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Kathleen Kennedy g, Page Kyle a, Carol Lenox d, Haewon McJeon a, Kowan O’Keefe g,  
Patrick O’Rourke a, Amogh Prabhu e, Ron Sands h, Luis Sarmiento i, Sharon Showalter e,  
Nadja Victor j, Frances Wood e, Sha Yu a, Mei Yuan k

a Joint Global Change Research Institute (Pacific Northwest National Laboratory and University of Maryland) USA
b Department of Energy, Office of Fossil Energy and Carbon Management USA
c Electric Power Research Institute, USA
d U.S. Environmental Protection Agency (EPA) USA
e OnLocation, Inc. USA
f Technische Universität Berlin Germany
g Center for Global Sustainability, University of Maryland USA
h Economic Research Service, U.S. Department of Agriculture USA
i RFF-CMCC: European Institute on Economics and the Environment (EIEE), Centro Euro-Mediterraneosui Cambiamenti Climatici (CMCC) Italy
j National Energy Technology Laboratory, USA
k Massachusetts Institute of Technology USA

A R T I C L E  I N F O

Keywords:
Emf37
Net-zero
Electrification
Co2
Carbon management

A B S T R A C T

The Carbon Management Study Group of the 37th Energy Modeling Forum (EMF 37) designed seven scenarios to 
explore the role of three potentially key technology suites – point source carbon dioxide capture and storage 
(PSCCS), direct air capture of carbon dioxide (DACCS), and hydrogen systems (H2) – in shaping the broader 
technology pathways to reaching net-zero carbon dioxide (CO2) emissions in United States by 2050. Each sce
nario was run by up to 13 models participating in the EMF 37 study. Results show that carbon dioxide removal 
technologies were consistently a major part of successful pathways to net-zero U.S. CO2 emissions in 2050. 
Achieving this net-zero CO2 goal without any form of carbon dioxide capture and storage was found to be 
impossible for most models; some models also found it impossible to reach net-zero without DACCS. The mar
ginal cost of achieving net-zero CO2 emissions in 2050 was between two and 10 times higher without PSCCS and/ 
or DACCS available. The carbon price at which DACCS was deployed as a backstop technology depended upon 
the assumed cost at which DACCS was available at scale. Carbon prices were between $250 and $500 per ton CO2 
when DACCS deployed as a backstop. The average CO2 capture rate across all models in 2050 in the central net- 
zero scenario was 1.3 GtCO2/year, which implies a substantial upscaling of capacity to move and store CO2. 
Hydrogen sensitivity scenarios showed that H2 typically constituted a relatively small share of the overall U.S. 
energy system; however, H2 deployed in applications that are considered hard to decarbonize, facilitating 
transition towards net-zero emissions.

1. Introduction

The 37th Energy Modeling Forum (EMF 37) model intercomparison 
study, Deep Decarbonization and High Electrification Scenarios for North 
America, explores paths to net-zero CO2 emissions in the United States 

and other North American countries by 2050. This goal is broadly 
consistent with one of the goals of the Paris Agreement of 2015, 
“Holding the increase in the global average temperature to well below 2 
◦C above pre-industrial levels and pursuing efforts to limit the temper
ature increase to 1.5 ◦C above pre-industrial levels” (Paris Agreement, 
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[1]). The EMF 37 model intercomparison study focuses specifically on 
the role of electrification in deep-decarbonization pathways. Indeed, 
many studies have observed that electrification plays an important role 
in achieving net zero CO2 emissions (e.g., [2,3]).

Yet, electrification is only part of the decarbonization story. Societies 
need a wide range of energy services, not all of which are best delivered 
by electricity. The Carbon Management Study Group (CMSG) was 
formed to explore the roles of three potentially important technologies 
that could, in combination with electrification, enable the economy to 
reach net zero emissions by the year 2050. Specifically, the CMSG 
examined two forms of CO2 capture and storage (CCS)w – point source 
emissions capture and storage (PSCCS) and direct air carbon capture and 
storage (DACCS). The CMSG also explored the potential role of hydrogen 
systems (H2). Note that a focused EMF 37 paper, Melaina, et al., [4], 
delves deeper into hydrogen systems. The CMSG explored the roles of 
these potentially key technology sets (PSCCS, DACCS, and H2) in energy 
transition pathways to net-zero U.S. CO2 emissions by 2050, as well as 
how sensitive the deployment of these technologies are to technology 
advancement and how important these technologies are to achieving the 
goal of net-zero CO2 emissions in 2050 (by exploring the feasibility and 
cost of reaching this target without these technologies available).

Hydrogen can be produced from hydrocarbon fuels in combination 
with CCS, and via pathways that do not include hydrocarbon feedstocks; 
it was included within the CMSG scenario framework as a potentially 
important alternative decarbonization pathway, e.g., a replacement for 
carbonaceous fuels in some “hard to decarbonize” sectors where elec
trification might be more challenging. A subset of CCS technologies – 
bioenergy deployed in combination with CCS (BECCS), as well as DACCS 
– provide carbon dioxide removal (CDR), whereby CO2 is captured from 
the atmosphere and sequestered, helping to offset unabated emissions. 
Another form of CDR – terrestrial carbon sequestration (e.g., seques
tration of CO2 in forests or other carbon dense landscapes) – was 
excluded from the CMSG study design because many of the participating 
models do not endogenously represent the land system, although the 
“land sink” does contribute to CO2 removals (either by exogenous 
assumption or endogenous model result) across the CMSG scenarios.

