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Achieving a zero-emission future depends greatly on how steel production
isdecarbonized within alimited time frame. Here we show that the
production of zero-emission steel is possible but that the quantity and

quality of steel may be limited by scrap downcycling. Using Japan as a case
study, our analysis shows that most steel scrap is currently downcycled into
construction materials, thereby limiting scrap-based steel to only 20% of the
total steel used for automobiles, compared to 60% for buildings. Under a
strict carbon budget, such downcycling practices could limit the production
of steel used for automobiles to ~40% of current levels by 2050, even if
production technology progresses according to the roadmap. The results
indicate that steel users should not take the current level of steel supply for
granted in a zero-emission future. Decarbonizing the steel sector, therefore,
will depend not only on stand-alone efforts by the steel industry but on joint
action with steel users to enable scrap upcycling and service provision with

less steel use.

Thescienceis clear: emissions from allmajor sectors must be reduced
quickly to zero to avoid the destructive impacts of climate change'. The
key question is how this can be achieved. Several sectors, including
electricity and road transport, already have solutions available on a
commercial scale, including renewable energy and electric vehicles’.
In contrast, such critical solutions do not yet exist at scale in the steel
sector, which accounts for ~7% of global CO, emissions®. The steel-
making process involves using coke to reduce iron oxide ore and the
combustion of fossil fuels to generate high temperatures, making it one
of the most difficult sectors to decarbonize®. Thus, a critical challenge
inreachingazero-emission future centres on how to decarbonize this
hard-to-abate sector within a limited time frame.

The scientific basis for the debate in this domain has been sup-
ported mainly by technology-richintegrated assessment models that
explore possible technology mixes and policy options*. However,
these models face two major challenges when applied to evaluations
of the steel sector. First, the solutions rely heavily on innovative pro-
duction technologies, including carbon capture and storage (CCS)
and hydrogen-based steelmaking, due to the model structure, in
which future steel demand is given as an exogenous variable in the

technology selection optimization routine’°. Inresponse, theindustry
has increased its efforts and commitment to implement innovative
production technologies to decarbonize its scope 1and 2 emissions”.
However, these technologies still face serious technical, economic and
social challenges'>" and have yet to be implemented at scale. Recent
studies have questioned whether theirimplementation can be scaled
up in time'*'°, Second, the models treat steel as a single commodity
and do not consider the quality of different steel products. Steel is
shipped as a variety of products with different shapes and specifica-
tions, with markedly different production processes and end-uses', It
istherefore unclear how much steel, and what quality, can be produced
and used under a carbonbudget that is consistent withinternationally
agreed climate targets. Such alack of understanding makes it difficult
to prepare for ascenario inwhich innovative production technologies
fail to scale up sufficiently and in time.

Several pioneering efforts based on material flow analysis have
sought to complement these knowledge gaps by exploring different
decarbonization scenarios without resorting to the mass deployment
of innovative production technologies'* or by integrating quality
issuesin thesteel recycling system®*~°, A particularly innovative study
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in this domain showed that impurities in scrap steel can constrain
future global steel recycling”. The study demonstrated that it would
beincreasingly challenging to produce high-grade steel products with
strictimpurity tolerances (for example, sheet steel for deep drawing)
fromrecycledsteel. Yet, whatis still missingisalink toazero-emission
context. The existing scenarios assume that future steel production
will grow according to the in-use stock evolution patterns of current
industrialized countries without any constraints. It is, therefore, not
clear how stringent climate policies will affect future steel production
andits quality or when, and to what extent, specific challenges will arise
in industrialized countries where in-use stocks and demand growth
have already stabilized.

