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HIGHLIGHTS
Technological transformation of
the US coal sector to achieve the
2 C target by 2050
The deployment of BECCS by
2030 allows the existing coal fleet
to avoid 550 MtCO2
The proposed solution prevents
the loss of 40,000 coal jobs in
2020–2050
The proposed solution creates
22,000 jobs along BECCS supply
chains

In this study, we show that climate change mitigation does not necessarily have to
come at the cost of employment. The deployment of BECCS by 2030 and the
replacement of 50% of aging coal plants with natural gas allow achieving emission
reductions consistent with 2 C stabilization pathways in the coal sector by 2050.
This strategy addresses the concerns surrounding coal workers’ employment by
phasing out coal gradually, retaining 40,000 jobs, and creating 22,000 additional
jobs by mid-century.
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SUMMARY

Context & Scale

Concerns have been voiced that implementing climate change mitigation measures could come at the cost of employment, especially in the context of the US
coal sector. However, repurposing US coal plants presents an opportunity to
address emission mitigation and job creation, if the right technology change
is adopted. In this study, the transformation of the US coal sector until 2050 is
modeled to achieve ambitious climate targets. Results show that the costoptimal strategy for meeting 2050 emission reductions consistent with 2 C stabilization pathways is through the early deployment of BECCS and by replacing
50% of aging coal plants with natural gas plants. This strategy addresses the
concerns surrounding employment for coal workers by retaining 40,000 jobs,
and creating 22,000 additional jobs by mid-century. Climate change mitigation
does not have to come at the cost of employment, and policymakers could seek
to take advantage of the social co-benefits of mitigation.

To promote climate change
mitigation actions broadly,
strategies that both reduce
emissions and prevent negative
employment effects need to be
investigated. With this in mind,
this study focuses on the
socioeconomic co-benefits of
mitigating the US coal sector
emissions in the 2020–2050 time
period. We considered all current
US coal-fired power plants, a large
part of which will need to be
replaced due to their high age.
We propose a technological
transformation of the existing coal
fleet, featuring the early
deployment of BECCS by 2030
and the substitution of 50% coal
units with natural gas plants by
2050. This strategy enables the
coal sector to reach emissions in
line with the 2 C target while
creating 22,000 jobs and retaining
40,000 jobs otherwise lost due to
coal fleet retirement. Rather than
arguing that climate change
mitigation is simply necessary,
policymakers could promote
climate actions by informing
stakeholders about potential
employment co-benefits.

INTRODUCTION
Despite a slowdown over the last 5 years, global coal consumption in the energy
sector is predicted to rise over the next decades, with numerous countries expected
to meet their growing energy demand largely from fossil fuels.1–4 If projections are
correct, emissions resulting from coal use will significantly jeopardize the ability to
meet ambitious climate targets.
While a coal ‘‘renaissance’’ seems almost inevitable in developing economies, countries such as the US, currently the second-biggest coal consumer in the world,3 are
on a sufficiently sound economic footing to mitigate their energy sector emissions.
However, opponents of climate change mitigation have focused on the potentially
negative effects of mitigation activities on coal sector employment, and this has
significantly impeded action. To promote climate change mitigation actions on a
broad front, strategies to both reduce emissions and prevent negative employment
effects need to be investigated. This study thus focuses on socioeconomic co-benefits in the US coal sector.
Recent economic, social, and political factors have threatened the historical dominance of coal in US power generation and this has greatly diminished the outlook
of the domestic US coal sector: (1) the development of US shale gas reserves has
brought an abundant supply of cheap domestic natural gas; (2) utilities are progressively turning away from coal and toward natural gas for baseload generation;5
meanwhile, (3) renewables are also becoming increasingly competitive and enjoy
strong public support.6
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All these forces have contributed to the pressure on existing coal-fired power plants,
especially as the US coal fleet largely comprises old subcritical units with an average
thermal efficiency of around 35% (lower heating value, net) and an average CO2 net
intensity of 1.02 tCO2 per MWh of electricity.
The deployment of carbon capture and storage (CCS) technology has continued to
lag behind expectations,7 despite its anticipated importance in achieving long-term
climate targets8 and efforts by the scientific community to promote its early implementation.9–11 This situation has also impeded implementation of low-carbon bioenergy combined with CCS (BECCS) for generating negative emissions—if CO2
released during bioenergy generation is captured and permanently stored, then
net removal of CO2 from the atmosphere could be achieved.8,12–14
Negative emission technologies present a trilemma,15 as their successful implementation often requires three main conditions: scalability, positive socioeconomic and
environmental impacts,16,17 and low costs. In this study, we explore the extent to
which the implementation of these technologies impacts the job market and contributes to energy sector employment, an aspect that has hitherto been overlooked.
Historically, the knock-on effects of environmental regulation on employment have
played a central role in the political debate in the US. Of particular concern is that the
coal phase-out and investment in mitigation come at the cost of unemployment, lost
competitiveness, and a resultant loss of welfare for local communities.6,18 On the
other hand, investors and businesses are becoming aware of the risk that assets
might be stranded if their investments are not directed toward emission-reduction
technologies.19 Such contradictory perspectives emphasize the need for a quantitative assessment of the real opportunities (and risks) that the US economy could face
when working toward carbon mitigation goals, particularly when mitigation is associated with CCS deployment.
Over the past decades, modeling studies using integrated assessment models
(IAMs) have focused on investigating the role of near-term policies in achieving
emission-reduction goals; they have recognized early technology development as
a key component for achieving long-term mitigation targets.20–24 These modeling
studies have confirmed that CCS use will be critical in (1) alleviating the challenges
of technology transition in the power sector, particularly when associated with
BECCS;21,25,26 and (2) preventing premature coal plant retirements.27 Such studies,
however, are based on aggregate approaches, in which different scenarios of technology development are analyzed within the same model (e.g., by drawing different
assumptions about CCS cost trajectories20,28) or comparing different model
outputs.23,24,29
Although these studies associate CCS deployment with certain techno-economic
factors (i.e., renewable energy deployment,23 power plant lifetime,27 and mitigation
targets23,25), they do not have the granularity required for a comprehensive assessment of the social impacts of CCS. In other words, by neglecting to include sectoral21,23,29 or regional27,28 disaggregation, such modeling efforts cannot capture
the socioeconomic implications of technology deployment within a given region.
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Sweden

7School

At the same time, within the socioeconomic literature, many efforts to link climate
policies and economic sectors have been directed mainly toward assessing the
impact of climate targets on fossil fuel companies’ profits or on the financial markets.30,31 However, quantitative studies of the effect on energy sector employment

2

Joule 2, 1–16, December 19, 2018

of Business Society and Engineering,
Mälardalen University, 721 23 Västerås, Sweden
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Figure 1. Modeling Framework Adopted in the Study

of deferring action on climate change are almost absent from the climate policy
literature.
In this work, we conducted a techno-economic study of the US coal sector that aims
to (1) resolve technological deployment that is often spatially aggregated in IAM
studies, and (2) capture the socioeconomic effects of technology transition initiated
by climate policies. Specifically, we aim to identify the technological transition of the
US coal sector required across the 2020–2050 time span to achieve emission reductions in line with the Representative Concentration Pathway (RCP) 2.6 pathway,
which is consistent with limiting warming to below 2 C. (Scenarios below RCP 2.6
in terms of radiative forcing that can be produced in an IAM are rare and have
only recently become available in the peer-reviewed literature. The IAM community
has recently used the Shared Socioeconomic Pathways [SSP] framework to produce
preliminary scenarios that reach about 1.9 W/m2 in 2100, leading to a likely [>66%]
probability of staying below 1.5 C in 2100. However, these scenarios have not yet
been made publicly available.)32

