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We examine the effects of negative emission technologies availability on fossil fuel-based electricity generating assets under deep decarbonization trajectories. Our study focuses on potential premature retirements (stranding) and committed emissions of existing power plants globally and the effects of deploying direct air carbon capture and biomass-based carbon capture and sequestration technologies. We use the Global Change Analysis Model (GCAM), an integrated assessment model, to simulate the global supply of electricity under a climate mitigation scenario that limits global warming to 1.5–2°C temperature increase over the century. Our results show that the availability of direct air capture (DAC) technologies reduces the stranding of existing coal and gas based conventional power plants and delays any stranding further into the future. DAC deployment under the climate mitigation goal of limiting the end-of-century warming to 1.5–2°C would reduce the stranding of power generation from 250 to 350 GW peaking during 2035-2040 to 130-150 GW in years 2050-2060. With the availability of direct air capture and carbon storage technologies, the carbon budget to meet the climate goal of limiting end-of-century warming to 1.5–2°C would require abating 28–33% of 564 Gt CO2 -the total committed CO2 emissions from the existing power plants vs. a 46–57% reduction in the scenario without direct air capture and carbon storage technologies.
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INTRODUCTION

Limiting global warming to +1.5°to 2°C by the end of this century requires substantial reduction in global CO2 emissions (IPCC, 2014, 2018). In the absence of actively removing greenhouse gases from the atmosphere, achieving the internationally agreed upon limits on temperature increase will require that large quantities of economically recoverable fossil fuel reserves be left unexploited (McGlade and Ekins, 2014, 2015). Along with the fuel, economically significant stocks of fossil fuel infrastructure in mining, transportation, refining and electricity generation will also be at risk of premature retirement, or stranding. The magnitude of assets subject to potential stranding is sufficient to warrant concerns over macroeconomic stability, especially in countries with the greatest fossil asset exposure (Leaton et al., 2015; Battiston et al., 2017).

Near-term climate mitigation policy signals from countries with the greatest emissions imply a large emissions gap from the emission level required to achieve climate goals (UNEP, 2018). At the same time, even countries promising substantial efforts to reduce emissions continue to invest in fossil-fuel infrastructure. As a result, there is a growing concern over the potential economic effects of impending lock-in and later stranding of fossil fuel infrastructure assets due to future climate mitigation policies (Carney, 2015; UNEP, 2018; González-Mahecha et al.,2019; Rep. Casten, 2019; Tong et al., 2019). Much of these infrastructures have multiple decades of design life. Near-term lock-in of fossil fuel capacity makes future mitigation costly and less politically palatable, since most future policy scenarios for achieving the well-below 2°C temperature target will require the premature decommissioning of large stocks of valuable assets.

Several recent reports by the Intergovernmental Panel on Climate Change (IPCC) including the Fifth Assessment Report highlight the need to deploy large-scale negative emission technologies (NETs) in order to meet the stringent climate mitigation scenarios like 2°C (IPCC, 2014, 2018). Given the significant role NETs are likely to play in the future strategies to mitigate climate change, several studies have appeared highlighting the need for a careful assessment of NETs role in climate mitigation (Fuss et al., 2018; Fuhrman et al., 2019; Hilaire et al., 2019). For example, the land area required for using only biomass energy-based carbon capture and sequestration (BECCS) for carbon removal is estimated to be one billion hectares (roughly equivalent to the area of the lower 48 US states).

In the integrated assessment modeling literature, BECCS and Afforestation (AR) are the most studied of the NETs (Rao and Riahi, 2006; Calvin et al., 2009; Wise et al., 2009; Edmonds et al., 2013; Humpenöder et al., 2014; Bertram et al., 2018; Grubler et al., 2018; van Vuuren et al., 2018), and even fewer include direct air capture technologies (DAC) in the portfolio of NETs (Chen and Tavoni, 2013; Marcucci et al., 2017; Realmonte et al., 2019) or enhanced weathering (EW) (Strefler et al., 2020). A key finding in these studies is that additional NETs deployment makes emission reductions in the near-term less attractive (Hilaire et al., 2019). This has important implication on climate mitigation led stranding of assets and the effects on the stranded assets associated with the NET deployment.

We examine how the availability of NETs affects the early retirement of fossil fuel generation assets under a 2°C climate stabilization goal. Using the Global Change Analysis Model (GCAM-5.3v), an integrated assessment model, we investigate the effects on power generation capacity stranding attributable to the availability of a suite of NETs technologies including DAC, BECCS and AR. In the absence of a climate policy, irreversible investments are made in relatively carbon-intensive capital stock, which, in turn, implies a set of anticipated resulting emissions, referred to as “committed emissions.” Under a stringent long-term climate mitigation goal that requires a substantial reduction in CO2 emissions in the near-term, these irreversible investments cannot be divested above the natural rate of depreciation and thus profits become negative. As the profits become negative at the margin, power plants will be increasingly idled, which would eventually lead to premature retirements.

NETs slow or reverse the climate change by removing CO2 emissions from the atmosphere. Deployment of NETs like BECCS and AR requires land-based resources. A large-scale deployment of these NETs, under a warming target of 2°C, would require substituting substantial land and water resources away from other potential uses like food and timber production, leading to a significant increase in the cost of CO2 reduction through these NETs. Although per unit investment in direct air capture is costlier than BECCS and AR, the marginal cost of additional CO2 emissions reduction through DAC will be lower than BECCS and AR in later periods when BECCS and AR will face larger trade-offs with the land-based resources. As a result, we find that the availability of DAC would provide an opportunity to reduce additional CO2 emissions at much lower cost than BECCS later in the century. Limiting the warming to 2°C by the end of century, having DAC or not having DAC, both paths should lead to the same cumulative emissions. So, the path having DAC must begin with higher emissions than the path without DAC. Thus, the availability of DAC in the NETs portfolio reduces near-term CO2 abatement and this implies less stranding of power plant capacity when compared to the NETs portfolio that only includes BECCS and AR.