Our work addresses these knowledge gaps by constructing
detailed maps of current steel flows and systematically assessing the
impacts of imposing a carbon budget on future steel flows. The map
of current steel flows is constructed by aggregating and reconcil-
ing fragmented data on production, trade and yields in each process
using a series of mass-balance equations. Future steel flows under
the carbonbudget are calculated using a newly constructed ‘material
budget model’ that combines optimization techniques and a set of
mass-balance equations®. The model derives an industrial structure
thatis consistent with the carbon budget under various technological
assumptions by treating material flows as endogenous variablesin the
optimization routine. We apply the model to Japan, given the magni-
tude of its emissions, stock saturation trends and the availability of the
necessary datasets for the modelling. Japanis the world’s fifth-largest
emitter® and the world’s third-largest steel producer®’, which means
thatit plays acentral rolein decarbonizing the steel sector.

Results

Current steel flows and downcycling practices

The detailed map of current steel flows shown in Fig. 1 clearly depicts
theindustrial structure of massimports and mass exports, importing

allironore and exporting large volumes of steel products. Particularly
distinctive are the categories of domestically produced sheet steel
and automobiles, approximately 60% and 50% of which are exported
overseas, respectively. Such anindustrial structure relies heavily on
the ore-based blast furnace/basic oxygen furnace (BF/BOF) route,
which is considerably more carbon-intensive than the scrap-based
electric arcfurnace (EAF) route. Currently, the BF/BOF route accounts
for ~75% of total crude steel production, while the EAF route accounts
for ~25%. However, ~90% of EAF-derived carbon steel is processed
into long products, such as sections and bars that are used mainly
in buildings and infrastructure. Consequently, EAF-derived steels
account for <10% of the total production of high-grade steels, such
assheetsteel and high-tensile-strength steel, which are often used in
automobiles. This phenomenon, in which material processed from
waste has a lower value than the original material, is referred to as
downcycling™

Such downcycling practices are used because tramp elements
(copper and tin) mixed in scrap are difficult to remove in the current
steelmaking process and nitrogenis easily mixed into liquid steel dur-
ing arc melting® . Elevated contents of tramp elements and nitrogen
insteel can cause various problems, including increased susceptibility
to cracking at high temperatures, steel quality deterioration and strain
aging, making it challenging to produce high-grade steel through the
EAF route®**. Consequently, the amount of EAF-derived steel con-
tained in buildings, infrastructure and automobiles, which together
account for >70% of the total finished steel, varies markedly. The build-
ing and infrastructure industries obtain about 40-60% of their total
steel requirements from the EAF route. In contrast, EAF-derived steel
accounts for <20% of all of the steel inputs into the automotive indus-
try, highlighting a high reliance on more carbon-intensive steel. Such
a phenomenon is indicative of the high requirement for high-grade
steel in the automotive industry and the emission-intensive nature
associated with downcycling of scrap steel.
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Future steel flows under a carbon budget

Thekey questionis how muchsteel and what quality, canbe produced
and used under a carbon budgetif current downcycling practices con-
tinue. This question essentially depends on the extent to which the
steel sector takes responsibility for a zero-emission future and how
production technology and the circular economy progress. Our cen-
tral assumptions are that the steel sector has a responsibility to meet
national targets as well as the commitments set out in the industry’s
technology development roadmap. We assume that emissions fromthe
steel sectorareregulated according toacarbonbudget thatis setonthe
basis of the national target of a46% emissions reduction by 2030 (com-
pared to 2013 levels) and reaching carbon neutrality by 2050. In this
case, the 2050 carbon budget is deducted from the findings of indepth
national modelling study®®, which considered carbon uptake by forests
and other sinks and is used as aboundary value to ensure consistency
with global commitments. Advances in production technology andin
the circular economy can manifest as one of two scenarios. The first is
thenostrategy case, where allmodelling parameters are held constant
over the course of the scenario. The second case is where there are
ambitious changes in production technology and the circular econ-
omy, with rates and levels of implementation based on industry road-
maps and scientific literature (Supplementary Table 11 and Figs. 5-8).