RESULTS AND DISCUSSION
Modeling Framework and System Boundaries
Figure 1 describes the modeling framework adopted in this study. The core of the
analysis is represented by the dynamic BeWhere-US model,33–37 a techno-economic
model that identifies the optimal energy technology mix for a given region under
stringent emission constraints or carbon prices. Given its bottom-up nature, the
BeWhere-US model can be linked with various databases and spatially explicit tools
capturing different aspects of the system under investigation.
For this study, emission targets consistent with RCP 2.6 are used. Targets are derived
from a publicly available RCP database (SSP Public Database, version 1.1 [https://
tntcat.iiasa.ac.at/SspDb]) and downscaled at the US level using the US population
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projections during the corresponding time period (Supplemental Information, Section 1.1).
We focus on a set of US coal power plants that has been derived by combining two
electricity generation databases (National Electric Energy Data System v.5.15
[https://www.epa.gov/airmarkets/power-sector-modeling-platform-v515], Emissions
& Generation Resource Integrated Database [https://www.epa.gov/energy/emissionsgeneration-resource-integrated-database-egrid]). This builds on a previous study on
coal power plant modeling.38 To reach the required carbon mitigation levels, a range
of technology options have been identified in accordance with the Clean Power
Plan (CPP) guidelines.39 The mitigation technologies considered are: (a) heat rate
improvement (HRI), (b) co-firing of forest residues, (c and d) CCS and BECCS retrofit,
and (e) replacement of the unit with natural gas. For each mitigation technology, specific electricity generation costs and emission intensities are derived and applied to the
coal units. To derive the cost trajectory of the mitigation technologies over the simulation period, we considered a discount rate of 9%, while fuel costs reflect natural gas
and coal market prices registered by the US energy administration in 2017.
To ensure that the quality of biomass is sufficient for co-firing, we considered
biomass feedstocks only from certified forest areas across the US and omitted other
biomass sources, such as residues from agriculture. We assumed that the biomass
used in co-firing configurations was carbon-neutral, as in Sanchez et al.26 and Marland et al.,40 while we accounted for direct emissions deriving from biomass transport and processing. (The negative emission potential is equal to 0.3708 tCO2/
GWh accounting for the carbon content of domestic forest resources in North America [52% of dry mass] and considering an average forest heating value of 5.14 kWh/
dryt.) The harvestable forest biomass for the 2020–2050 time period was estimated
using the Global Forest Model (G4M)41 combined with the climate data consistent
with the RCP 2.6 scenario (Supplemental Information, Section 1.2).
To capture the socioeconomic dimension of the technology transition envisaged by
the BeWhere-US model, we processed the model output in the Jobs and Economic
Development Impact (JEDI) models (National Renewable Energy Laboratory and
JEDI models [https://www.nrel.gov/analysis/jedi/)$MUS]). The JEDI models measure the employment variation at the power plant level, resulting from the optimal
technology mix, similar to the approach found in Jacobson et al.42 The results
were compared with a business-as-usual (BAU) scenario, depicting the evolution
of the coal sector in the 2020–2050 time span, when no mitigation actions were
undertaken. In this latter case, we assumed that units coming up to retirement age
(60 years) would be replaced with natural gas plants, reflecting past and current
US electricity market costs and trends (EIA’s short-term energy outlook stated that
in 2016 natural gas-fired generation exceeded coal generation in the US on an
annual basis). The same report expected the combination of market forces and government policies to continue to stimulate the use of natural gas as a substitute for
coal (see https://www.eia.gov/).
This study presents a techno-economic modeling exercise to investigate the economic and employment impact of the adoption of mitigation technologies in the
coal sector. It does not consider the economic and social impacts of retrofitting
coal-fired plants to meet potential increased demand or the substitution of renewable technologies for coal. Clearly, the coal sector reflects only a limited picture of
the economy, and possible opportunities for the generation of jobs through other
low-carbon technologies might arise.
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The rationale for excluding renewable energy sources (e.g., solar or wind) from the
analysis was to focus on replacing baseload electricity generation with equivalently
dispatchable power plant technologies. Recently, low natural gas prices have resulted in natural gas combined cycle power plants gaining a competitive advantage
in the US electricity generation sector. The fact that natural gas expansion has been
driven by market forces, rather than by climate policy, may add to its appeal as a potential bridge technology in the medium term when the implementation of strong
climate action will face multiple political challenges.43 While there is a growing trend
of increased renewable energy development, mainly driven by the cost-competitiveness of energy sources such as wind (https://www.lazard.com/perspective/levelizedcost-of-energy-2017/), the intermittent character and uncertain generation of such
sources challenge their integration into the utility power grid at a large scale.
Technology Pathways for Decarbonizing the US Coal Sector
We considered the introduction of a range of technology options to mitigate the
carbon emissions of the existing coal units.
Given that many coal plants are aging and near replacement, blending coal with
biomass could be a ‘‘bridging’’ strategy to quickly reduce CO2 emissions, regardless
of the future status of coal use. The average abatement cost of 10% biomass co-firing
is estimated to be US$30 per tCO244 and relies on site-specific factors such as the
purchasing cost of biomass and its availability, as well as the size of the existing
coal plants.
Although retrofitting existing power plants with CCS inevitably results in a derating
of up to 40%2 of the power output, such retrofits offer an opportunity to avoid the
long-term ‘‘lock-in’’ of emissions from these facilities. CCS can reduce the emissions
from a state-of-the-art hard-coal power plant from around 800 to around 100 gCO2
per kWh, if 90% of the emissions are captured and stored. The emission savings can
be even higher if CCS is coupled with the co-firing of biomass (BECCS),10 provided
that the feedstock is grown sustainably. Thus, we considered only biomass deriving
from sustainably managed and certified forests45 across the US territory. Present and
future yields from the forest areas mentioned above are based on the G4M,41
excluding existing protected areas designated by the International Union for Conservation of Nature46 (categories I–IV) (Supplemental Information, Section 1.2).
As around half of the aging plants would need to be retired before 2050, we also
considered the option of replacing coal with less carbon-intensive fuels. Among
other alternative choices, natural gas-fired power plants are flexible, and their
output can quickly and easily be adjusted to accommodate fluctuations in demand,
while many renewables lack this flexibility.47 For these reasons, we assumed that the
natural gas combined cycle (NGCC) technology would be the preferred replacement
option for existing coal boilers in the short run, assuming that renewables will
continue to foster the development of green energy.
All the aforementioned options have been modeled in accordance with the CPP
guidelines (Supplemental Information, Section 1.4), a broad and ambitious regulatory effort finalized by the Obama administration in 2015 to reduce US carbon-dioxide
emissions from power plants to 32% below 2005 levels by 2030. The CPP has
recently been put on hold by the US Supreme Court, for legal, political, and theoretical reasons. As no repeal legislation has been proposed so far by the current US
administration, the CPP still represents the most recent set of measures designed
to pursue mitigation efforts in the US energy sector in line with the Paris Agreement.
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Figure 2. Economic (Left) and Environmental Performance (Right) of the Mitigation Technologies
The technologies include: HRI, biomass co-firing, CCS and BECCS retrofits, and coal replacement
with NGCC. On each box, the central mark indicates the median LCOE (right) and emission
intensity (left), and the bottom and top edges of the box indicate the 25th and 75th percentiles,
respectively. The emission factor of NGCC technologies have been calibrated according to the
CPP guidelines, and therefore constant 0.55 tCO2 /MWh.

The CPP states that the choice of the preferred carbon mitigation pathway needs to
account for the environmental and economic impacts of the solution on the performance of each individual unit. The process performance of each option has thus
been evaluated in terms of levelized cost of electricity (LCOE) and CO2 intensity.
Figure 2 presents the effect of introducing such technologies in economic and environmental terms, with costs and emission intensities that are kept constant
throughout the simulation period. As the assessment was performed at the plant
level, we obtained a wide variation in the economic and environmental performances of the mitigation options: while HRI and co-firing options raise the average
LCOE of the plants by only 30% and 12%, respectively, CCS and BECCS, increase the
LCOE of 329 units (50% of the entire coal fleet) from an average value of US$38.1 per
MWh to more than US$180 per MWh. The smallest variation in emission intensity (8%
compared with the reference case) is obtained with HRI (mainly attributable to fuel
saving in the combustion process and to the adoption of pollutant control systems);
CCS and BECCS technologies lower the carbon emissions of the plants to almost
zero, while biomass co-firing confers some environmental benefits (10% emission
reduction compared with the reference case) by displacing 15% of coal input.
Potential Energy Mix, Emission Reduction, and Costs
We compared the results obtained for the RCP 2.6 scenario with a BAU scenario,
where no climate change mitigation policy is implemented.
The BAU scenario predicts a hard landing for the coal sector between 2020 and
2050, as an increasing share of coal plants face retirement due to aging (Figure 3,
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Figure 3. Evolution of the Technology Mix Replacing Coal-Based Electricity Generation over 2020–2050 and Resulting CO2 Emission, According to
the Scenarios Investigated
Technology mix (upper panels) and corresponding emissions (lower panels) under the BAU (left) and the RCP 2.6 scenario (right) for the existing US coal
power generation. Percentages refer to the share of purely coal-fired plants.

left). By 2050 only 24% of the current coal units are still in operation, producing 35%
(540 TWh per year) of the initial coal power generation.
The RCP 2.6 scenario, however, shows a more gradual coal phase-out as coal plants
adopt climate mitigation technologies to continue operation. In 2025, 150 underperforming coal units (25% of the total fleet) switch over to natural gas, resulting
in 10% lower electricity costs and 30% CO2 emission reductions. These results
confirm a 2013 study.48 After 2030, the pace of coal retirement continues more
gently, as biomass co-firing and CCS are adopted by the existing units. By 2050 cumulative emission reductions are 550 MtCO2, resulting in US coal sector emissions of
only 412 MtCO2 per year. This is 36% less total emissions than the resulting emissions from the drastic coal phase-out in the BAU scenario in 2050.
BECCS facilitates the achievement of emission reductions in line with the 2 C warming target in a least-cost way, while also limiting retirements in the coal sector. The
CO2 emissions target introduced in this scenario calls for the deployment of BECCS
by 2025: 15 coal units are retrofitted with biomass co-firing and CCS and 1.5 TWh
per year of electricity derives from biomass. In 2050, more than 52% of the
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Figure 4. Cumulative CO2 Emissions Reduction Achieved by Mid-Century in the RCP 2.6 Scenario
Pie charts indicate the composition of the technology portfolio in 2050 at the state level.