Several studies have shown that the effects of climate policies on stranding assets depend upon the stringency of the policies in the near-term. For example, Riahi et al. (2015), use a suite of models (AMPERE) to compare the costs of near-term climate policies that complement the long-term climate objectives. They show that the national pledges from the Copenhagen Accord and Cancun Agreements to achieve a 2030 emission target would result in a further “lock-in” of fossil fuel investments and would increase the risk of unattainable low GHG stabilization levels without large scale deployment of backstop technologies like traditional fossil fuel power-based CCS. In similar vein, Bertram et al. (2015) show that insufficient policy signals in the near-term result in the “lock-in” of coal-based electricity generation. As noted earlier, fossil fuel resources are also subject to stranding. Mercure et al. (2018) estimate that Canada and the United States stand to lose a combined $5 trillion ($2016) in fossil fuel resource value under a global 2°C policy scenario. Iyer et al. (2015) use GCAM to compare near and long-term implications for the global energy system of agreements based on nationally determined contributions (NDCs), such as those announced in COP21. They show that NDCs with more aggressive near-term mitigation policies tend to reduce premature retirements by reducing new fossil capacity deployment.

More recently, Binsted et al. (2020) find that for Latin American and the Caribbean (LAC), a region with one of the least carbon-intensive power sectors in the world, the Paris Agreement's near-term targets, the NDCs, and the long-term temperature target both result in premature retirement of carbon-intensive assets. Saygin et al. (2019) and Johnson et al. (2015) examine the phasing out of coal-based power plants in the near-term as an implication of climate policy and show that strengthening the policy reduces new capacities and thus the stranding of coal capacity and its associated costs. These assessments, however, only include BECCS and AR and thus ignore the trade-offs that may arise due to the availability of additional NETs like DAC (Hilaire et al., 2019).

We contribute to this literature by examining the effects of the availability of DAC on stranded capacities of existing fossil-based (coal, oil, and gas) power generation and the consequent reductions in their committed emissions under the well-below 2°C end-of-century climate goal. To do so, we model a climate mitigation scenario that limits radiative forcing to 2.3 W/m2 by end-of-century. Since this is an aggressive pathway compared to a 2°C end-of-century warming target, we also include an additional scenario that limits radiative forcing to 2.6 W/m2 by end-of-century. We compare these effects with the case when BECCS and AR are the only available NETs. Our findings suggest that achieving the climate goal would result in substantial premature retirements of existing power plants in the two decades from 2020 through 2040 even when BECCS and AR are available. Stranded capacity in the power sector would amount to 250–350 GW during 2035–2040, which would be largely coal-based power plants. The stranding of natural gas power plants would amount to nearly 80–100 GW in year 2025. The availability of DAC would both reduce total stranding and delay the stranding that would still occur. With DAC, the magnitude of stranded capacity would decline to about 130–150 GW during year 2050–2060 and mostly stranded capacities in the coal and gas-based power plants would be substantially reduced.

The effect on committed emissions is in line with the effect on the stranded power plant capacity. DAC availability would allow for a less stringent reduction in committed CO2 emissions required to meet the climate goal. Out of the total committed 564 Gt CO2 emissions from existing power plants over the century, the carbon budget required to meet the climate goal of 2°C would only require abating 28–33% of the total committed emissions from these power plants, which is lower by 17–24% than the case when BECCS and AR are the only available NETs.

The rest of the paper is organized as follows. Section Methods describes the methodology, our approach to modeling the availability of DAC in GCAM, the characteristics of DAC technology and climate stabilization scenarios. Section Results and Discussion describes the effects on climate, carbon sequestration, stranded assets and committed emissions. Section Conclusions concludes.



METHODS

To assess the effects from DAC deployment, we construct least cost climate policy scenarios in GCAM, where the different scenarios describe differing availability in NETs technology. We consider two climate mitigation goals that limit the total radiative forcing by the year 2100 to 2.3 and 2.6 W/m2, respectively. The 2.3 W/m2 total radiative forcing goal is set such that it yields global warming in each scenario to well-below 2°C from pre-industrial levels in all time periods between now and the year 2100 and thus the scenario is much stringent climate scenario. The scenario to limit end-of-century total radiative forcing to 2.6 W/m2 is set to represent a less stringent climate scenario. These climate mitigation goals yield the end-of-century warming to 1.5°-2°C. The following subsections detail our implementation of the integrated assessment model, our DAC technology assumptions and our method for determining stranded assets and reductions in committed emissions.


Integrated Assessment Model–GCAM

GCAM is a global integrated assessment model (IAM) that links energy, economy, and land-use with a climate system model. GCAM is one of the six IAMs used for the development of the Shared Socioeconomic Pathways to be used in IPCC 5th assessment report. GCAM is an open source community model (Edmonds et al., 2004; Iyer et al., 2015; Riahi et al., 2015; JGCRI, 2020). The GCAM (5.3v) has detailed representation of 32 geographical regions, 384 land sub-regions and 235 water basins in the world. The model includes energy systems with detailed representations of extractions of fossil fuels such as coal, natural gas, oil, and uranium and renewable resources such as bioenergy, hydro, solar, and wind in each geographical region and also has rich representations of the transformation processes of these primary resources to final energy carriers that are used to meet final demand by end users (JGCRI, 2020).

GCAM is a dynamic recursive model that captures decisions in each period assuming agents do not have knowledge about the future. For long-lived investments like power plants, GCAM models investment decisions by assuming that agents base their decisions on expected future profit streams over the expected life-time of the asset, given current period prices. These investments in each period are subject to the stock-turnover of power plant capacities from the last period. For example, the total capacity of power plant in operation in each period will be the sum of the stock-turnover of power plants from the last period and the investment in that period.