Specific interventions include decarbonizing the electricity supply,
improving energy efficiency, replacing coke with hydrogen in BF
with CCS, producing hydrogen-based direct reduced iron (H,-DRI),
increasing domestic recycling capacity and extending product life,
while excluding the adoption of any carbon offsetting scheme. The
model solves for a steel flow structure that maximizes the available
in-use steel stock within theimposed carbonbudget while respecting
aseries of mass-balance constraints. The underlying logic is that our
demand for services is not met by steel production but by the in-use
steel stock accumulated in society as products and infrastructure™.
The model reveals that the production of steel available under
the carbon budget would be far more limited compared to the current
production capacity (Fig. 2). This result reflects the limited resource
availability. The zero-emission compatible production technolo-
gies currently being pursued by the industry are mainly H,-DRI and
scrap-based EAF, both of which are linked to non-emitting electricity.
Thus, steel production in a zero-emission future essentially depends
ontheavailability of three resources: electricity, hydrogen and scrap.
In the most pessimistic case, where emissions from the steel sec-
tor are regulated to stay within the carbon budget without progress
in production technologies and the circular economy, the BF/BOF
route will need to be phased out by 2050, with crude steel production
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coloured bands around each line show the maximum and minimum values of the
estimates, which depend on the degree of advances in production technology
and the circular economy. Solid lines represent the means of scenarios. Vertical
dashed lines mark the year in which the future projections begin (2020).

limited to ~10% of current levels (Fig. 2a). By extension, the production
of finished steel and end-use goods in 2050 would likewise be limited
to ~10% of current levels. If production technology developments
progress according to the industry roadmap, then the available produc-
tion of crude steelin2050 could increase to -35% of current levels (Fig.
2b). However, the non-emitting electricity, and thus green hydrogen,
available to the steel sectoris notinfinite; evenifthe H,-DRI/EAF route
were deployed atascale thatincreases the non-emitting electricity that
is available to the industry and fuel production sectors, production
capacity would still fall far short of current levels. This trend holds
true evenifthe H,-DRI/EAF route isimplemented much faster thanthe
uptake of non-emitting electricity, for example, by reducing electric-
ity demand in other sectors or by importing hydrogen from overseas
(Supplementary Fig. 9). These results clearly illustrate the difficulty
in expecting the H,-DRI/EAF route to make up for all of the current
production capacity by 2050. The remaining option for increasing pro-
duction capacity under the carbonbudgetis to expand the scrap-based
EAF route. Instead of exporting scrap overseas, enhancing domestic
recycling capacity could increase the available production to ~45%
of current levels or ~45 Mt by 2050 (Fig. 2¢). Yet, due to limited scrap
availability (partly because of extended product life), the available
productionis far fromreaching the same scale of production capacity
as today (-100 Mt) or 2050 business-as-usual production (-86 Mt)*°.
Taken together, these results suggest that maintaining current levels of
steel production capacity by 2050 will be challenging under the carbon
budget. Thus, zero-emission steel production is possible by 2050 but
inlimited quantities relative to current production levels.

Notably, suchsteel supply constraints might not be uniform for all
end-use sectors. If current downcycling practices continue, then the
production of high-grade steel could be more severely constrained
compared to long products as the BF/BOF route shrinks. Specifically,
theavailable production of long products could be constrained to -90%
of currentlevels, while flat products could be more severely limited to
~30%. Consequently, the steel available to the building industry could
be ~70% of current levels, while the automotive industry, the current
primary user of high-grade steel, could face steel supply constraints
assevere as -40% of what it is today by 2050. These results suggest that
steel supplyinazero-emission future could be limited not only in quan-
tity butalsoin quality due to the downcycling practices of scrap steel.