The three CMSG technology sets are potentially important tools in a 
strategic approach to limiting the concentration of CO2 in the atmo
sphere. As depicted in Fig. 1, these technologies can potentially deploy 
across a wide spectrum of applications enabling emissions mitigation 
ranging from reduced emissions to zero emissions and even negative 
emissions (CDR). The effect of these three technologies on emissions is 
outlined in Table 1.

PSCCS can be deployed across a broad array of applications 
throughout the economy. In power generation, PSCCS can be deployed 
in combination with both fossil fuel and bioenergy use, and can be 
deployed either as part of new capacity installations or retrofitted to 
existing facilities. PSCCS, when used in combination with bioenergy 
(BECCS), either for power generation, biofuel refining, hydrogen pro
duction, or to provide industrial energy services, can deliver CDR ser
vices since bioenergy feedstocks sequester CO2 through photosynthesis 
as they grow.

Hydrogen is a carbon-free energy carrier that can be produced using 
a range of technologies. Currently, the most common method for pro
ducing hydrogen is steam reforming of methane (CH4), although H2 can 
be obtained from any hydrocarbon feedstock including coal, oil, or 
bioenergy. Using bioenergy with PSCCS to produce H2 provides carbon- 
free energy and CDR. H2 can also be produced without any CO2 emis
sions by using electrolysis to separate H2 from oxygen in water. Nuclear 
power can be used to thermally dissociate hydrogen and oxygen from 
water. H2 can be produced either at large central stations and moved via 
pipeline to point of use or produced near the point of use to reduce 

infrastructure requirements for transporting and storing H2.
Once obtained, H2 can either be combusted in industrial applications 

(and potentially in buildings) or used in fuel cells to provide electricity 
and heat. Fuel cells could potentially deploy in any part of the energy 
system, such as for transportation including land-based passenger and 
freight modes, ships, and aircraft; larger fuel cells could be deployed in 
buildings and industry for combined heat and power applications. 
Hydrogen can also be used as a fuel for turbines or fuel cells to produce 
electricity and balance load in response to fluctuations in variable 
renewable energy generation across diurnal and seasonal cycles.

In addition to capturing CO2 before it is emitted, it is also possible to 
directly remove CO2 from the atmosphere . A variety of DACCS CDR 
technologies have been created that enable direct scrubbing of CO2 from 
ambient air [5,6]. There are several different designs under develop
ment with variations using different energy sources with any 
fossil-based emissions also captured by the process. DACCS is most 
cost-effective when built at or near the CO2 storage site.

Once captured, CO2 must be disposed at a permanent storage site. In 
general, three options have been considered for CO2 disposition: storage 
in geologic formations [7,8], ocean storage [9,10], or recycled fuels 
[11–13]. Geologic storage is by far the most common disposal assump
tion in models participating in this study. The potential for deep ocean 
carbon storage is considered in only two of the CMSG models (GCAM 
and GCAM-USA); this is a potentially vast carbon sink but entails sig
nificant technological, environmental, measurement and verification, 
and institutional uncertainties [14]. Since geologic storage capacity is 
relatively abundant in the United States, deep ocean storage is a less 
important option in the U.S. compared to other regions with more little 
or no geologic storage potential. The use of CO2 as a feedstock for fuels 
has generated recent interest and could serve as a mechanism for 
creating high-energy-density fuels if geologic CO2 disposal and/or limits 
on bioenergy were to constrain energy systems. Only one of the models 
included in this study (US-REGEN) considered CO2 utilization (via 
synthetic fuel production); this represents an important research fron
tier. The representation of CO2 transport and storage in Carbon Man
agement Study Group models is presented in Supplementary Table 1.

2. Methods

2.1. Experimental scenario design

To examine the role of these technology sets in U.S. deep- 
decarbonization pathways, the CMSG explored a set of eight numeri
cal experiments that include and build upon two core EMF 37 scenarios 
(highlighted in blue in Table 2). Each of the scenarios in this paper 
reflect a long-term decarbonization target of net-zero CO2 emissions in 
the U.S. by 2050. Note that this paper does not explore the Net Zero+
scenario described in Browning et al. [15] in order to limit the number of 
scenarios presented, and because Browning et al. [15] already explored 
the Net Zero+ scenario (and the associated interactions between 
advanced carbon management technologies and advanced buildings, 
industry, and transportation technologies) in considerable detail.

Each of the unique CMSG scenarios explores a technology sensitivity 
intended to better understand the potential roles of PSCCS, H2, and/or 
DACCS.

Net Zero (NZ Ref) is a core EMF 37 scenario. It assumes that policies 
(usually represented in the model as a price on CO2 emissions) are put in 
place to reduce net U.S. CO2 emissions to zero by 2050. Note that this 
scenario differs from the stated U.S. long-term strategy goal that seeks to 
reduce net greenhouse gas (GHG) emissions to zero in 2050; the core 
EMF 37 and CMSG scenarios reduce only CO2 emissions to zero by 2050. 
Each model uses its own reference technology assumptions. Specifically, 
modeling teams assume that reference versions of PSCCS, H2, and 
DACCS technologies are available in their models. (Note that fossil fuel 
prices, and technology costs more broadly, were not explicitly harmo
nized across models. See, for example, Supplementary Figure 1 for a plot 

w Throughout this study we use CCS to refer to all forms of CCS (PSCCS and 
DACCS).
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of fossil fuel prices across models). Models were allowed to assume that 
a constant 800 Mt CO2 per year are removed from the atmosphere by the 
U.S. land sink, in line with average historical U.S. terrestrial carbon 
removals [16]. Models that simulate land-use change emissions endog
enously reported their endogenous land-use change emissions in place of 
the default 800 Mt CO2 per year assumption.