Direct Air Capture and Carbon Storage Technology and Its Deployment

Direct air capture technology is still in the early development stage and has yet to be deployed at scale. Among the several variants of potential DAC technology, we consider the most prominent forms of the technology that are at different development stages (Fuhrman et al., 2020): (a) High temperature DAC that relies on process heat from natural gas combustion and (b) High and low temperature DAC that rely on electricity for the process heat. The electricity-based DAC can be powered by low or zero carbon electricity if it is available. High temperature DAC is solvent-based, relying on aqueous reactions and therefore requires water inputs to replace evaporative losses at the air contactor (Keith et al., 2018). Low temperature DAC is solid sorbent-based and does not require water input (Fasihi et al., 2019). The energy and water inputs for DAC, as well as storage costs for the captured carbon are determined endogenously at the regional level within GCAM. Our technical parameters and cost assumptions for DAC are shown in Appendix (Supplementary Table 1).

We include three distinct technologies to provide a more complete picture of the balance of different DAC technologies. To capture the potential cost variation and the role of technological improvement, we parametrize the future improvements of all three DAC technologies conservatively relative to some literature estimates. Note that our study does not account for the costs that might arise from feedbacks in non-energy sectors because the GCAM model is a partial equilibrium model and accounting these general equilibrium effects in the model is beyond the scope of this study. Abstracting from these general equilibrium effects, we focus on scenario analysis comparing technology substitutions, fuel-switching, investments, and their impact on the climate system. To consider these model limitations and assuming a backstop technology, we limit the deployment of DAC to an upper limit of 30 Gt of CO2/yr following Realmonte et al. (2019).



Determination of Stranded Capacities

Our approach to determining the stranded capacity in the power sector under climate mitigation policy stems from Binsted et al. (2020) who define profit-based capacity retirements as stranded capacity. To explore the effects of DAC availability, in addition to BECCS and AR, we extend the method by constructing least-cost climate mitigation strategy scenarios in GCAM. Such approaches, but in different applications, are illustrated in Johnson et al. (2015) and Chen and Tavoni (2013). In the absence of a climate policy, existing carbon-intensive capital stocks operate at their full capacity subject to the natural depreciation. If a stringent climate policy is implemented the return to these carbon-intensive existing investments will fall, but the assets cannot be divested above the natural rate of depreciation, so profits become negative, which will lead to idling of power plants and, hence, premature retirement.

We simulate regional electricity supply with an optimal generation mix in the 32 sub-regions in the GCAM model. Each region has an endogenously determined generation mix of power plants, which depends on a variety of factors including electricity demand, plant load factor and pre-existing capacity. We track these existing power plant vintages over time and compute gross retirements of each vintage based on plant expected life-time.

We model the natural retirement of the power plants (retirement not due to climate policy) following Davis and Socolow (2014), where a fraction of existing power plants naturally retire, depending upon plants' expected lifetime and current age (see Supplementary Tables 2, 3). As in Binsted et al. (2020), to determine natural retirements of existing power plants, we use a logistic retirement curve given by [image: image], where, “sfrac” is a fraction of existing power plants with half-life “b” that would survive in a time-period “t”. The coefficient “a” specifies the steepness of the logistic retirement curve. The value of the coefficient a = 0.1 for all existing power plants globally (see Supplementary Table 2). Note that the steepness coefficient is an input parameter to GCAM and the value to this coefficient comes from GCAM input assumptions on how existing technologies would naturally retire.

We define stranding as the early retirement of an existing power plant when it can no longer earn its variable operating costs (Binsted et al., 2020). Climate mitigation policies such as a carbon tax will push variable costs of some plants above the market prices of electricity, which would lead to early shutdown of the generator leading to its premature retirement. We compute stranded capacity as the difference between gross retirements and natural retirements. In this paper, we consider implication on stranding of existing fossil fuel-based (coal, natural gas, and oil) power plants.

Although we include the existing nuclear and renewables in our model, these power plants would not be stranded under the climate mitigation scenarios and these plants would naturally retire. After their natural retirement, these power plants would be replaced by the respective advanced technologies and thus the DAC's deployment may affect the planned investments in the future. We do not consider the effect on the planned investments as stranding and thus exclude nuclear and renewables in computing stranded capacities.



Scenario Description

We construct least-cost climate policy scenarios by imposing two limits on the end-of-century total radiative forcing to 2.3 and 2.6 W/m2 while allowing an overshoot in years before the target year. Both scenarios limit end-of-century warming to 1.5–2°C but the 2.3 W/m2 total radiative forcing would result in warming well below 2°C in all years even though temperature is not explicitly constrained and thus is a much more stringent scenario. The 2.6 W/m2 total radiative forcing scenario is selected to consider a less stringent climate goal. To formulate these scenarios, we first run the model by choosing an arbitrary initial carbon price in 2025 and increasing it by the discount rate of 5% each year until 2100. The carbon price path mimics the hoteling price path (Nordhaus, 1982). The model is then run several times, increasing the initial carbon price by a small increment in each run until the model solution converges to the total radiative forcing target in year 2100. We describe below these scenarios:

(a) Business as usual scenario: This scenario assumes there would be no climate policy implementation. The business-as-usual scenario follows the central shared socioeconomic pathway (SSP2) described in Calvin et al. (2017).

(b) Without DAC: In this scenario, we assume that the climate policy would limit the targeted end-of-century total radiative forcing (2.3 and 2.6 W/m2) but with a portfolio of NETs that includes a zero-upper limit on DAC and no deployment limit on BECCS and AR. The implementation of climate mitigation policy is assumed to begin from year 2025.

(c) High temp (NG) DAC scenario: In this alternative scenario, we keep everything else the same as in the “Without DAC” scenario but we include high temperature, natural gas-based DAC in the portfolio of NETs. Also, we replace the zero-upper limit by an upper limit on DAC deployment to 30 Gt of CO2/yr, following Realmonte et al. (2019).

(d) High/low temp (NG/EL) DAC scenario: In this alternative scenario, we keep everything else the same as in the “High temp (NG) DAC” scenario but in the portfolio of NETs, we include two additional DAC technologies: a high temperature, electricity-based DAC and a low temperature, electricity-based DAC. As before we impose an upper limit on DAC deployment to 30 Gt of CO2/yr following Realmonte et al. (2019).