coal-based electricity derives from BECCS, and 90 MtCO2 per year is stored in
geological formations. Co-firing biomass in conventional coal plants leads to only
10% reduction in plant emissions. That is why this option is almost never selected
in the RCP 2.6 scenario and contributes less than 1% to the 2050 energy mix.
By combining locally harvested biomass and CCS, abatement costs are in the range
of US$40 per tCO2 in 2030 up to US$90 per tCO2 in 2050, with increasingly stringent
emission targets incurring higher abatement costs in line with previous findings.26
This is because, when higher emission reductions are to be achieved, cost-efficient
coal plants need to be retrofitted with BECCS, which increases the cost of mitigation.
As shown in Figure 4, the states of the Great Lakes region achieve the highest emission reductions in the RCP 2.6 scenario due to the early implementation of negative
emission technologies. In 2030, 4 GW of coal capacity in the area is converted to
BECCS and 7 MtCO2 per year are sequestered in saline formations (details on storage site characterization are given in Supplemental Information, Section 1.4). Within
the following two decades, we observe a ramp-up of BECCS technologies in the region, producing 145 TWh per year of electricity.
Similarly, we observe that the South-East US achieves considerable emission reductions by 2050. In some cases, this effect, rather than being attributable to BECCS
deployment, is linked mainly to a significant phase-out of coal. For instance, more
than 75% of the units located in the states of North Carolina and Virginia are forced
to shut down in 2020 prior to reaching their retirement age due to the RCP 2.6 scenario emission targets.
Figure 5 shows the cumulative investment in electricity generation resulting from the
technology transition in the RCP 2.6 scenario and in the BAU scenario. The increased
electricity rates observed in the first two decades of the RCP 2.6 scenario relate to
the initial coal fleet retirement, costing 8,600 MUS$ (while the BAU scenario foresees
a cumulative investment of 2,100 MUS$, for the retirement of 7% of the existing coal
fleet during the same period). The rapid ramp-up of BECCS following the introduction of more stringent mitigation targets from 2030 requires increasingly higher investments and doubles the cost of electricity in 2050: from an average value of
36.7 US$/MWh to 80 US$/MWh. Climate mitigation actions in line with the 2 C
target foresees a cumulative investment of 76,700 MUS$ in the coal sector by 2050.

8

Joule 2, 1–16, December 19, 2018

Please cite this article in press as: Patrizio et al., Reducing US Coal Emissions Can Boost Employment, Joule (2018), https://doi.org/10.1016/
j.joule.2018.10.004

Figure 5. Cumulative Investment in Electricity Generation in the BAU and in the RCP 2.6 Scenarios

Effects on Energy Sector Employment
Energy Sector Employment Forecast between 2020 and 2050
An important finding of this study is that coal sector employment experiences a
much softer landing in the RCP 2.6 scenario than in the BAU scenario. This is because
in the RCP 2.6 scenario fewer coal units are immediately retired as they are eligible
for climate mitigation retrofits, such as BECCS, that keep some plants active and
create additional jobs in manufacturing. Figure 6 highlights the employment forecast in the years 2020–2050.
The plant retirements foreseen in 2025 in the RCP 2.6 scenario lead to a total
displacement of 72,500 operations and maintenance (O&M) jobs, 30% of which represents workers directly employed in unit operation activities and 45% are jobs lost
along the supply chain. This is because the workforce associated with an NGCC plant
is about one-third of the labor required for operating a coal unit of equivalent capacity. The greatest share (65%) of indirect O&M jobs is lost in the coal mining and transportation sectors. The employment growth observed in 2025 (216,000 jobs created)
is due to construction, implementation, and manufacturing (CIM) jobs associated
with the installation of new NGCC plants. However, these jobs are temporary and
are only present during the project construction phase (2 years).
Over the period 2020–2050, we find 650,000 more jobs in the RCP 2.6 scenario
compared with the BAU scenario. Around 60% of these jobs are related to the
CIM phase of CCS technologies and NGCC plants. Once the CIM phase is over
(which lasts 2 years for the construction of both NGCC and BECCS plants), the permanent operating jobs remain (operation, maintenance, and fuel processing of the
installed technologies and pipeline infrastructure). Assuming that the current coal
workforce would be completely absorbed by the rising natural gas sector, 150,000
O&M jobs would be lost by 2050 in the BAU scenario. By contrast, the scale-up of
BECCS from 2030 onward projected in the RCP 2.6 scenario prevents such job losses
and creates an additional 22,000 permanent jobs by 2050.
The introduction of BECCS might also lead to regional variations in coal sector
employment, as emphasized by Figure 7. It is in regions characterized by the greatest emission reductions by mid-century that we obviously observe the highest
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Figure 6. Difference in Job Creation between the BAU and RCP 2.6 Scenarios
Data refers to number of full-time equivalent (FTE) employment (O&M, operation and maintenance; CIM, construction, implementation and
manufacture).

number of jobs retained (local jobs that would be lost due to the phase-out of the
plants). For instance, almost 50% of the coal plants located in Illinois are retrofitted
with BECCS by 2040. This allows about 4,000 jobs to be saved and 155 MtCO2 lower
emissions than if the entire capacity had been converted to natural gas. It is also
interesting to note that the early replacement of coal in this scenario has a negative
impact on the job market in six states: the number of jobs lost is higher in regions
where BECCS is not part of the local energy mix (e.g., Montana and Oregon lose
around 400 and 200 jobs, respectively).
Moreover, the employment sectoral breakdown (Figure 8) highlights that the
forestry industry and the transport sector benefit the most from the emission mitigation actions of the RCP 2.6 scenario: BECCS facilities generate 15,000 additional
jobs in the forestry sector by 2050 and create 2,500 jobs connected to logistics activities, while the retaining effect of BECCS is more pronounced in the mining sector,
as around 12,000 mining jobs would otherwise be disrupted with the phase-out of
coal. Combining such insights with the regional employment analysis proposed in
this section, can be useful for understanding how jobs are preserved (in the mining
sector) and expanded (in the forestry sector) according to region-specific factors:
mining and transport jobs are preserved in areas with less generation but where
the majority of coal is produced (e.g., Wyoming, producing 40% of coal in the
US), while elsewhere energy generation jobs are preserved due to early BECCS
adoption (e.g., the states of the Great Lakes region).
The Cost of Jobs Associated with BECCS Deployment
Figure 9 shows the net effect on employment arising from the cumulative investment
in BECCS technology over the time period. In this case, only the net variation in permanent jobs due to BECCS deployment are considered over the years. CIM-related
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Figure 7. Spatial Representation of Employment Variation in 2020–2050
Cumulative number of jobs saved (upper map) and created (lower map) in the RCP 2.6 scenario as
compared with the BAU scenario, excluding construction, implementation, and manufacturing
(CIM) jobs. Gray areas are where no job variation is observed.

activities are excluded from the assessment, as they impact the job market only in the
shorter term.
The introduction of BECCS has a positive result on employment, which increases
over the decades: of the 22,000 permanent workers hired in the coal sector by
mid-century, almost 90% are employed in BECCS-related activities. The number
of jobs preserved shows a net increase over the years, as BECCS prevents the shutdown of an increasing amount of coal capacity. However, the stronger mitigation
actions enforced after 2030 reduce the cost-efficiency of BECCS in generating
jobs. This is due to greater investments being required for its deployment: in
2030, 3,700 permanent job positions are created with an investment of 1,500
MUS$ (giving a rate of 1.9 jobs/MUS$), while in 2050, BECCS is generating around
0.8 additional jobs per MUS$ invested.
It is worth mentioning that the cost of job creation is strictly connected to the future
cost of BECCS, which relies on various market pre-conditions and thus remains
largely uncertain.49 One way of assessing the cost of BECCS in future energy markets
is to adopt the concept of learning curves.50,51 This is based on the empirically
observed phenomenon that technology costs tend to decline with increasing capacity deployment (learning-by-doing effect).
We therefore explored the potential cost reductions and the employment effect of
BECCS, as it becomes increasingly available in global markets (technology learning
takes place on a global level and thus requires global capacity projections). As well
as the base case which is without explicit technology learning, we adopted two technology diffusion scenarios building on a previous study on technology learning
modeling.52 The scenarios combine specific technology learning assumptions with
two different capacity expansion projections until 2050, according to different carbon policies.
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Figure 8. Cumulative Jobs Addition by Mid-Century in the RCP 2.6 Scenario per Sector in Absolute Terms (Left) and in Relation to Each Technology
(Right)
(FIRE, Financial Insurance and Real Estate; TCPU, Transport Communication and Public Utilities). Source: authors’ own calculations based on JEDI
models.