Three additional scenarios explore the impact of rapid development 
of our CMSG technologies. Adv CCS is the same as NZ Ref except that 
reference PSCCS technology characteristics are replaced by assumptions 
consistent with potential technology advances that might materialize 
with substantial investments in technology improvements, including 
advances in both CO2 capture and storage. It is up to the modeling team 
to implement technology advances that they envision. The benefit of 
those assumed technology advances can be inferred by contrasting NZ 
Ref and Adv CCS. Similarly, Adv DAC is identical to NZ Ref except for 
advanced DACCS cost and performance assumptions; Adv H2 explores 
technology advances related to the production, transport, storage, and 
utilization of hydrogen. Adv CMSG represents the combination of Adv 
CCS, Adv DAC, and Adv H2 and explores the potential benefit of ad
vances across all the CMSG technologies. By contrasting Adv CMSG with 
our other CMSG scenarios we can observe non-linear synergies or 
competition that might emerge from a broad technology advance.

Finally, three scenarios explore the impact of CMSG technologies 
being unavailable to support decarbonization. No CCS is a scenario that 
differs from the NZ Ref scenario in that models are not allowed to utilize 
either PSCCS or DACCS technologies in achieving net-zero emissions in 
2050. The benefit of having CO2 capture technologies available is 
revealed by contrasting the NZ Ref and No CCS sensitivities. Similarly, 

No DAC is the same as NZ Ref except that DACCS is assumed to be 
unavailable. By contrasting No DAC and NZ Ref the benefit of having 
DACCS can be inferred. Similarly, by contrasting No CCS with No DAC, 
we can isolate the unique contribution of PSCCS technology without 
concurrent DACCS technology availability. No New H2 is the same as 
NZ Ref except that H2 technology use is limited to its role in the 
Reference scenario [15]. Note that the No CCS, No DAC, and No New 
H2 scenarios have been undertaken for comparison purposes only; this is 
not intended to be seen as expressing uncertainty with regards to the 
potential availability of such technologies.

Note that while bioenergy is not explicitly a focus of the CMSG 
scenario design, it nonetheless plays an important role across the CMSG 
scenarios. The EMF 37 reporting conventions assume that bioenergy is 
carbon neutral and assign zero CO2 emissions when bioenergy is trans
formed or consumed. That is, the carbon contained in the bioenergy 
brought to market was sequestered from the atmosphere and thus, when 
that carbon is re-released to the atmosphere in the production of energy, 
there is no net change in atmospheric CO2 (for a more detailed discus
sion, see [17]). In other words, the EMF 37 emissions reporting treats the 
production and release of the carbon is simultaneous rather than 
explicitly tracking uptake and release. This convention does not consider 
indirect carbon release associated with bioenergy production, such as 
emissions from expansion of bioenergy cropland or conventional crop
land into more carbon dense land types or changes in soil carbon 
retention. Models with full representations of the terrestrial system (e.g., 
GCAM and GCAM-USA) capture these indirect emissions explicitly 
within their land sector. Other models use a variety of approaches to 
account for these emissions or limit bioenergy supply to levels expected 

Fig. 1. Carbon Management Study Group Technologies and Their Role in Emissions Mitigation. Point source CCS can be deployed in several energy trans
formation sectors (e.g., electricity generation, refining, hydrogen production). These energy carriers are used to provide energy services in the industry, buildings, 
and transportation end-use sectors. Point source CCS is possible for some industrial sectors. Direct Air Capture can be used to offset harder-to-abate emissions from 
these end-use sectors.
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to minimize indirect land-use change emissions (Supplementary 
Table 2).

2.2. Modeling frameworks

Eight of the EMF 37 modeling teams directly participated in the 
CMSG. Participating modeling teams defined the CMSG scenario design, 

tested early scenario design drafts, and identified key output variables to 
ensure were included in the EMF37 database. The CMSG modeling 
teams were:

• AnyMOD
• The National Energy Modeling System modified by OnLocation for 

use by the DOE Office of Fossil Energy and Carbon Management 
(FECM-NEMS)

• The EPA version of the TIMES Model (EPA-TIMES)
• Future Agricultural Resources Model (FARM)
• The Global Change Analysis Model (GCAM)
• The Global Change Analysis Model-USA (GCAM-USA)
• NETL’s MARKet Allocation Model (MARKAL)
• The U.S. Regional Economy, GHG and Energy Model (US-REGEN)

Models include detailed structural models such as FECM-NEMS, 
computable general equilibrium models such as FARM, optimization 
models like MARKAL, and models with global coverage such as GCAM. 
In addition to the models participating in the study group, six additional 
models participating in EMF-37 ran one or more of the CMSG scenarios.x

If a modeling team ran a CMSG scenario, we reported their results in 
Figs. 2–11 along with the results from the CMSG teams. A short summary 
of the primary characteristics of all models can be found in the EMF 37 
Overview paper ([15]; Table 2). Technical representations and as
sumptions for the eight models participating in the CMSG are summa
rized in Supplementary Table 1.