RESULTS AND DISCUSSION

Our findings confirm previous results that adopting an ambitious climate mitigation target to limit warming to below 2°C requires substantial investment in removing CO2 from the atmosphere. Given current best estimates for technological development, we find that DAC will be deployed only after the mid-century (Figure 1). The large-scale deployment of DAC, mainly high temperature natural gas-based DAC, is expected to have a significant effect on the optimal CO2 mitigation path (Figure 2A). The deployment of DAC would result in removing nearly 0.5–1.5 GtCO2/yr in year 2055, with DAC capacity increasing to the maximum capacity 30 GtCO2/yr during 2065–2070, the limit we imposed in the model. This amounts to nearly half of the combined CO2 sequestered in total during the period (Figures 1, 2D).


[image: Figure 1]
FIGURE 1. The deployment of DAC under the least cost strategy scenarios that aim to achieve climate mitigation goal by limiting the total radiative forcing to 2.3 W/m2 by year 2100 (shown in red color) and 2.6 W/m2 by year 2100 (shown in blue color), respectively. The scenario “High temp (NG) DAC” shows deployment of high temperature natural gas-based DAC in addition to BECCS and AR, and the scenario “High/low temp (NG/EL) DAC” shows aggregate deployment of three types of DAC (high temperature natural gas-based DAC, high temperature electricity- based DAC and low temperature electricity-based DAC) in addition to BECCS and AR.



[image: Figure 2]
FIGURE 2. Effects on the global CO2 emissions path (A), CO2 prices (B), global mean temperature (C), the total CO2 sequestration (D), CO2 concentration (E), and the total radiative forcing (F) under the least cost strategy scenarios that aim to achieve climate mitigation goal by limiting the total radiative forcing to 2.3 W/m2 by year 2100 (shown in red color) and 2.6 W/m2 by year 2100 (shown in blue color), respectively. The scenario “Without DAC” includes only BECCS and AR, the scenario “High temp (NG) DAC” includes a high temperature natural gas-based DAC in addition to BECCS and AR, and the scenario “High/low temp (NG/EL) DAC” includes three types of DAC (high temperature natural gas-based DAC, high temperature electricity-based DAC and low temperature electricity-based DAC) in addition to BECCS and AR. “High/low temp (NG/EL) DAC” scenario, expanding the portfolio of DAC, by including two additional high and low temperature electricity-based DAC, does not significantly differ much from High/low temp (NG) DAC since the major share of the DAC deployment is high temperature natural gas-based.


DAC deployment would lower the total CO2 mitigation cost compared to the scenario with no direct air capture technologies (Figure 2B), in-line with the findings by Chen and Tavoni (2013). The removal of CO2 using DAC has lower resource trade-offs when compared to BECCS and AR. Deployment of BECCS and AR requires land-based resources, and a large-scale deployment of these NETs significantly increases the CO2 removal cost due to competition for the use of land in the production of food and water. DAC thus would significantly reduce net CO2 emissions later in the century (Figure 2A). Since, to achieve the same radiative forcing by the end of century (Figure 2F), having DAC or not having DAC, both paths should lead to nearly the same cumulative emissions, the path having DAC begins with higher CO2 emissions than the path without DAC (Figures 2A,E). We also note that the global mean temperature would increase more than in the case without DAC (Figure 2C) during the transition, because of higher CO2 emissions.


CO2 Sequestration

Our results suggest that availability of DAC would significantly affect the CO2 sequestration path for other CCS technologies under the climate mitigation goals. Under end-of-century total radiative forcing to 2.3 W/m2 goal, in the “Without DAC” scenario, a cumulative total 1,086 Gt of CO2 would be sequestered over the century using fossil-fuel CCS technologies and BECCS, with BECCS delivering over 42% (454 Gt). In the less stringent 2.6 W/m2 total radiative forcing climate goal, the cumulative total sequestration over the century would be 1,012 Gt of CO2 and the share of BECCS would be 38%. With DAC deployment, the cumulative total CO2 sequestration would increase to 1,873 Gt and 2,232 Gt in the “High temp (NG) DAC” and “High/Low (NG/EL) DAC” scenarios, respectively. The share of DAC would be over 55 and 47% of the cumulative total CO2 sequestered, respectively, while the sequestration by BECCS falls to 12 and 10%. Under the end-of-century total radiative forcing to 2.6 W/m2 goal, the total cumulative CO2 sequestration would increase to 1,709 and 1,757 Gt in the “High temp (NG) DAC” and “High/Low (NG/EL) DAC,” respectively. In both scenarios, the DAC deployment would still amount to over 54% while the share of BECCS falls to about 12% of the cumulative total CO2 sequestered.

The availability of DAC would reduce biomass-based CCS throughout the century. The near-term increase in opportunity cost of CO2 removal due to the prospect of future DAC deployment reduces the biomass-based CCS to a greater extent than the fossil fuel CCS technologies. We find that the marginal cost of CO2 reduction using BECCS is higher than for fossil fuel CCS technologies, the higher costs largely due to BECCS intensive use of scarce land resources. Interestingly, as BECCS decreases later in the century, DAC availability increases the use of CCS in coal and natural gas power generation, suggesting that CO2 emissions reduction from fossil CCS would be less costly than BECCS during that period (Figure 3).


[image: Figure 3]
FIGURE 3. CO2 sequestration under the least cost strategy scenarios that aim to achieve climate mitigation goal by limiting the total radiative forcing to 2.3 W/m2 by year 2100 (shown in red color) and 2.6 W/m2 by year 2100 (shown in blue color), respectively. The scenario “Without DAC” includes only BECCS and AR, the scenario “High temp (NG) DAC” includes a high temperature natural gas-based DAC in addition to BECCS and AR, and the scenario “High/low temp (NG/EL) DAC” includes three types of DAC (high temperature natural gas-based DAC, high temperature electricity-based DAC and low temperature electricity-based DAC) in addition to BECCS and AR.




