed to the analysis and 
interpretation of the data and results. Y.Z., S.M., J.E., and S.W. contributed to writing the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 54007-x.

Correspondence and requests for materials should be addressed to Y.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© Battelle Memorial Institute 2024

https://doi.org/10.1002/2014GL059847
https://doi.org/10.1007/s10584-010-9893-7
https://doi.org/10.1007/s10584-010-9893-7
https://doi.org/10.1002/wcc.507
https://doi.org/10.1175/JCLI-D-21-0747.1
https://doi.org/10.1016/j.marpol.2016.10.014
https://www.iea.org/energy-system/fossil-fuels/gas-flaring
https://doi.org/10.1038/s41598-024-54007-x
https://doi.org/10.1038/s41598-024-54007-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Limited increases in Arctic offshore oil and gas production with climate change and the implications for energy markets
	Methods
	Sea-ice thickness, resource potential, and extraction costs
	Arctic offshore oil and gas in GCAM
	GCAM model scenarios

	Results
	Sea-ice thickness
	Arctic offshore oil and gas extraction costs
	Future Arctic offshore oil and gas production
	Regional results
	Assessment unit-level results

	Effects on global oil and gas markets

	Conclusion and discussions
	References
	Acknowledgements