All CMSG modeling teams ran at least one of the CMSG scenarios. 
However, not all teams ran all CMSG scenarios. In some (but not all) 
cases, teams did not produce a scenario because it was infeasible in their 
modeling framework. Table 3 shows CMSG participating modeling 
teams and scenarios contributed to the CMSG database.

3. Results

The model experiments outlined above generated a wealth of infor
mation about potential pathways to reaching net-zero CO2 emissions in 
the United States under different conditions of carbon management 
technology cost and availability. Here, we present select finding from 
these scenarios, divided into three major sections: (1) The Role of PSCCS 
and DACCS; (2) Energy System Impacts of Carbon Management Tech
nologies; and (3) The Role of Hydrogen.

Broadly, the numerical experiments conducted by the CMSG team 
support several key findings. First, all models were able to meet the net- 
zero U.S. CO2 goal in 2050 (NZ-2050) when all reference versions of 
technologies were available. All models deployed some form of CDR in 
meeting NZ-2050. There were three major types of CDR deployed: 
terrestrial carbon storage, BECCS, and DACCS.

All teams took advantage of some amount of terrestrial carbon 
storage. The default assumption, used throughout the EMF37 study, for 
models without an endogenous land-use sector was 800 MtCO2/year of 
terrestrial carbon storage, meaning that if fossil fuel and industrial 
emissions were reduced to 800 MtCO2/year in 2050, the model was 
deemed to have met the NZ-2050 goal. Of the 13 teams running CMSG 
scenarios, seven used this assumption, while the other six models 
calculated terrestrial carbon storage endogenously. GCAM and GCAM- 
USA simulated similar levels of carbon dioxide removal but with vary
ing contributions from the terrestrial system, BECCS, and DACCS; these 
differences are discussed in Supplementary Note 2.

When PSCCS and DACCS were both available, (NZ Ref), one or both 
of BECCS and DACCS deployed in all CMSG model runs. DACCS was 
particularly important for several of the modeling teams, as shown in 
Fig. 2. Total use of CDR, including terrestrial carbon storage, ranged 

Table 1 
Impact on emissions mitigation of CCS (PSCCS and DACCS) and H2

- .

Low–CO2 emissions Zero CO2 emissions Net CO2 Removal

PSCCS Used with large point 
emissions sources in 
industry and power to 
remove CO2 from the 
exhaust stream. Since 
carbon capture 
processes are <100 % 
efficient, some 
residual CO2 reaches 
the atmosphere. 
PSCCS can be 
deployed to either 
existing plant and 
equipment (retrofit) or 
new construction. 
Once captured, CO2 

must be prevented 
from reaching the 
atmosphere by 
transport and storage 
to appropriate 
geologic formations.

Occurs when 
bioenergy is co-fired 
with a fossil fuel and 
PSCCS.

Used in combination 
with biofuels, 
bioenergy with 
PSCCS, or BECCS, is a 
net negative CO2 

emitting energy 
source.

H2 When methane (CH4) 
or other hydrocarbons 
are used as the 
feedstock for H2, 
PSCCS can be used to 
reduce net CO2 

emissions associated 
with H2 production.

H2 produced using 
either electrolysis 
using non-CO2 

sources or thermal 
dissociation of 
water.

If biomass is used as a 
feedstock in 
combination with 
PSCCS, H2 production 
may be a CDR 
pathway.

DACCS ​ ​ DACCS is direct air 
carbon capture and 
storage. It is a special 
case of CCS. DACCS 
directly removes CO2 

from the atmosphere 
while also capturing 
CO2 emissions from 
its energy source.

NOTE: This table provides a simplified, heuristic summary of potential emissions 
profiles of the carbon management technologies explored in this study. It does 
not reflect a full life-cycle accounting of the technologies’ emissions footprint, 
and intentionally excludes embodied emissions, upstream emissions (except for 
CO2 sequestered in bioenergy feedstocks), and non-CO2 GHG emissions.

Table 2 
CMSG Scenario summary.

Scenario Net Zero CO2 

Goal
Technology Includes

NZ Ref (Net Zero 
Ref)

2050 Ref PSCCS Ref H2 Ref DACCS

Adv CCS 2050 Adv 
PSCCS

Ref H2 Ref DACCS

Adv DAC 2050 Ref PSCCS Ref H2 Adv 
DACCS

Adv H2 2050 Ref PSCCS Adv H2 Ref DACCS
Adv CMSG 2050 Adv 

PSCCS
Adv H2 Adv 

DACCS
No CCS 2050 No PSCCS Ref H2 No DACCS
No DAC 2050 Ref PSCCS Ref H2 No DACCS
No New H2 2050 Ref PSCCS No New 

H2

Ref DACCS

x The six other models whose results we report here are ADAGE, EPS, gTech, 
NATEM, TEMOA, and USREP-ReEDS.
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from 3091 MtCO2/year (FECM-NEMS) to 1207 MtCO2/year (US- 
REGEN). When DACCS was unavailable (No DACCS), CMSG models that 
solved reduced their fossil fuel and industrial emissions relative to NZ 
Ref, and/or expanded use of BECCS to make up for the lack of DACCS 
CO2 removals.