Technology cost curves associated with these scenarios (Supplemental Information,
Section 1.6) predict a significant cost reduction for BECCS technology by mid-century (20% and 25%, compared with the actual level in the low- and high-capacity
expansion scenarios, respectively). As a result, the magnitude of investment
required to achieve the RCP 2.6 target also reduces. In 2050, the average LCOE
of the system shifts from 80US$/MWh in the scenario without cost reductions to
68 and 65US$/MWh, in the low- and high-expansion scenarios, respectively (Figure 10). Moreover, the convexity of the electricity cost curves is smaller in the
scenarios with explicit technology deployment. That is, the cost of the envisaged
technology transition decreases with increasing expansion of BECCS, and the effect
is more marked after 2030 when emission mitigation is strengthened.
On the other hand, the cost reduction stemming from increasing capacity expansion
affects coal sector employment (Figure 9, right), as the level of investment required
to generate the same amount of jobs decreases: 1.5 jobs per million US$ invested is
created in 2050, if BECCS becomes increasingly available.
Conclusions
In this study, we show how emission reduction actions in the US energy sector can be
managed such that the transition does not interfere with socioeconomic policy
goals, like retaining employment. Considering several retrofit options and natural
gas replacement, we show that BECCS deployment is key for least-cost emission
reductions associated with a 2 C global warming target. If BECCS deployment
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Figure 9. Net Job Variation Due to BECCS and Cumulative Investment in BECCS Deployment in
the RCP 2.6 Scenario

were to ramp-up starting in 2030, the coal sector would reach cumulative emission
savings of 550 MtCO2 between 2020 and 2050.
Given an upper bound of co-firing of 20%, 160 TWh of bioenergy deriving from forest residues are produced in 2050. BECCS abatement costs are in the range of
US$40 per tCO2 in 2030 up to US$ 90 per tCO2 in 2050, with increasingly stringent
emission targets incurring higher abatement costs in line with previous findings.26
Importantly, this study shows that embracing climate mitigation measures can help
avert negative employment effects in the coal sector. Without climate mitigation action, the phase-out of coal due to plant retirements would lead to a loss of 40,000
jobs by 2050. This is because the natural gas plants are less labor-intensive than
the coal units they replace, based on the assumption that workers could transition
between the plants at low transaction cost. Scaling up BECCS technologies by retrofitting efficient coal plants, however, prevents such losses and creates an additional
22,000 permanent jobs along BECCS supply chains by 2050. We also found that the
efficiency of BECCS in creating jobs is largely affected by future technology expectations, as the efficiency of BECCS in creating jobs increases with increasing
deployment.
In conclusion, this study finds that the goals of coal sector employment and climate
change mitigation can actually be aligned, which is not how it is often portrayed in
the public discourse. Therefore, rather than arguing that climate change mitigation
is simply necessary, US climate policymakers could inform the coal sector that such
strategies entail employment opportunities. Further analysis in this direction could
then be tailored to detect the larger macroeconomic effects of the deployment of
BECCS and of other negative emission technology deployment, for example, via
partial or general equilibrium modeling exercises.
As such, the forward-looking strategy will embrace the following co-benefits in the coal
sector: (1) significantly reduce carbon emissions, (2) retain jobs that would be otherwise
lost due to retirement of units, and (3) obtain overall cost reductions through the development of an experience base, thus leading to technology cost reductions.
It should be noted this study does not aim to detect systems effects throughout the
macroeconomy, but rather gives a first quantification of the employment rates
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Figure 10. Socioeconomic Effect of the Technological Transition of the Coal Sector Assuming Different Technology Cost Curves
Average LCOE according to the technology mix prospected in the RCP 2.6 scenario (left), and number of jobs created per million US$ invested in BECCS
(right), under different technology diffusion rate. See also Figure S6 in the Supplemental Information for assumptions regarding the technology cost curves.

connected with BECCS deployment that can subsequently facilitate further analysis
with equilibrium modeling.
Moreover, the employment benefits of mitigation actions could also be endorsed
with high penetration of renewables in the energy mix, as demonstrated by Jacobson
et al.42 Further analysis could therefore focus on emphasizing the socioeconomic
effects of substituting renewable technologies for existing fossil-based capacity
and on addressing the techno-economic challenges associated with the subsequent
transformation of the energy system.

EXPERIMENTAL PROCEDURES
Full experimental procedures are provided in the Supplemental Information.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, six figures, and six tables and can be found with this article online at https://doi.org/10.
1016/j.joule.2018.10.004.
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Le Quéré, C., and Nakicenovic, N. (2017). Key
indicators to track current progress and future
ambition of the Paris Agreement. Nat. Clim.
Chang. 7, 118–122.

11. O’Brien, K.C., Johnson, W., and Roberts, D.L.
(2011). Investment opportunities exist in
carbon capture market. Nat. Gas Electr. 26,
27–28.
12. Kraxner, F., Fuss, S., Krey, V., Best, D., Leduc, S.,
Kindermann, G., Yamagata, Y.,
Schepaschenko, D., Shvidenko, A., Aoki, K.,
et al. (2015). The role of bioenergy with carbon
capture and storage (BECCS) for climate
policy. Handb. Clean Energy Syst. 1–19,
https://doi.org/10.1002/9781118991978.
hces049.
13. Kraxner, F., Nilsson, S., and Obersteiner, M.
(2003). Negative emissions from BioEnergy
use, carbon capture and sequestration
(BECCS)—the case of biomass production by
sustainable forest management from seminatural temperate forests. Biomass Bioenergy
24, 285–296.
14. Fuss, S., Jones, C.D., Kraxner, F., Peters, G.P.,
Smith, P., Tavoni, M., Van Vuuren, D.P.,
Canadell, J.G., Jackson, R.B., Milne, J., et al.
(2016). Research priorities for negative
emissions. Environ. Res. Lett. 11, 115007.
15. Parson, E.A. (2017). Opinion: climate
policymakers and assessments must get
serious about climate engineering. Proc. Natl.
Acad. Sci. U S A 114, 9227–9230.
16. Fajardy, M., and Mac Dowell, N. (2017). Can
BECCS deliver sustainable and resource
efficient negative emissions? Energy Environ.
Sci. 10, 1389–1426.

8. Fuss, S., Canadell, J.G., Peters, G.P., Tavoni, M.,
Andrew, R.M., Ciais, P., Jackson, R.B., Jones,
C.D., Kraxner, F., Nebosja, N., et al. (2014).
Betting on negative emissions. Nat. Clim.
Chang. 4, 850–853.

17. Smith, P., Davis, S.J., Creutzig, F., Fuss, S.,
Minx, J., Gabrielle, B., Kato, E., Jackson, R.B.,
Cowie, A., Kriegler, E., et al. (2015). Biophysical
and economic limits to negative CO2
emissions. Nat. Clim. Chang. 6, 42–50.

9. Scott, V., Gilfillan, S., Markusson, N., Chalmers,
H., and Stuart Haszeldine, R. (2012). Last
chance for carbon capture and storage. Nat.
Clim. Chang. 3, https://doi.org/10.1038/
NCLIMATE1695.

18. Stokes, L.C., and Warshaw, C. Renewable
energy policy design and framing influence
public support in the United States. Nat.
Energy 2, 17107,

10. Mac Dowell, N., Fennell, P.S., Shah, N., and
Maitland, G.C. (2017). The role of CO2 capture
and utilization in mitigating climate change.
Nat. Clim. Chang. 7, https://doi.org/10.1038/
NCLIMATE3231.