Supply of Electricity and Generation Mix

With no climate policy in place, the supply of electricity is expected to be dominated by conventional coal and natural gas-based electricity generation technologies. To achieve the 2°C climate goal, much of these conventional electricity generation technologies would need to be either replaced or equipped with CCS technologies (Figures 4A,D). DAC deployment would have two significant effects: the near-term supply of electricity from conventional coal and natural gas power plants would increase and the long-term supply of electricity from BECCS would decrease (Figures 4B,C,E,F). Non-emitting electricity generation from nuclear, solar and wind would be used consistently across the climate policy scenarios.


[image: Figure 4]
FIGURE 4. Supply of electricity and generation mix in the global power sector under the least cost climate mitigation scenarios that aim to achieve climate mitigation goal by limiting the total radiative forcing to 2.3 and 2.6 W/m2 by year 2100, respectively. The three panels in the top row shows the electricity generation mix under the 2.3 W/m2 by year 2100 and the three panels in the bottom row shows the electricity generation mix under the 2.6 W/m2 by year 2100. The scenario “Without DAC” includes only BECCS and AR, the scenario “High temp (NG) DAC” includes a high temperature natural gas-based DAC in addition to BECCS and AR, and the scenario “High/low temp (NG/EL) DAC” includes three types of DAC (high temperature natural gas-based DAC, high temperature electricity-based DAC and low temperature electricity-based DAC) in addition to BECCS and AR.




Stranded Capacity

Fossil fuel generators built prior to the implementation of a climate policy are subject to stranding as their variable costs rise above the price of electricity. In fact, under a 2°C climate goal most existing conventional coal and natural gas power plants would be stranded, if they are not equipped with CCS technologies. In the absence of DAC deployment, the amount of generation stranded each year would peak in year 2035 and 2040 at nearly 350 and 250 GW in the 2.3 and 2.6 W/m2 climate goal, respectively (Figure 5). Most of these stranded generation would be existing coal-fired power plants (Figures 6A,D). The subsequent two decades would see stranding of existing natural gas combined cycle power plants in addition to coal plants, although premature natural gas retirements are considerably smaller in magnitude.


[image: Figure 5]
FIGURE 5. Stranded capacities of existing generation in the global power sector under the least cost strategy scenarios that aim to achieve climate mitigation by limiting total radiative forcing to 2.3 and 2.6 W/m2 by year 2100, respectively. The scenario “Without DAC” includes only BECCS and AR, the scenario “High temp (NG) DAC” includes a high temperature natural gas-based DAC in addition to BECCS and AR, and the scenario “High/low temp (NG/EL) DAC” includes three types of DAC (high temperature natural gas-based DAC, high temperature electricity-based DAC and low temperature electricity-based DAC) in addition to BECCS and AR.
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FIGURE 6. Stranded capacities in the existing power plant types in the global power sector under the least cost strategy scenarios that aim to achieve climate mitigation by limiting total radiative forcing to 2.3 and 2.6 W/m2 by year 2100, respectively. The scenario “Without DAC” includes only BECCS and AR, the scenario “High temp (NG) DAC” includes a high temperature natural gas-based DAC in addition to BECCS and AR, and the scenario “High/low temp (NG/EL) DAC” includes three types of DAC (high temperature natural gas-based DAC, high temperature electricity-based DAC and low temperature electricity-based DAC) in addition to BECCS and AR.


The anticipated, future availability of DAC would delay the onset of asset stranding until year 2050–2060 (Figures 5, 6B,C,E,F). Under the “High temp (NG) DAC” scenario, the highest annual stranding would be approximately 150 GW peaking in year 2050 in the 2.3 W/m2 climate goal. In 2.6 W/m2 climate goal, the annual stranding is lower, approximately 130 GW and peaks in year 2060. In the “High/low temp (NG/EL) DAC” scenario, expanding the portfolio of DAC, by including two additional high and low temperature electricity-based DAC, does not significantly affect much since the major share of the DAC deployment is high temperature natural gas-based. The availability of DAC thus both delays the onset of stranding of existing power generation and limits its magnitude.



Committed Emissions

Next, we examine how the availability of DAC affects carbon “lock-in,” that is the committed CO2 emissions that would be emitted by the normal operation of the existing fleet of power plants. Since the committed emissions are linked to the existing power plant operations, the stranding of these power plants reduces the emissions from these plants. In the absence of climate policy, the existing power plants (constructed prior to the year 2020) in the global power sector would commit to CO2 emissions of about 564 Gt over the remainder of the century. Although, there is uncertainty about the remaining carbon budget in the literature because of differences in model to model climate sensitivity, the committed emissions represent about 37–48% of the remaining carbon budget (from 2020 to 2100) which corresponds to approximately a 67% chance of remaining below 2°C warming by the end of century and the entire remaining carbon budget if the warming is to be limited to 1.5°C (Clarke et al., 2014; Rogelj et al., 2018a,b; Tong et al., 2019).

Our results show that, in the absence of DAC, the climate mitigation goal of keeping warming well below 2°C by limiting the total radiative forcing to 2.3 W/m2 by year 2100 would require eliminating about 317 Gt (57%) of total committed CO2 emissions from the existing power plants (Figure 7A). If we limit the total radiative forcing to 2.6 W/m2, this would be about 259 Gt (46%) of total committed CO2 emissions (Figure 7B). Most of the reduced emissions would come from stranding coal-based power plants (Supplementary Figures 1A,D). With the availability of DAC, the climate mitigation scenario of 2.3 W/m2 would only require eliminating 180-185 Gt, or about 31–33% of total committed CO2 emissions from the existing power plants, mostly coal power plants (Supplementary Figures 1B,C). Under the climate mitigation scenario of 2.6 W/m2, the availability of DAC would require eliminating about 158–162 Gt (28–29%) of total committed CO2 emissions (Supplementary Figures 1E,F). Thus, the availability of DAC would require relatively smaller reduction (17–24% less) in CO2 emissions from the existing power plants and achieve the same climate goal.