FARM, GCAM, and US-REGEN were the only models that reported 
results for the No CCS sensitivity, which is more restrictive than no 
DACCS. This is an indication of how stringent the emissions mitigation 
constraint is and how little time is available to make the transition 
without some mechanism to remove carbon from fossil fuel and indus
trial sources and/or the atmosphere. This is also an indication of how 
important CCS, in some form, is in achieving the net-zero 2050 goal. 
While FARM, GCAM, and US-REGEN were able to achieve the goal 
without PSCCS or DACCS, they required an average carbon price of 
approximately $1700/tCO2 in 2050, in contrast to $425/tCO2 when 
PSCCS and DACCS were available.

3.1. The role of PSCCS and DACCS

Fig. 3 shows CO2 capture rates for seven scenarios in relation to NZ 
Ref (net-zero with reference technology). By comparing across these 

scenarios, we can see how the role of PSCCS and DACCS change with 
technology availability and performance. Technology availability is a 
precondition for CO2 capture.

Comparing No DAC with NZ Ref shows that for models with a 
response, adding the reference technology version of DACCS increases 
overall CO2 capture, but reduces BECCS and point-source fossil fuel CO2 
capture. In addition, improving DACCS technology performance, Adv 
DAC, further increases DACCS deployment and overall CO2 capture, but 
further reduces the role of BECCS and fossil fuel CO2 capture. There are 
relatively small differences between Adv DAC (advanced DACCS) and 
Adv CMSG (All-Advanced Technologies) indicating that the big differ
ence between NZ Ref and Adv CMSG is the improvement in DACCS 
technology.

Against a background of reference technology availability assump
tions (NZ Ref), the average capture rate for fossil, bioenergy and DACCS 
is approximately 1.3 GtCO2/year in 2050. Models varied significantly in 
aggregate non-terrestrial capture rates. High values were roughly 2.6 
GtCO2/year in 2050, and low rates were as little as about 0.3 GtCO2/ 
year in 2050. Not all CO2 capture is carbon dioxide removal. Only CO2 
captured either from the air (DACCS) or from the use of bioenergy 
(BECCS) constitute CDR. CDR rates ranged between 0 and 2.3 GtCO2/ 

Fig. 2. Use of CDR to meet U.S. NZ-2050 Goal with reference technology assumptions by model.

Fig. 3. CO2 Capture rates by fuel and DACCS.
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year in 2050.
When both forms of CCS are available, CO2 is captured in the power 

sector, refining sector, and other industrial sectors (Fig. 4). While any 
large point source could potentially capture CO2, CO2 capture is domi
nated by power production in the EMF-37 CMSG scenarios. We note that 
not all models reported CO2 capture by sector. For models that did report 
CO2 capture by sector, the electricity sector accounted for 8–100 % 
(median = 93 %) of captured carbon in 2050 across scenarios in which 
CCS was available. The electricity sector accounted for less than half of 
total point source carbon capture (excluding DACCS) in only three 
model-scenario combinations (NATEM NZ Ref; NATEM Adv CMSG; US- 
REGEN NZ Ref).

This study did not explicitly explore the role of carbon utilization (as 
opposed to carbon storage). Only one team reported carbon utilization 
outcomes; US-REGEN reported carbon utilization via synthetic fuel 
production in the No CCS case. Representing carbon utilization is an 
important opportunity for future model development.

Between 2021 and 2050, substantial amounts of CO2 are captured by 
several of the CMSG participating models (Fig. 5). ADAGE, FECM-NEMS 
and MARKAL-NETL had the highest cumulative capture of CO2 among 
the models. MARKAL-NETL captured 28.5 GtCO2 between 2021 and 
2050 in NZ Ref and >42 GtCO2 in the Adv CCS case. While these cu
mulative capture totals are substantial, potential storage sites, particu
larly in deep saline formations, have orders of magnitude larger capacity 
for CO2 storage. NETL [18] estimates that potentially between 2379 
GtCO2 and 21,633 GtCO2 could be stored cumulatively.

Carbon prices associated with CMSG scenarios are show in Fig. 6.y

Carbon prices represent the marginal cost of achieving net-zero CO2 
emissions. In many models and scenarios where DACCS is available, 
DACCS operates as a “backstop” technology setting this marginal cost; in 
the NZ Ref scenario, several models do not deploy DACCS even though it 
is available, suggesting that the marginal technology is BECCS or 
terrestrial carbon removal and marginal CO2 abatement costs fall below 
the cost of DACCS. In NZ Ref, carbon prices generally rise until this 
“backstop” is hit. Carbon prices in 2050 ranged from $165- $706/tCO2 

across most models in the NZ Ref scenario, except for MARKAL-NETL, 
which had significantly higher carbon prices across all scenarios than 
the other models. The Adv CCS scenario, which focused on improve
ments in PSCCS technology alone (excluding DACCS), had little impact 
on carbon prices, as the carbon price was largely set by the cost of 
deploying DACCS. The same is true for Adv H2 (advanced H2), and No 
New H2 due to limited H2 use. Improvements in DACCS technology 
(Adv DAC and Adv CMSG) on the other hand, reduced the marginal cost 
of achieving net-zero for most models. Note that the price ranges in 
Fig. 6 do not reflect the fact that several models find constrained sce
narios (e.g., No DAC, No CCS) to be infeasible (see Table 3) are not 
counted in the range or average, which may mean that costs associated 
with stringent emissions under these conditions are underestimated 
[19].