19. Gies, E. (2017). Businesses lead where US
falters. Nat. Clim. Chang. 7, 543–546.
20. Eom, J., Edmonds, J., Krey, V., Johnson, N.,
Longden, T., Luderer, G., Riahi, K., and
Van Vuuren, D.P. (2015). The impact of near-

term climate policy choices on technology and
emission transition pathways. Technol.
Forecast. Soc. Change 90, 73–88.
21. Selosse, S., and Ricci, O. (2014). Achieving
negative emissions with BECCS (bioenergy
with carbon capture and storage) in the power
sector: new insights from the TIAM-FR (TIMES
Integrated Assessment Model France) model.
Energy 76, 967–975.
22. 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.
23. Koelbl, B.S., van den Broek, M.A., Faaij, A.P.C.,
and van Vuuren, D.P. (2014). Uncertainty in
Carbon Capture and Storage (CCS)
deployment projections: a cross-model
comparison exercise. Clim. Change 123,
461–476.
24. Koelbl, B.S., van den Broek, M.A., van Ruijven,
B.J., Faaij, A.P.C., and van Vuuren, D.P. (2014).
Uncertainty in the deployment of carbon
capture and storage (CCS): a sensitivity analysis
to techno-economic parameter uncertainty.
Int. J. Greenh. Gas Control 27, 81–102.
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Supplemental experimental procedures
1. Input data and main assumptions
1.1. Scenario assessment
The Representative Concentration Pathways (RCPs) are time- and space-dependent trajectories of
concentrations of greenhouse gases and pollutants, resulting from human activities, including changes
in land use. They are named after a possible range of radiative forcing values in the year 2100 relative
to pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m 2, respectively). These emission trajectories
have been elaborated by the scientific community to include various ranges of mitigation scenarios in
the portfolio of measures to address possible emission-development pathways.
The lowest scenario category assessed, RCP 2.6, is consistent with limiting warming to below 2°C with
a probability of >66%. Scenarios below the RCP 2.6 radiative forcing level that can be produced in an
Integrated Assessment Model (IAM) are scarce and have only recently become available in the peerreviewed literaturea.
The Shared Socioeconomic Pathways (SSPs) represent descriptions of alternative futures of societal
development based on a two-dimensional space formed by mitigation and adaptation challenges. The
SSPs reflect five different developments of the world that are characterized by varying levels of global
challenges. In particular, the so-called SSP2 scenario represents a “middle-of-the-road” evolution of
future societal developments. Its objective is thus to cover the middle ground in terms of mitigation and
adaptation challenges between the more extreme SSPs, like SSP1 and SSP3. Being a continuation of
historical dynamics, the SSP2 narrative traces a dynamic pathway accounting for past trends, in which
future changes are consistent with middle-of-the-road expectations rather than falling near the upper or
lower bounds of possible outcomes1.
For these reasons SSP2 can be interpreted as a business-as-usual scenario based on intermediate
assumptions about basic drivers of demographic and economic changes. In this study we adopt the
quantification of the SSP2 scenario of the Integrated Assessment Modeling (IAM) framework of the
International Institute for Applied Systems Analysis (IIASA). This quantification and its results are made
available as a resource to the wider community in a public database b.
Emissions from the coal sector were downscaled at US level by considering the country-level population
projection according to the SSP2 scenario. Figure 1a presents the results of the downscaling process
for the baseline scenario, depicting the trend in CO 2 emissions from coal in the absence of climate
policy. Such a scenario assumes that some of the historical trends continue into the next decades.
Energy demand will continue to grow, as will the use of coal as a feedstock for power; consequently,
after a decline in 2030, emissions are predicted to substantially increase over the rest of the century.
The cumulative emissions increase in the 2020–2080 timespan amounts to about 70% of actual levels,
where no climate mitigation action are undertaken.

a

The IAM community has recently used the SSP framework to produce preliminary scenarios that reach about 1.9
W/m2 in 2100, leading to a likely (> 66 %) probability of staying below 1.5 ◦C in 2100. However, these scenarios
have not yet been made publicly available.
b SSP Public Database (Version 1.1) https://tntcat.iiasa.ac.at/SspDb

Figure S1. Coal sector-related CO2 emissions in the SSP2 baseline scenario (left), and in both baseline
and mitigation scenario RCP 2.6 (right)
This baseline scenario can be combined with various level of climate mitigation policy aiming to limit
the total anthropogenic radioactive forcing in 2100. In our case we focus on the 2.6 W/m 2 target,
corresponding to the so-called SSP2–2.6 scenario in the IIASA SSP database, which leads to a global
mean temperature increase in 2100 relative to the pre-industrial level of about 1.8 °C 1. As shown in the
right side of Figure S1, emissions would need to decline substantially to reach a level of 2.6 W/m2 by
the end of the century: the cumulative CO 2 emission reduction over the period 2020–2050 amounts to
about 80 GtCO2 compared to the baseline.
1.2. Biomass resources
Harvestable forest biomass across US territory has been estimated using the global forest model G4M2,3
and aggregated at grid cell level at a spatial resolution of 0.5*0.5 degrees, which, at this latitude, is
approximately 50*50 km2. The input datasets used in G4M are the same as described in Kinderman et
al 3, with the exception that future climate was based on the RCP 2.6 scenario. The climate data for the
RCP 2.6 scenario were taken from the Cordex database from the Driving Model ICHEC-EC-EARTH
with the RCM Model: RCA4. These data were re-projected to latitude–longitude using nearest neighbor
selection. As well as the climate data (temperature, precipitation per month) soil parameters (soil type,
water-holding capacity), and altitude are used for the site description. A forest cover map, consistent
with FAO/FRA 2015, based on the MODIS continuous-field forest-cover map, was used. Distinctions
were made between i) broadleaved and coniferous and ii) evergreen and deciduous forests; the forest
type was described and further subdivided into tropical, subtropical, temperate, and boreal categories,
based on the current climate. Forest share, location, and type were kept constant during the simulations.
The estimated harvestable forest biomass includes stem wood and merchantable (>7cm diameter)
branch wood which could be supplied sustainably on the basis of a target rotation time and an
increment-optimal rotation time. These two types of biomass are reduced by harvesting losses that
depend on harvested tree size and are typically in the range of 25% of standing wood volume remaining
in the forest. Moreover, all smaller branches, roots, needles, and leaves remain in the forest,
guaranteeing that the soil nutrients and the forest ecosystem can be kept at the level required for
sustainability. Part of the harvested woody biomass is of low quality or small dimension, which limits its
use to pulp and paper feedstock or fuel wood. The wood belonging to the fraction of long-time usage
can also be used—after a delay of some decades—as fuel wood. The forest growth and the target
rotation time are influenced by the changing climate, so that the model needs to update these
parameters permanently to maintain optimal and sustainable forest management. Figure S2 presents
the theoretical harvestable potential between 2020 and 2050 computed by G4M.
As specifically stated by the Clean Power Plan (CPP), the eligibility of a co-firing project as the “best
system of emission reduction” (BSER) is strictly related to the adoption of qualified biomass; to ensure
sustainable biomass exploitation, we applied some biophysical restrictions to the amount of biomass
available for bioenergy production. Removal rates were fixed at a maximum of 40% of the harvest per
grid point. At the same time, to integrate sustainable forest management practices, we considered only
woody feedstock originating from sustainably managed and certified forest areas. To do this, the
spatially explicit information contained in a global map, showing certified forest areas at a 1 kilometer

resolution, were adapted to the US territory. In addition, to account for ecosystem and biodiversity
conservation, we excluded protected areas designed by the IUCN III (categories I-IV) from our analysis.
Protected areas were spatially projected in a common spatial grid by estimating the area and
percentage of these categories per cell. Under such premises, we assumed that the biomass used in
co-firing configurations was carbon-neutral, while we accounted for direct emissions deriving from
biomass transport and processing.c

Figure S2. Biomass availability across USA derived from G4M model on a 50*50 km2 spatial resolution
Source. Authors’ compilation from G4M
1.3. Existing coal units
In the USA, utilities typically choose between two basic pulverized coal-fired (PC) water tube steam
generators: i) subcritical drum-type boilers (SubCPC) with nominal operating pressures of either 13.1
or 17.9 MPa; or ii) supercritical units (SCPC) operating at 26.2 MPa. As these latter plants operate at
higher steam cycle conditions than subcritical plants, they use less coal per unit of electricity produced,

cThe

negative emission potential is equal to 0.3708 tCO2/GWh accounting for the carbon content of domestic forest
resources in North America (~52% of dry mass) and considering an average forest heating value of 5.14 kWh/dryt.

and emit fewer pollutants. Existing units typically have a capacity range of between 300 and 800 MW
(producing steam in the range of 900 to 3,150 kt/hour). Building on a previous study on coal power plant
modeling, we derived the profile of the US coal power fleet under investigation by combining two electric
generation databases.d,e We were thus able to account for the main characteristics of each unit
(location, capacity and operating hours, boiler age and heat rate, emissions per year) and derive specific
electricity generation and technology costs. To have a full portfolio of measures for each PC unit, we
excluded from the final set of candidate plants those already close to the retirement stage (65 years)
and/or having a nameplate capacity lower than 100 MW 4.
The resulting fleet has a capacity of 240 GW and accounts for around 75% of the existing US coal
power potential. Around half the plants are over 40 years old, making it a relatively old fleet. The average
thermal efficiency is set at around 33% and has been calculated by considering the specific thermal
efficiency of each unit as specified in the datasets (Figure S3). Together, the PC units generate more
than 1,800 Mt of CO2 per year.