[image: Figure 7]
FIGURE 7. The effects of DAC availability on the CO2 emissions from the existing power plants in the global power sector. The emissions in the absence of climate policy is shown in “Business as usual” scenario. The scenario “Without DAC” includes only BECCS and AR, the scenario “High temp (NG) DAC” includes a high temperature natural gas-based DAC in addition to BECCS and AR, and the scenario “High/low temp (NG/EL) DAC” includes three types of DAC (high temperature natural gas-based DAC, high temperature electricity-based DAC and low temperature electricity-based DAC) in addition to BECCS and AR. The left panel (A) shows the climate mitigation goal of limiting the total radiative forcing to 2.3 W/m2 by year 2100 and the right panel (B) shows the climate mitigation goal of limiting the total radiative forcing to 2.6 W/m2 by year 2100. The cumulative CO2 emissions from the existing power plants are 564 Gt in the “Business as Usual” scenario. In climate mitigation scenario of 2.3 W/m2 total radiative forcing, the cumulative emissions are 247, 379, and 384 Gt in the “Without DAC,” “High temp (NG) DAC” and “High/low temp (NG/EL) DAC” scenarios, respectively. In climate mitigation scenario of 2.6 W/m2 total radiative forcing, the cumulative emissions are 305, 402, and 406 Gt in the “Without DAC,” “High temp (NG) DAC” and “High/low temp (NG/EL) DAC” scenarios, respectively. The numbers on the plot denote the difference in cumulative emissions between adjacent scenarios.





CONCLUSIONS

There is a growing recognition that efforts to limit global warming to below 2°C will require the premature retirement of macroeconomically significant amounts of existing electricity generation infrastructure. The types and magnitude of asset stranding depend on the cost and availability of negative emission technologies, which serve as a substitute for near-term emission mitigation. We use the GCAM integrated assessment model to examine how climate policy affects the premature retirement of existing generation in the global power sector and how that stranding is affected by the expected future deployment of direct air capture and carbon storage.

The availability of DAC lowers stranding in the power sector while helping meet ambitious global temperature goals. The availability of DAC in the future reduces the stranding of coal and gas plants and delays the remaining stranding of these plants. The DAC deployment under the climate mitigation goal of limiting the warming to 1.5°-2°C would reduce the stranding of power generation from about 250–350 GW peaking during 2035–2040 to 130-150 GW in years 2050–2060.

The availability of direct air capture would reduce the need to eliminate already committed CO2 emissions in order to achieve the climate goal. In the absence of climate policy, existing coal, natural gas and oil power plants would commit about 564 Gt CO2 emissions between 2020 and the end of the century, which represents between 37 and 48% of the target carbon budget remaining to achieve global warming target of 2°C. Without the availability of DAC, 46–57% of the committed CO2 emissions would need to be eliminated. If DAC is developed 28–33% of committed emissions would need to be eliminated.

This study shows how the availability of DAC affects generation asset stranding under the climate mitigation goal of limiting warming to 1.5°-2°C. Direct air capture technologies are in an early stage of technological development and the current cost estimates do not include the potential value from the use of captured CO2 as a feedstock. For example, the pure stream of CO2 generated from DAC could either be used either as a feedstock in catalytic processing to make synthetic hydrocarbons, such as liquid fuel or in building materials like plastic polymers or in the production of low carbon cements. These value additions can provide additional incentive for DAC deployment. Future research work in this area could be interesting.



DATA REFERENCE

GCAM is an open-source community-based integrated assessment model. The source code of the model to run the “business-as-usual” case is available at https://github.com/JGCRI/gcam-core.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

SP, WS, HM, SD, and AC led the study design and the writing of the paper. SP and JF led the modeling activity. MB assisted with data processing and visualization. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the University of Virginia's Office of the Vice President for Research−3 Cavaliers Program, the University of Virginia Environmental Resilience Institute, the Global Technology Strategy Program and the Alfred P. Sloan Foundation.



ACKNOWLEDGMENTS

The authors would like to acknowledge Katherine Holcomb of the UVA Advanced Research Computing Service for her assistance with setting up GCAM on UVA's High-Performance Computing Cluster.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fclim.2021.660787/full#supplementary-material



REFERENCES

 Battiston, S., Mandel, A., Monasterolo, I., Schütze, F., and Visentin, G. (2017). A climate stress-test of the financial system. Nat. Clim. Chang. 7, 283–288. doi: 10.1038/nclimate3255

 Bertram, C., Johnson, N., Luderer, G., Riahi, K., Isaac, M., and Eom, J. (2015). Carbon lock-in through capital stock inertia associated with weak near-term climate policies. Technol. Forecast. Soc. Change 90, 62–72. doi: 10.1016/j.techfore.2013.10.001

 Bertram, C., Luderer, G., Popp, A., Minx, J. C., Lamb, W. F., Stevanovi,ć, M., et al. (2018). Targeted policies can compensate most of the increased sustainability risks in 1.5 °C mitigation scenarios. Environ. Res. Lett. 13:64038. doi: 10.1088/1748-9326/aac3ec

 Binsted, M., Iyer, G. C., Edmonds, J. (Jae), Vogt-Schilb, A., Arguello, R., Cadena, A., et al. (2020). Stranded asset implications of the Paris Agreement in Latin America and the Caribbean. Environ. Res. Lett. 15:044026. doi: 10.1088/1748-9326/ab506d

 Calvin, K., Bond-Lamberty, B., Clarke, L., Edmonds, J., Eom, J., Hartin, C., et al. (2017). The SSP4: a world of deepening inequality. Glob. Environ. Chang. 42, 284–296. doi: 10.1016/j.gloenvcha.2016.06.010

 Calvin, K., Edmonds, J., Bond-Lamberty, B., Kim, S. H., Kyle, P., Smith, S. J., et al. (2009). 2.6: limiting climate change to 450 ppm CO2 equivalent in the 21st century. Energy Econ. 31, S107–S120. doi: 10.1016/j.eneco.2009.06.006

 Carney, M. (2015). Breaking the tragedy of the horizon - Climate change and financial stability. Available online at: https://www.bis.org/review/r151009a.pdf (accessed May 4, 2021).