3.2. Energy system impacts of carbon management technologies

The energy system and the role of electricity are affected by the state 
of carbon management technologies. In this section of the paper, we 
explore how CMSG models describe the energy system and its evolution 
across the seven CMSG scenarios. Fig. 7 shows direct fossil fuel and in
dustrial CO2 emissions for the U.S. economy disaggregated into seven 
end-use and energy transformation sectors. Absolute/gross CO2 emis
sions levels for the core EMF 37 net-zero scenario are shown in the far- 
left column of the figure. Net changes in CO2 emissions are shown for the 
7 CMSG scenarios.

Six modeling teams – AnyMOD, FARM, GCAM, GCAM-USA, gTech, 
and MARKAL-NETL – ran the Adv CCS sensitivity. Some models, 
including AnyMOD, FARM, gTech, and MARKAL-NETL, showed 
increased fossil fuel and industry emissions by 2050, which are coun
terbalanced by a shift toward DACCS (AnyMOD, gTech, and MARKAL- 
NETL) or BECCS (FARM). GCAM and GCAM-USA showed relatively 
little difference in fossil fuel and industrial CO2 emissions in the Adv 
CCS case, compared with NZ Ref.

Five models – AnyMOD, EPA-TIMES, GCAM, gTech, MARKAL-NETL 
– explored an Adv H2 technology sensitivity. MARKAL-NETL reported 
significantly greater fossil fuel and industrial emissions (in industry and 
electricity, respectively). AnyMOD, EPA-TIMES, GCAM, and gTech re
ported changes that were relatively modest in comparison.

Eight models – ADAGE, AnyMOD, EPA-TIMES, FECM-NEMS, GCAM, 

Fig. 4. CO2 Capture by sector to 2050 by model.

y Models calculate CO2 prices either as either shadow price on the scenario’s 
CO2 emissions constraint, or by iterating across a carbon price tax schedule 
until the target emissions level is achieved.
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GCAM USA, gTech, MARKAL-NETL – performed the Adv DAC tech
nology scenario. By 2050, all models except EPA-TIMES showed 
increased emissions from fossil fuel and industrial activities, with 
negative emissions from DACCS offsetting higher cost mitigation op
portunities. gTech results change the most in response to the Adv DAC 
scenario, with large increases in industry emissions (>1 GT CO2 higher 
in the Adv DAC scenario, relative to NZ Ref) and more modest increases 
in emissions from electricity and transportation. Besides gTech, GCAM 
and FECM-NEMS also show significant (> 100 MT CO2) increases in 

emissions from electricity generation; GCAM, FECM-NEMS, and 
MARKAL-NETL show significant (> 100 MT CO2) increases in trans
portation emissions. In GCAM, the increased electricity emissions are 
driven partially by the increased demand for electricity used in direct air 
capture, as well as lower reliance on BECCS (Fig. 5), much of which 
occurs in the power sector. Changes in building, industry (excluding 
gTech), and non-electricity energy transformation sectors were smaller 
across models.

The All-In scenario with advanced PSCCS, H2, and DACCS 

Fig. 5. Cumulative CO2 capture 2021–2050.
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technology assumptions, was run by ten models. Results were generally 
similar to the Adv DAC scenario, which is intuitive given the relatively 
smaller impact of the Adv CCS and Adv H2 technology sensitivities. 
MARKAL-NETL demonstrated the largest changes in the All-In scenario, 
with large increases in emissions from industry (>600 MT CO2 differ
ence) and transportation ~100 MT CO2 difference). FARM and gTech 
had emission increases of greater than 300 MT CO2 in the electricity 
sector. Industry and electricity saw the largest increase in emissions 
across most models. Transportation had the largest increase in MARKAL- 
NETL; GCAM and gTech also had large (>100 MT CO2) increases in 
transportation emissions.

Three modeling teams – FARM, GCAM, and US-REGEN – reported 
results for the No CCS scenario. Direct emissions of CO2 were reduced in 
the No CCS case since residual emissions from fossil fuels can only be 
balanced by removals from the land system. The three models largely 
agreed about the magnitude of direct CO2 emission reductions, with 
reductions ranging from 960 – 990 MT CO2 in 2050. Some of the larger 
reductions occurred in the transportation (36–48 % of reductions in 
2050) and industry (14–28 % of reductions in 2050) sectors. FARM 

simulated significant electric power sector reductions (35 % of total 
reductions in 2050) but little additional building sector mitigation 
(buildings are largely decarbonized by 2050 in FARM’s NZ Ref sce
nario). US-REGEN found the opposite – small reductions in electric 
power emissions but increased mitigation in buildings (28 % of total 
reductions in 2050) – while GCAM saw more balanced reductions be
tween electric power (12 % of total reductions in 2050) and buildings 
(17 %).

Four modeling teams – GCAM, GCAM-USA, gTech, and MARKAL- 
NETL – reported results for the No DAC scenario. In general, the 
changes in emissions were smaller in scale but similar in distribution 
across sectors to the No CCS scenario. The one exception to the scale 
finding is the MARKAL-NETL results which were of similar scale to those 
reported for the No CCS sensitivity.