Figure S3. Cumulative Heat Rate (left) and boiler age (right) distributions for selected coal units.
1.4. Carbon emission reduction measures in line with the Clean Power Plan
The Clean Air Act provides that an emission standard (for new or existing sources) must reflect the
emission reductions achievable through application of the BSER, adequately demonstrated, taking into
account costs, environmental impacts, and energy requirements.
In the final CPP, the US Environmental Protection Agency (EPA) determined that BSER consists of
three building blocks: improving heat rates at coal-fired generators, shifting away from coal-fired power
generation by adopting an increasing share of lower-emitting fuels such as natural gas, and deploying
renewables. In addition, the CPP also stated that qualified biomass as a fuel source is eligible for use
in adjusting a power plant CO2 emission rate, opening the door for coal facilities to co-fire with biomass
derived from sustainable sources.
Another optional carbon mitigation measure mentioned in the CPP is the retrofitting of CCS technology
to existing coal units, given the presence of feasible site-specific factors (e.g., proximity to a suitable
geological storage site, adequate power unit size, and absence of physical constraints for CO 2
infrastructure development). Following the CPP, we selected the five mitigation options as potential
BSER to be implemented into the existing units.
Heat-rate Improvement (HRI)
As heat-rate improvements reduce fuel consumption, improving heat rates of coal units can be a costeffective method of lowering the CO2 intensity of the power system. Such measures can provide
additional economic benefits by reducing fuel costs. Following EPA guidelines we assumed a cost of
US$100 per kW 5 as the specific cost required to obtain a 6% improvement in efficiency compared to
the reference case. When this measure is adopted, fuel cost savings range between US$0.5 and
US$1.44 per MWh.

d

National Electric Energy Data System (NEEDs) v5.15 (https://www.epa.gov/airmarkets/power-sector-modelingplatform-v515)
e Emissions & Generation Resource Integrated Database (eGRID) (https://www.epa.gov/energy/emissionsgeneration-resource-integrated-database-egrid).

Co-firing of forest residues
In this process biomass is fed directly into the furnace after either being milled together with coal or
separately. Depending on the type of feedstock used, some problems may arise when biomass is
blended with coal in a boiler. For instance, the high ash concentration level of some herbaceous
feedstocks may create ash deposition during the combustion process, leading to corrosion of the boiler
itself 6. Being naturally low in ash, sulfur, and nitrogen (all of which are highly reactive and volatile
substances) woody biomass represents a very suitable feedstock for co-firing technologies and has
been used blended with coal in several projects across the USA 7. Although biomass can potentially be
substituted for more than 50% of the coal used in a co-firing configuration 8, actual levels achieved in
most commercial applications are between 10 and 20%. This is mainly because PC boilers are only
able to grind the biomass into a fine powder of less than 10–20 mm, whereas they can pulverize coal
particles to 75–300 µm. This disparity leads to serious challenges as the biomass share increases. In
addition, forestry feedstock commonly has about one-fourth 9 of the energy density of coal. This means
that with a 20% of biomass co-firing level, the volume of coal involved will be comparable to the flow
rate of biomass 7. Accordingly, we fix a maximum co-firing rate of 20% of the total fuel input to improve
the fuel’s volumetric energy density.
CCS retrofit
Post-combustion CO2 capture involves CO2 separation and recovery from the flue gas at low
concentration and pressure. Among several capturing processes, chemical absorption with amines is a
well-proven and relatively economic technology 10,11; its design performance and operating parameters
were evaluated based on the Carnegie Mellon Integrated Environmental Control Model, version 5.0
(IECM)12. This is a modeling tool specific to coal-based power generation in the USA and has been
widely used in peer-reviewed literature to assess the feasibility of CCS projects 13,14. By calculating the
cost of retrofitting existing coal units with CCS at the plant level, this tool provides a uniform comparison
of the economic performance of each unit.
Coupling co-firing and CCS (BECCS)
BECCS is defined as a climate mitigation measure, as it may result in permanent net negative carbon
emissions. This is achieved when atmospheric CO2, locked into biomass, is stored underground. Such
an option combines the natural CO2 carbon fixation occurring in forestry resources with the benefits of
geological carbon storage, CCS.
Replacement with natural gas combined cycle technology (NGCC)
In the second building block, EPA proposes the adoption of the new-generation NGCC unit, provided
its emissions do not exceed the threshold value of 1,030 lbCO2/MWh (0.551 tCO2/MWh). Three main
cost categories have been included in the assessment:
1) Plant decommissioning cost: Decommissioning refers to the process of environmental
remediation, dismantlement, and restoration of the site. Cost values were obtained from 15 and
extracted at plant level considering individual plant capacities and operating parameters.
2) NGCC turbine capital and operating cost: The investment in and operating costs of the newly
built NGCC plants were based on the number of combustion turbines (240 MW each) and of
the heat recovery steam generators 16. It was assumed that the replaced units, working at a
maximum capacity factor of 70% as indicated in the CPP, will produce the same amount of
electricity. Operating costs mainly refer to the fuel consumption of each individual turbine,
amounting to around 1.7 cubic feet of natural gas per hour (0.05 m3/hour), assuming an average
heat rate of 7,600 Btu/Kwh, which is the value generally obtained in common combined cycle
installations. Under such assumptions we obtained operating costs falling in the range of
US$45–60 per MWh. The price of natural gas for electricity is estimated to be $3.7 per 1,000
cubic feet, according to natural gas electricity prices in 2017 registered by the US Energy
Information Administration.
3) Pipeline connection cost: we considered the cost of connecting the newly built NGCC plant to
the nearest natural gas junction via pipeline. The construction and operation and maintenance
(O&M) costs fell into the range of MUS$0.4–0.5 per mile (MUS$0.25-0.31 per km) and
US$5,000–6,500 per mile (US$3,100-4,062 per km), respectively.
The CPP does not restrict the choice to a particular technology and indeed stated that whatever CO 2
emission compliance was chosen needed to account for the environmental and economic impacts of

the solution on the performance of each individual unit. Accordingly, we investigated how such
measures could be used in existing coal units by comparing their costs and CO 2 intensity. Table S1
summarizes the main economic assumptions adopted in the assessment.
As the assessment was performed at the plant level, we obtained a wide variation in the economic and
environmental performances of these options, particularly for CCS and BECCS, which increased the
levelized cost of electricity (LCOE) of 329 units (50% of the total plants) from an average value of
US$36.7 per MWh to more than US$120 per MWh. Table S2 reports the variation in the electricity cost
when the selected measures are implemented in the existing coal units. For the sake of comparison,
major cost drivers are reported with the same unit of measure.
Table S1. Assumptions on the economic parameters adopted
Economic parameters

Value

Book life
Construction period:
- Fuel-handling, processing, storage and feed systems
- CCS system (with CO2 pipeline)
- NGCC
Discount rate
Capital fixed charge factor
Fuel prices ($2017/MMBTU):
- Natural gas
- Bituminous coal
- Sub-bituminous coal
- Lignite coal

20 - 30 years
1 year
3 years
2 years
9%
12 %
3.6
1.61
0.58
1.31

Table S2. Costs breakdown of the proposed mitigation measures. For consistency, cost driver values
were converted into the same unit ($/MWh) and only median and average are reported
Cost drivers
Mitigation
measures

HRI
Biomass
co-firing

CCS

NGCC

Median values
$2017/MWh

Average
values
$2017/MWh

Cost of electricity improvement
Cost reductions due to fuel
savings
Cost of biomass pretreatment
Change in fuel cost

2.6

3.1

1.2

1

3.2
1.2

3.6
0.9

Cost of boiler retrofitting

24.2

40.3

Capital cost of CCS equipment
O&M costs
Annualized capital cost of NG
pipeline
Unit decommissioning cost
NGCC turbine annualized capital
cost
Operating costs
Pipeline connection costs

16.8
3.7

29.8
7.7

0.1

0.5

4.2

4.9

16.6

18.7

2.7
0.1

3.7
0.2

Description

LCOE variation
(from baseline
2017)
%
3 – 10
1–5

90 – 420

20 – 350

1.5. CO2 transport and injection
A geological sequestration site is “a deep saline formation, an unmineable coal seam, or an oil and gas
reservoir, that is capable of accommodating a volume of industrial carbon dioxide”17. Very little is known
about the storage potential of the reservoir, as such “unmineable coal seams” and oil reservoirs are
generally assigned to Enhanced Oil Recovery (EOR) projects. Thus, we limit the analysis to deep saline

aquifers using their low-end storage potential as expressed in NATCARB.f As some technical details
were not available for some sites, the database was cross-referenced with the information contained in
the National Assessment of Geologic Carbon Dioxide Storage 18 of the US Geological Survey (USGS)
r to screen the potential sites according to a consistent set of indicators (e.g., storage depth range,
mean permeability, minimum thickness of the formation, porosity and permeability). Thirty-one percent
of the sites do not have sufficient data to build a robust geological model to accurately estimate the
storage resource; they have therefore been excluded from this assessment. Within this method, a mean
of 2,000 Gt of subsurface CO2 storage capacity was estimated, enough to host the reference coal fleet
emissions for the next 1,000 years. In addition, the storage sites are often close to the existing coal
units (almost 50% of them are located within a 10 km radius of a suitable storage formation, as shown
in Figure S4), allowing the installation of short pipeline connections. As in similar work in this field 19,
CO2 pipelines are assumed to follow existing pipeline rights of way (ROWs), as defined by the National
Pipeline Mapping System (NPMS) dataset.
The methods for calculating the costs of CO2 transport are consistent with the approach indicated in the
National Energy and Technology Laboratory (NETL) guidelines 20; the capital charge factor of CO2
pipelines was derived by adapting the capital cost equation defined by a previous study on natural gas
infrastructure 17 to the main characteristic of the CO2 pipeline. Moreover, as CO2 is generally transported
at a higher pressure than natural gas, we accounted for the need to adopt thicker pipe walls, thus using
more steel, as shown in Table S3.
Table S3. Adaptation of the natural gas pipeline parameters to accommodate CO2; diameter values
account for pressure drop and CO2 viscosity
Source. Adapted from study 17
Category
I
II

III

External diameter
(cm)

CO2 flow capacity
(Mt/year)

Material cost
variation (%)

30.5
40.6
61

1.5
3
8

10
16
23

76
91.5
107

17
24
35

25
25
27

Figure S4. Spatial distribution of coal power plants, saline aquifers, and distance from the plants to
closest CO2 storage site
Source. Adapted from NATCARBd

f

Carbon
Sequestration
Database
and
Geographic
(https://www.netl.doe.gov/research/coal/carbon-storage/natcarb-atlas).