 Chen, C., and Tavoni, M. (2013). Direct air capture of CO2 and climate stabilization: a model based assessment. Clim. Change 118, 59–72. doi: 10.1007/s10584-013-0714-7

 Clarke, L., Jiang, K., Akimoto, K., Babiker, M., Blanford, G., Fisher-Vanden, K., et al. (2014). “Assessing Transformation Pathways,” in Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, eds. O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, et al. (Cambridge, United Kingdom; New York, NY: Cambridge University Press).

 Davis, S. J., and Socolow, R. H. (2014). Commitment accounting of CO2 emissions. Environ. Res. Lett. 9:084018. doi: 10.1088/1748-9326/9/8/084018

 Edmonds, J., Clarke, J., Dooley, J., Kim, S. H., and Smith, S. J. (2004). Stabilization of CO2 in a B2 world: Insights on the roles of carbon capture and disposal, hydrogen, and transportation technologies. Energy Econ. 26, 517–537. doi: 10.1016/j.eneco.2004.04.025

 Edmonds, J., Luckow, P., Calvin, K., Wise, M., Dooley, J., Kyle, P., et al. (2013). Can radiative forcing be limited to 2.6 Wm−2 without negative emissions from bioenergy AND CO2 capture and storage? Clim. Change 118, 29–43. doi: 10.1007/s10584-012-0678-z

 Fasihi, M., Efimova, O., and Breyer, C. (2019). Techno-economic assessment of CO2 direct air capture plants. J. Clean. Prod. 224, 957–980. doi: 10.1016/j.jclepro.2019.03.086

 Fuhrman, J., Clarens, A., Calvin, K., Doney, S. C., Edmonds, J., O'Rourke, P., et al. (2020). “Assessing the need for direct air capture in the context of the shared socioeconomic pathways,” in American Geophysical Union 2020 Fall Meeting.

 Fuhrman, J., McJeon, H., Doney, S. C., Shobe, W., and Clarens, A. F. (2019). From zero to hero?: Why integrated assessment modeling of negative emissions technologies is hard and how we can do better. Front. Clim. 1:11. doi: 10.3389/fclim.2019.00011

 Fuss, S., Lamb, W. F., Callaghan, M. W., Hilaire, J., Creutzig, F., Amann, T., et al. (2018). Negative emissions. Part 2: costs, potentials and side effects. Environ. Res. Lett. 13:63002. doi: 10.1088/1748-9326/aabf9f

 González-Mahecha, E., Lecuyer, O., Hallack, M., Bazilian, M., and Vogt-Schilb, A. (2019). Committed emissions and the risk of stranded assets from power plants in Latin America and the Caribbean. Environ. Res. Lett. 14:124096. doi: 10.1088/1748-9326/ab5476

 Grubler, A., Wilson, C., Bento, N., Boza-Kiss, B., Krey, V., McCollum, D. L., et al. (2018). A low energy demand scenario for meeting the 1.5 °C target and sustainable development goals without negative emission technologies. Nat. Energy 3, 515–527. doi: 10.1038/s41560-018-0172-6

 Hilaire, J., Minx, J. C., Callaghan, M. W., Edmonds, J., Luderer, G., Nemet, G. F., et al. (2019). Negative emissions and international climate goals—learning from and about mitigation scenarios. Clim. Change 157, 189–219. doi: 10.1007/s10584-019-02516-4

 Humpenöder, F., Popp, A., Dietrich, J. P., Klein, D., Lotze-Campen, H., Bonsch, M., et al. (2014). Investigating afforestation and bioenergy CCS as climate change mitigation strategies. Environ. Res. Lett. 9:64029. doi: 10.1088/1748-9326/9/6/064029

 IPCC (2014). Climate Change 2014: Mitigation of Climate Change. Working Group III Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, eds. O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, et al. Cambridge, United Kingdom; New York, NY: Cambridge University Press.

 IPCC (2018). “Summary for policymakers,” in Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C Above Pre-industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to, eds. P. R. S. Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, M. I. G. A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, and T. W. E. Lonnoy, T. Maycock, M. Tignor Cambridge, United Kingdom; New York, NY: Cambridge University Press.

 Iyer, G. C., Edmonds, J. A., Fawcett, A. A., Hultman, N. E., Alsalam, J., Asrar, G. R., et al. (2015). The contribution of Paris to limit global warming to 2 degree C. Environ. Res. Lett. 10:125002. doi: 10.1088/1748-9326/10/12/125002

 JGCRI (2020). GCAM v5.3 Documentation. Available online at: http://jgcri.github.io/gcam-doc/index.html (accessed May 4, 2021).

 Johnson, N., Krey, V., McCollum, D. L., Rao, S., Riahi, K., and Rogelj, J. (2015). Stranded on a low-carbon planet: Implications of climate policy for the phase-out of coal-based power plants. Technol. Forecast. Soc. Change 90, 89–102. doi: 10.1016/j.techfore.2014.02.028

 Keith, D. W., Holmes, G., St. Angelo, D., and Heidel, K. (2018). A process for capturing CO2 from the atmosphere. Joule 2, 1573–1594. doi: 10.1016/j.joule.2018.05.006

 Leaton, J., Fulton, M., Spedding, P., Grant, A., Capalino, G., Sussams, L., et al (2015). The $2 trillion stranded assets danger zone: How fossil fuel firms risk destroying investor returns. Carbon Tracker Initiat. Available online at: https://carbontracker.org/reports/stranded-assets-danger-zone (accessed May 4, 2021).