Only two models – EPA-TIMES and GCAM – ran the No New 
H2scenario. This scenario was intended to examine the consequences of 
losing the ability to deploy H2 in hard-to-abate applications. As might be 
expected, both models reported increased fossil fuel and CO2 emission 
when H2 availability as constrained. However, because H2 deployment 

Fig. 6. Carbon Price by CMSG Scenario, 2021–2050. The plot presents modeled carbon prices for the NZ Ref scenario and changes in carbon price from the NZ Ref 
scenario for all other scenarios. For scenarios other than NZ Ref, positive values indicate an increase in carbon price for that scenario relative to NZ Ref, and negative 
values indicate a decrease in carbon price relative to NZ Ref.
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was generally limited in the in the NZ Ref scenario (Section 3.3), con
straining H2 didn’t lead to major differences in emissions outcomes.

Fig. 8 shows the impact of our CMSG sensitivities on aggregate en
ergy demands and energy system composition. We aggregate results to 7 
energy carriers: oil, liquid biofuels, gas, bioenergy (solid), electricity, 
hydrogen, and other (e.g., coal, heat, synthetic fuels). Where reported, 
the No CCS scenario had the largest impact on final energy outcomes. In 
2050, all models show reduced oil use (7.5–9.6 EJ less than NZ Ref) and 
increased electricity consumption (4.0–5.9 EJ more). GCAM and US- 
REGEN also reported significant reductions in natural gas use 
(8.0–11.5 EJ lower than NZ Ref in 2050); FARM, which had the lowest 
natural gas final energy consumption across all models in the NZ Ref 
case in 2050, observed much smaller reductions in gas consumption (1.2 
EJ difference in 2050). Qualitatively similar, but smaller in magnitude, 
results are reported by the four models which ran the No DAC sensi
tivity: GCAM, GCAM-USA, gTech, and MARKAL-NETL.

Most models showed relatively little change in the Adv CCS sensi
tivity. With Adv DAC assumptions, models that exhibit significant in
creases in DAC deployment (gTech, GCAM, MARKAL-NETL) display 
increased gas (in part to power DACCS units) and oil consumption.

The two models that ran the No New H2 sensitivity, GCAM and EPA- 
TIMES, saw increases in electricity and oil use that offset decreased H2 
use. Some models (AnyMOD, gTech, and MARKAL-NETL) show little 
additional H2 produced in the advanced H2 technology sensitivity (Adv 
H2), while others (EPA-TIMES, GCAM) show modest increases (> 1 EJ/ 
year in 2050). This increased hydrogen consumption displaces elec
tricity and oil consumption in EPA-TIMES and GCAM; GCAM also sim
ulates some reductions in final energy from gas and biomass liquids.

Eleven models reported results for the all-advanced technologies 
sensitivity (Adv CMSG). The responses were similar in direction but 
smaller in magnitude compared to the Adv DAC sensitivity, since the 
Adv CMSG scenario tended to entail both greater negative emissions but 
also greater direct mitigation in the electricity sectors (and other sectors 

that leverage PSCCS) and greater use of hydrogen.
Whereas Fig. 8 showed the sensitivity of the final energy consump

tion to different CMSG sensitivity experiments, Fig. 9 takes another 
perspective on the energy system. Fig. 9 shows total primary energy, 
which also reflects energy used in energy transformation sectors like 
electricity generation, refining, and hydrogen production. Fig. 9 thereby 
allows us to observe the use of PSCCS in conjunction with oil, gas, coal, 
and bioenergy. Note that primary energy is measured here using 3.6 MJ 
per kWh for wind and solar energy.

All three models that ran the No CCS sensitivity – FARM, GCAM, and 
US-REGEN – increased wind and solar use when CCS was unavailable. 
US-REGEN also significantly increased nuclear energy use; GCAM used 
less biomass overall but increased use of bioenergy without PSCCS. All 
models reduced use of fossil fuels with and without PSCCS. Results for 
the No DAC scenario were similar in direction but much smaller in 
magnitude than those for No CCS.

The Adv CCS case generally resulted in small increases in fossil fuel 
use with PSCCS and minor reductions in solar, wind, and fossil fuels 
without PSCCS. The availability of advanced DACCS (Adv DAC) resulted 
in small decreases in wind and solar use and larger increases in fossil fuel 
use (with and without PSCCS).

Finally, making new hydrogen production unavailable made a rela
tively small difference in primary energy outcomes, with GCAM using 
slightly more oil and biomass in the No New H2 case to offset the energy 
provided by hydrogen, as well as less gas, wind, and solar. These trends 
are reversed in the case with advanced hydrogen technologies (Adv H2).

3.3. The role of hydrogen

Fig. 10 presents the impact of the CMSG sensitivity experiments on 
hydrogen production. H2 production varies little outside of the Adv H2, 
Adv CMSG, and No New H2 cases, except for US-REGEN’s No CCS 
scenario, which entails significantly higher hydrogen production 

Fig. 7. Fossil fuel and industrial CO2 emissions by sector.
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(primarily from electrolysis). With Adv H2 technologies, EPA-TIMES, 
GCAM, and MARKAL-NETL produce more H2; EPA-TIMES and MAR
KAL-NETL’s production increase comes primarily from electrolysis, 
while GCAM’s increased production comes from a mix of natural gas 
with PSCCS, bioenergy with PSCCS, and electricity. Trends are similar 
but slightly smaller in the Adv CMSG case.