Information

System

(NATCARB)

2. Energy supply chain modeling
2.1. The BeWhere-US model
The BeWhere model is a partial equilibrium, geographically explicit, multi-integer linear programming
model (MILP) designed for the analysis of optimal locations and capacities of (renewable) energy plants.
The model has been developed using the commercial software GAMS and is solved using CPLEX 21.
Originally developed to depict the optimal supply chain configuration of bioenergy production plants,
the model now accounts for a wide range of technologies, including biomass coupled with carbon
capture and utilization (CCU) 22 or storage (BECCS), and has been adapted for many regional and
national studies 23,24, including European-scale assessments. For a more detailed description of the
BeWhere model, see 25.
To address the optimal technology portfolio that would stabilize coal-plant emissions in line with the
SSP2-2.6 scenario, we developed BeWhere-US, a dynamic version of the model, defined with a fiveyear time step, going from 2020 to 2050.
Figure S5 describes the supply chain configurations considered in the model, which have different
levels of complexity, depending on the numbers of steps in the supply chain. For each individual unit,
the model chooses the best supply chain structure that (1) minimizes the overall costs for the entire
system and (2) meets the required emissions target, both of which are exogenously defined as upper
bound constraints.
To do this, the BeWhere-US considers a wide range of techno-economic and environmental parameters
related to the performance of coal power plants when the mitigation technologies are introduced into
the existing unit. In addition, the model accounts for the costs and emissions associated with the
purchasing and transport of supply resources (Figure S5a, S5.c and S5.d) to the plants and with the
transport to and storage of CO2 in the nearest saline aquifers (Figure S5.b and S5.c). In this way, the
model identifies the best technology to implement for each unit to reach the required emission targets,
and the point in the 2020–2050 timespan at which a transition should occur.

Figure S5. Schematic representation of the supply chains considered by the BeWhere-US model
according to the different technology options: biomass co-firing (a), CCS in existing coal units (b),
BECCS (c) and substitution of NGCC plants (d).
2.2. Definition of the fully inter-temporal optimization problem
Given its bottom-up nature, the BeWhere model has been mainly applied as a snapshot for a specific
year to examine which optimal technological alternatives are economically viable 26,23,24,27.
To investigate the timing and level of policy support required to reach the carbon mitigation targets in
force after the Paris agreement, BeWhere-US has been developed in a dynamic configuration that could
account for a suite of variables and constraints that change over the years 25. The model is solved as a
fully inter-temporal optimization problem. The “inter-temporal dynamic” terminology refers to the solution
approach of the model, but it also implies a different representation of policymakers’ decisions.
Within a dynamic modeling structure, there are two approaches: recursive or inter-temporal. In the
recursive configuration 28, the decision on investment in a certain technology is defined as a snapshot
for each time step, depending on its target (e.g., emission target). The results of each time step become
the input of the following one. This defines a myopic approach. By contrast, for an inter-temporal
dynamic model configuration, the decisions for each time step depend on the targets of the final year.
This defines a forward-looking approach.
The implication of adopting one of the above-mentioned approaches in a climate policy analysis is
straightforward: in a recursive structure, policymakers cannot look ahead to observe potential cost
reductions conferred by a given technology but are myopic and interested in finding the optimal solution
at the present time. Forward-looking policymakers act strategically, looking ahead and seeing the
consequences of postponing or anticipating the investment in a technology and hence allocating the

investments optimally over time to reach a target in an optimal way for the time frame considered. The
model is defined with a five-year time step from 2020 until 2050 and two main parameters are subject
to fluctuation over the years: the biomass resource availability and the storage capacity of the geological
sites.
The biomass resources are subject to a depletion based on the physical production of bioelectricity.
The amount of forestry resources used in combination with coal in the co-firing configuration in a period
(or BECCS, depending on the technology selected by the model) is subtracted from the total reserves
of biomass of a certain supply point, reducing its total availability in the following period. The model also
accounts for biomass regrowth over two consecutive periods by accounting for the fluctuation of
biomass reserves, which is exogenously calculated by the G4M model. The sustainability of biomass
extraction is ensured by assigning a maximum share of biomass that can be removed for each grid
point.
The geological reservoir depletion follows the same representation: in each period, the storage capacity
is reduced by the amount of CO2 captured in each coal plant and injected into each saline aquifer.
3. Job creation
3.1. Methodology and main assumptions
This section discusses the assumptions and the methodology adopted to estimate the employment
impacts of implementing the envisaged technology transition in the US coal sector.
The overall goal of the proposed approach is to estimate the net job variation occurring when the
emission mitigations in line with the RCP 2.6 target are applied to the coal sector. With this in mind, we
compared the number of jobs supported by the technology mix optimized by the BeWhere-US model in
the RCP 2.6 scenario with a business-as-usual scenario (BAU) where no policy is implemented. In the
latter case, we assumed that existing units would be replaced by NGCC plants at a certain point during
the 2020–2050 timespan corresponding to their retirement age. The difference between the two
scenarios gives the number of jobs created or terminated in each time step, when investing in emission
mitigation.
The principles of employment calculation adopted are the same for both the RCP 2.6 and the BAU
scenario. Our estimates are based on the Jobs and Economic Development Impact (JEDI) models 16,
representing input–output (IO) tools that estimate the economic impacts of constructing and operating
power plants at the US state level. Based on power plant-specific data, including the location, heat rate,
capacity factor, year of construction, and facility size, the models estimate the project costs (e.g.,
specific expenditures) and the local economic impacts in terms of jobs, earnings (i.e., wages and
salary), and output (i.e., value of production) resulting from the project. Jobs are distributed across three
categories:
-

On-site labor impacts (direct jobs)
Supply chain impacts (indirect jobs)
Induced impacts (induced jobs deriving from the portion of project spending that occurs
locally).

JEDI models utilize economic multipliers and consumption pattern data to estimate the local economic
activity and the resulting impacts from new energy generation plants. State multipliers for employment,
wage and salary, and output and personal spending patterns are derived from the Minnesota Implan
Group (MIG) accounting software using currently available data. Changes in spending patterns brought
about by investments in power plants, fuel production facilities, or other projects are matched with
appropriate industry multipliers. If the year for which the expenditures are entered does not match the
model's multiplier data year, the JEDI model applies price deflators to account for changes in the actual
dollar value. The summary results are then converted back into the original dollar year entered by the
user.
As a CCS/BECCS version of the JEDI models is not yet available, the employment impacts of
CCS/BECCS projects were calculated following the methodology indicated by 29. The number of direct
jobs created by these two technology options was estimated using sector-specific assumptions on
domestic content of both capital and O&M costs (Table S4), usually associated with similar projects
(large infranstructure projects of a similar nature with significant construction cost elements). Labour
intensity during the construction and opertaing phases in terms of total costs were taken from a similar
study 29 and divided by the average cost of employment:

𝐽𝑖,𝑝 =

𝐿𝑎𝑏𝐼𝑛𝑡𝑝 × 𝐷𝑅𝑎𝑡𝑖𝑜𝑝 × 𝐸𝑥𝑝𝑖,𝑝
𝐿𝑎𝑏𝑊𝑎𝑔𝑒𝑠𝑝

Where:
𝐽𝑡,𝑝 : Total number of direct jobs added in plant 𝑖 during construction and operating phases 𝑝
𝐿𝑎𝑏𝐼𝑛𝑡𝑡 : Labor intensity during construction and operating phases 𝑝
𝐷𝑅𝑎𝑡𝑖𝑜𝑝 : Domestic content of construction and operating costs for plant 𝑖
𝐸𝑥𝑝𝑖,𝑝 : Total costs for plant 𝑖 related to construction and operating phases 𝑝
𝐿𝑎𝑏𝑊𝑎𝑔𝑒𝑠𝑝 : Average yearly wages for all workers related to construction and operating phases 𝑝
Table S4. Lists of the main input assumptions for the job creation within CCS projects
Parameter
𝐿𝑎𝑏𝐼𝑛𝑡𝑡
𝐷𝑅𝑎𝑡𝑖𝑜𝑝
𝐿𝑎𝑏𝑊𝑎𝑔𝑒𝑠𝑝