 Marcucci, A., Kypreos, S., and Panos, E. (2017). The road to achieving the long-term Paris targets: energy transition and the role of direct air capture. Clim. Change 144, 181–193. doi: 10.1007/s10584-017-2051-8

 McGlade, C., and Ekins, P. (2014). Un-burnable oil: An examination of oil resource utilisation in a decarbonised energy system. Energy Policy 64, 102–112. doi: 10.1016/j.enpol.2013.09.042

 McGlade, C., and Ekins, P. (2015). The geographical distribution of fossil fuels unused when limiting global warming to 2°C. Nature 517, 187–190. doi: 10.1038/nature14016

 Mercure, J. F., Pollitt, H., Viñuales, J. E., Edwards, N. R., Holden, P. B., Chewpreecha, U., et al. (2018). Macroeconomic impact of stranded fossil fuel assets. Nat. Clim. Chang. 8, 588–593. doi: 10.1038/s41558-018-0182-1

 Nordhaus, W. (1982). How fast should we graze the global commons. Am. Econ. Rev. 72, 242–246.

 Rao, S., and Riahi, K. (2006). The role of non-CO2 greenhouse gases in climate change mitigation: Long-term scenarios for the 21st century. Energy J. 27, 177–200. doi: 10.5547/ISSN0195-6574-EJ-VolSI2006-NoSI3-9

 Realmonte, G., Drouet, L., Gambhir, A., Glynn, J., Hawkes, A., Köberle, A. C., et al. (2019). An inter-model assessment of the role of direct air capture in deep mitigation pathways. Nat. Commun. 10:3277. doi: 10.1038/s41467-019-10842-5

 Rep. Casten, S. (2019). Climate Risk Disclosure Act of 2019. H.R.3623. Available at: https://www.congress.gov/bill/116th-congress/house-bill/3623/all-info (accessed May 5, 2021).

 Riahi, K., Kriegler, E., Johnson, N., Bertram, C., den Elzen, M., Eom, J., et al. (2015). Locked into Copenhagen pledges — implications of short-term emission targets for the cost and feasibility of long-term climate goals. Technol. Forecast. Soc. Change 90, 8–23. doi: 10.1016/j.techfore.2013.09.016

 Rogelj, J. D., Shindell, K., Jiang, S., Fifita, P., Forster, V., et al. (2018a). “Mitigation pathways compatible with 1.5°C in the context of sustainable development,” in Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C Above Pre-industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change, eds. V. Masson-Delmotte, P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, et al. (Cambridge; New York, NY: Cambridge University Press).

 Rogelj, J., Popp, A., Calvin, K. V., Luderer, G., Emmerling, J., Gernaat, D., et al. (2018b). Scenarios towards limiting global mean temperature increase below 1.5 °C. Nat. Clim. Chang. 8, 325–332. doi: 10.1038/s41558-018-0091-3

 Saygin, D., Rigter, J., Caldecott, B., Wagner, N., and Gielen, D. (2019). Power sector asset stranding effects of climate policies. Energy Sources, Part B Econ. Planning, Policy 14, 99–214. doi: 10.1080/15567249.2019.1618421

 Strefler, J., Bauer, N., Amann, T., Kriegler, E., and Hartmann, J. (2020). Enhanced weathering and BECCS - are carbon dioxide removal technologies complements or substitutes? Available online at: https://www.iamconsortium.org/wp-content/uploads/2020/03/Enhanced-weathering-and-BECCS-%E2%80%93-are.pdf (accessed May 5, 2021).

 Tong, D., Zhang, Q., Zheng, Y., Caldeira, K., Shearer, C., Hong, C., et al. (2019). Committed emissions from existing energy infrastructure jeopardize 1.5 °C climate target. Nature 572, 373–377. doi: 10.1038/s41586-019-1364-3

 UNEP (2018). Emissions Gap Report 2018 Nairobi. Available online at: https://www.unep.org/resources/emissions-gap-report-2018

 van Vuuren, D. P., Stehfest, E., Gernaat, D. E. H. J., van den Berg, M., Bijl, D. L., de Boer, H. S., et al. (2018). Alternative pathways to the 1.5 °C target reduce the need for negative emission technologies. Nat. Clim. Chang. 8, 391–397. doi: 10.1038/s41558-018-0119-8

 Wise, M., Calvin, K., Thomson, A., Clarke, L., Bond-Lamberty, B., Sands, R., et al. (2009). Implications of limiting CO2 concentrations for land use and energy. Science 324, 1183–1186. doi: 10.1126/science.1168475

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Pradhan, Shobe, Fuhrman, McJeon, Binsted, Doney and Clarens. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fclim-03-660787-g005.gif





OPS/images/fclim-03-660787-g006.gif
wm=Coal ==Natgas ==Oil





OPS/images/fclim-03-660787-g003.gif





OPS/images/fclim-03-660787-g004.gif
0 1002030040050

0 1002603004000

gy T

:

H

E

"z Zimosszee
e

g € mmmenao 20w

8

o A (AL MG RA TS

0 100200200 100500

Sggsesnses
RN

0 1602002004000

e wmmmeE

—Biomass
—Coal
—Gas
—oi
—nNuclear

= Blomass wiCCS
= CoalWiCCS
—GaswiCCS
—Oiwiees.





OPS/images/fclim-03-660787-g007.gif





OPS/images/inline_1.gif
1





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of Direct Air Capture Technology Availability on Stranded Assets and Committed Emissions in the Power Sector



		Introduction



		Methods



		Integrated Assessment Model–GCAM



		Direct Air Capture and Carbon Storage Technology and Its Deployment



		Determination of Stranded Capacities



		Scenario Description







		Results and Discussion



		CO2 Sequestration



		Supply of Electricity and Generation Mix



		Stranded Capacity



		Committed Emissions







		Conclusions



		Data Reference



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Climate

Effects of Direct Air Capture
Technology Availability on Stranded
Assets and Committed Emissions in

the Power Sector





OPS/images/fclim-03-660787-g001.gif





OPS/images/fclim-03-660787-g002.gif
e SO emissions.

(GOn price (2010 price)

Temperstrsncresse

Totl adiste foring










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Climate