Supplementary Figure 3 compares CCS deployment (including fossil 
CCS, BECCS, and DACCS) and hydrogen deployment in 2050 to explore 
a possible relationship or tradeoff between the two technologies. One 
immediate observation is that the scenario with the largest hydrogen 
deployment is one of the few No CCS scenarios, suggesting that 
hydrogen may be more valuable when CCS is limited. CCS and hydrogen 
deployment vary across modeling frameworks, but we do observe a 
negative relationship between CCS and hydrogen deployment (e.g., 
more CCS deployment leads to less reliance on hydrogen, and vise-versa) 
between scenarios generated by the same model for some frameworks 
(e.g., EPS, TEMOA, US-REGEN), but not all.

Fig. 11 presents hydrogen consumption by sector and changes 
associated with our CMSG sensitivity scenarios. Magnitudes in Fig. 11
are smaller than those in Fig. 10 due to transmission and delivery losses. 
In the No CCS case, US-REGEN increases its H2 consumption primarily 
for use in synthetic fuel production, with smaller amounts used in in
dustry and transportation. GCAM reported only minor changes in H2 use 
in the No CCS case, compared with NZ Ref.

When advanced H2 technology was available (Adv H2), EPA-TIMES 
and GCAM reported the most significant increases in hydrogen con
sumption in the transportation sector, with GCAM also simulating a 
smaller increase in industry. Similar, but smaller, changes were reported 
for the Adv CMSG scenario.

4. Discussion

The CMSG generated unique insights that added to the broader set of 
findings from the EMF 37 study. Many of the CMSG scenarios challenged 
modeling teams. Indeed, some of the CMSG scenarios proved compu
tationally infeasible for many models. For example, the challenge of 
limiting U.S. CO2 emissions to net-zero in 2050 without PSCCS and/or 
DACCS proved impossible or prohibitively costly for many of the 
participating models. Carbon dioxide removal played a role in all sce
narios that achieved net-zero CO2 emissions. Significant model devel
opment occurred during the study, but work remains to be done to 
enable all modeling teams to faithfully represent energy system 
behavior, especially in the context of scenarios with limited technolog
ical availability.

Not all models have detailed industrial sectors with the option to 
deploy PSCCS. One sector in particular, refining, has the potential for 
significant PSCCS deployment. The refining sector processes fuels, 
including both fossil fuels and bioenergy, and increases the hydrogen to 
carbon ratio. This creates the opportunity to capture CO2 created in the 
refining process. Where models have disaggregated industrial sector 
representations that go beyond refining, they report CO2 capture, but 
not on the same scale as for the power sector. Another manufacturing 
sector with significant potential for the application of PSCCS is cement. 
Several models broke out PSCCS capture for cement from aggregate 
industry.

While sufficient cumulative CO2 storage potential exists to support 
the levels of carbon capture and storage deployed across the scenarios in 
this study, building, permitting, storing [20], and monitoring CO2 at 
gigaton scales requires the development of institutional capacity. 
Because most models in this study operate at coarse geographic reso
lutions, the CO2 transportation costs they include may not capture 

Fig. 8. Final energy by fuel.
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situation-specific factors that would influence CO2 transportation mode 
(e.g., pipeline, rail, or ship). Future studies leveraging more spatially 
resolved, bottom-up analysis of CO2 sources, sinks, and associated im
plications for CO2 transportation infrastructure requirements could 
enhance our understanding of the opportunities, challenges, and costs of 
CO2 transportation and storage, and is an important area for future 
research.

As one might imagine, carbon prices were higher when technologies 
were unavailable and lower when advanced versions of technologies 
were available. Carbon prices were particularly sensitive to the avail
ability to PSCCS and DACCS technologies. In fact, carbon prices tended 
to be closely linked to the cost of PSCCS and DACCS. When neither were 
available, carbon prices could climb into thousands of dollars per ton of 

CO2 to reach net-zero U.S. emissions in 2050. The availability of 
advanced versions of PSCCS and DACCS lowered prices compared to the 
scenario with reference technology assumptions.

The CMSG scenarios that explored model sensitivities to H2 tech
nologies were illuminating. Many models either did not include detailed 
H2 technology options or technology options that were only partially 
represented. The modeling community would benefit from further 
model enhancements related to hydrogen production and use. The 
models that reported results for the CMSG H2 sensitivities showed mixed 
results. Few models produced results in which H2 became the dominant 
energy carrier rivaling electricity. However, some models found that H2 
could play an important role in either industrial or transport emissions 
mitigation.

Fig. 9. Primary energy by fuel.
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Data repository

The EMF37 study used the IAMC reporting format (Excel spread
sheet) with submissions uploaded to the IIASA scenario database (https 
://data.ece.iiasa.ac.at/emf37-internal/). The repository compiles all the 
results into a single data base.
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Modeling teams and scenario contributions to the CMSG.
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Zero 
Goal
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US- 
REGEN

USREP- 
ReEDS
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NZ Ref 2050 * * * * * * * * * * * * * *
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Adv 
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Adv 

DACCS
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Adv 
CMSG
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No 
DACCS
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H2
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