Use
Define the job content (wages) of investments and
operating costs
Define the domestic content of investments and
operating costs
Define number of jobs based upon wage component
of domestic investment and operating costs

Construction
phase

O&M phase

33%

10%

50%

85%

48.5$2017/hour for all workers

To estimate the value of indirect and induced jobs for CCS/BECCS technologies, we ran the JEDI coal
model with plant-specific data and we derived the ratio of total jobs to direct and indirect jobs in each
coal unit. Results are aggregated at state level in Table S5 and Table S6.
Following this methodology we were able to derive the number of direct, indirect, and induced jobs
involved in: 1) the construction, implementation, manufacture (CIM) phase of each additional technology
and 2) the ongoing operation and maintenance (O&M) phase of the existing units. Construction and
operation jobs are defined as full-time annual equivalents (FTE), equal to 2,090 hours of labor. O&M
jobs have been assumed to be continuous and in place as long as the plants are operating, while CIM
jobs refer to the construction period of each technology option as expressed in Table S5.

Table S5. State level indirect job multipliers derived from coal JEDI model (2014 values)
State

CIM

O&M

Alabama

1.30

1.87

Arizona

1.31

Arkansas

State

CIM

O&M

Maryland

1.27

1.73

1.86

Massachusetts

1.30

1.33

2.04

Michigan

Colorado

1.33

1.87

Connecticut

1.29

Delaware

State

CIM

O&M

Ohio

1.32

1.81

1.65

Oklahoma

1.33

1.87

1.32

1.82

Oregon

1.32

1.94

Minnesota

1.32

1.83

Pennsylvania

1.31

1.80

1.62

Mississippi

1.31

1.92

South Carolina

1.32

1.87

1.29

1.63

Missouri

1.34

1.90

Tennessee

1.32

1.73

Florida

1.35

1.85

Montana

1.34

2.02

Texas

1.32

1.88

Georgia

1.34

1.76

Nebraska

1.32

1.82

Utah

1.34

2.01

Illinois

1.31

1.81

Nevada

1.16

1.39

Virginia

1.30

1.75

Indiana

1.31

1.88

New Hampshire

1.32

1.81

Washington

1.29

1.85

Iowa

1.31

1.83

New Mexico

1.31

1.97

West Virginia

1.26

1.89

Kansas

1.33

1.92

New York

1.28

1.73

Wisconsin

1.32

1.87

Kentucky

1.31

1.89

North Carolina

1.34

1.82

Louisiana

1.28

1.95

North Dakota

1.29

1.99

Wyoming

1.25

2.03

Table S6. State level-induced job multipliers derived from coal JEDI model (2014 values)
State

CIM

O&M

Alabama

2.21

1.24

Arizona

2.34

Arkansas

2.23

Colorado

State

CIM

O&M

Maryland

2.44

1.25

1.34

Massachusetts

2.42

1.23

Michigan

2.28

2.38

1.33

Minnesota

Connecticut

2.42

1.27

Delaware

2.35

Florida

State

CIM

O&M

Ohio

2.31

1.31

1.30

Oklahoma

2.23

1.27

1.31

Oregon

2.29

1.29

2.32

1.34

Pennsylvania

2.39

1.32

Mississippi

2.13

1.20

South Carolina

2.19

1.26

1.24

Missouri

2.33

1.30

Tennessee

2.34

1.30

2.25

1.32

Montana

2.11

1.25

Texas

2.29

1.32

Georgia

2.29

1.31

Nebraska

2.21

1.27

Utah

2.28

1.30

Illinois

2.35

1.33

Nevada

2.50

1.11

Virginia

2.39

1.26

Indiana

2.25

1.25

New Hampshire

2.36

1.30

Washington

2.48

1.23

Iowa

2.19

1.23

New Mexico

2.22

1.20

West Virginia

2.25

1.23

Kansas

2.26

1.25

New York

2.38

1.25

Wisconsin

2.28

1.28

Kentucky

2.20

1.24

North Carolina

2.25

1.31

Louisiana

2.27

1.23

North Dakota

2.24

1.21

Wyoming

2.14

1.15

3.2. Limitations of the approach
Due to the limited scope of this study, providing a comprehensive picture of the job creation potential
through a wider range of low-carbon technologies and across the entire energy sector was not possible.
Clearly, the coal sector only allowed for a limited picture of the economy and possible opportunities for
the generation of jobs through other low-carbon technologies that might arise.
The overall approach, followed by top-down models such as JEDI, is to combine the use of model plant
data (to estimate direct employment generation) and (IO) data multipliers (to estimate indirect and
induced employment). While this is a well-established method of calculating the employment supported
by a given project, it is not without limitations. Most importantly, the methodology assumes that relative
prices remain unchanged, and therefore that impacts making changes elsewhere in the energy sector,
such as increased investment and electricity costs, cannot be determined. Moreover, IO tables are
typically not updated every year, which may introduce errors and uncertainties resulting from

overestimating the amount of employment likely to be generated by an increased demand. The most
recent versions of JEDI models use IO coefficients from 2014, which are very likely to change over the
2020–2050 time frame. Although such simplification would most likely affect the employment figures,
the difference may be small: a study on US agriculture sector employment 30 pointed out that multipliers
from IO tables constructed 10 years apart differ by only 2%.
4. Representation of future technology costs
Learning curves or experience curves represent a widely used method to project future technology cost
trends in energy models 31. The learning curve method is based on the empirically observed
phenomenon that unit costs often tend to decline by a constant percentage, called the learning rate, for
each doubling of production or capacity. The effect can be formalized in an exponential correlation
between the unit cost of a given technology and the cumulative capacity installed in a given year. This
model formulation has also become a common method of representing endogenous capital cost
reductions of a range of technologies in energy-economic models. For a detailed literature review on
technology learning analysis, readers should refer to NREL 32.
In different studies dealing with relatively complex technologies 33,34, the experience curve approach
has not only been used for capital cost development but also to estimate variable costs development.
The rationale for this approach is that for technologies like a coal-fired power plant or a natural gas
power plant, different components are currently at different levels of maturity. Thus, the cost of newer
components like a carbon capture system may decrease more rapidly than the cost of mature
component like boilers. In other words, understanding future trends of performance variables is of
crucial importance for coal plants equipped with carbon capture, as certain parameters (e.g., availability,
capture efficiency, energy loss) significantly impact the cost of electricity generation.
Unfortunately, given the limited historical experience on power plants equipped with CCS, learning rates
for this technology are scarce in the literature. Thus, existing studies 35,33,34 have used a bottom-up
approach to estimate the future learning rates of IGCC and coal plants with CCS using the component
modeling approach.
In particular, Rubin et al 35 have analyzed the future performance improvement of US power plants
equipped with CO2 capture, by integrating learning curves of performance and cost variables into a
bottom-up engineering model. Each power plant is disaggregated into a number of sub-sections (such
as boilers, gasifiers, and air pollution control systems). The cost of each sub-section is then projected
based on the historical learning rate for the same or similar technology components. The future cost of
each component is then summed to obtain the future cost of the overall plant.
To make future cost projections with a component-based experience curve, technology capacity
projections are needed. Rubin et al 35 built on a previous study to estimate future capacity trends of
fossil power plants with and without CCS up to 2050. They then defined two capacity expansion
scenarios according to different carbon policies: carbon tax reaches 50€/t and 200€/t in 2050 in the
reference (REF) and in the carbon constraint (CCC) scenario, respectively. By combining technology
capacity projections until 2050 with learning assumptions for performance variables, the authors derived
performance improvements and cost reduction values for natural gas and coal power plants with and
without CCS over the period 2001–2050.

Figure S6. Average electricity cost reductions for CCS, BECCS, and NGCC technologies over the
period 2020-2050.
Source. Authors’ compilation from Rubin et al 35
Rather than recreating a model for technology improvement, we aim to assess how technology learning
might affect the economic feasibility of the technological transition proposed in this study. We therefore
used the results obtained by Rubin et al 35 to test the sensitivity of the results obtained with the
BeWhere-US model when technology cost reductions are applied. In this way, we were able to obtain
future cost trends for the mitigation technologies selected by the BeWhere-US model and to derive plant
level technology cost discounts. Figure S6 displays the average electricity cost variation over the period
2020–2050 for CCS, BECCS, and NGCC technologies under a reference (or low-expansion) and a
policy (or high-expansion) scenario, consistent with the REF and CCC scenarios adopted by Rubin et
al. 35
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