Evolution of in-use steel stock

Along with such supply constraints, the steel that is accumulated as
products and infrastructure (in-use stock) in society could be far less
by 2050 thanit is at present (Fig. 3). If no progress is made in produc-
tion technology and the circular economy, then the in-use steel stock

available under the carbon budget could decline from the current
level of ~10 t per capitato~7 t per capita by 2050 (Fig. 3a). This decline
means a transition to a society living on fewer steel products than at
present. Such a transition to a society with constrained steel stocks
could be mitigated by the progress of production technologies and
the circular economy as per the industrial roadmap. However, the key
point here is the difference in the level of constraints imposed by the
types of end-use products. A closer look at the per capita stock levels
for specific end-uses shows that buildings and infrastructure could
maintain levels that are similar to currentlevels, even under the carbon
budget (Fig.3b).In contrast, the per capitasteel stock as automobiles
could decrease to 40-80% of current levels by 2050, depending on
advances in production technology and the circular economy. This is
due to higher requirements for high-grade steel and shorter product
life spans compared to construction applications. The results show
that our demands for goods and services in a zero-emission future,
especially thoserelated to automobiles, will need to be met using less
steel thanis currently used.

Discussion
Overall, the key message of our analysis is that while zero-emission
steel could be produced through the efforts of the steel industry, this
would only be possible in limited quantities for steels of certain qual-
ity if current downcycling practices continue. This perspective is not
unique toJapan and could become apparent at aglobal level as down-
cycling of scrap steel increases”>*. Despite the potential for such steel
supply constraintsin a zero-emission future, the Japanese government
andindustries are currently leaving the decarbonization of the sector
entirely to innovative production technologies®**. Relying solely on
innovative production technologies is equivalent to society completely
entrusting the steelindustry with finding a solution. Now that climate
changeis essentially anissue of timing, steel users should not assume
that they will be guaranteed the same level of steel supply as they have
todayinazero-emission future. Instead, they should look now for ways
to provide the same services while using less material inputs. Decar-
bonizingthe steel sector will therefore depend not only onstand-alone
efforts by the steel industry but also on joint action with steel users.
So what action is required from steel users? What is clear is that a
business model should be developed that provides the same services
withless material use by improving material efficiency*’. Technologies
and systems for achieving this would includeimprovementsin product
longevity (through reuse, repair and remanufacturing), goods sharing,
lightweight design, material substitution and process yield improve-
ment*. One pioneering study in 2010 argued that even a 50% emis-
sion cut by 2050 would require substantial reductions in steel demand
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throughimproved material efficiency?. The limited quantity and quality
of steel supply, asindicatedin this study, urgently reinforce this previous
message that material efficiency must be a fundamental component
of mitigation strategies. The automotive industry in particular, which
may be subject to severe steel supply constraints, willneed to rethink its
current business model. Instead of selling consumers lots of large and
heavy electric vehicles, they can provide mobility services to consumers
in the form of small and light electric vehicles*’. Evidence already exists
that focusing on ‘service provision’ rather than ‘ownership’ through
car-sharing andride-sharing can almost halve the need for automobiles
while meeting our mobility needs”****. Looking at awider range of steel
products, multiple lines of evidence show that the same level of service
canbe provided at halfthe level of in-use steel stocks currently used by
high-income countries'*?*¢, Itis therefore possible to meet our service
demands in a world of constrained steel supply if technologies and
systems to improve material efficiency are placed at the heart of the
decarbonization plan. Inthis case, given the steel-intensive nature of the
technologies necessary for climate change mitigation and adaptation,
such asrenewable electricity, railways and flood protection infrastruc-
ture?’, a balanced plan will be crucial for reducing total steel use while
building and managing these essential infrastructures.

Another critical measure is to promote upcycling to produce
high-grade steel using the scrap-based EAF route. This measure is
particularly important from two perspectives: to increase the steel
supply to industries that are dependent on high-grade steel and to
keep the steelindustry profitable in the face of declining total produc-
tion. While promoting upcycling may reduce the available supply of
construction-grade steel, whether this will be a serious issue needs
to be considered in conjunction with other construction materials. A
recent study suggested that a substantial reductionin the construction
of buildings and infrastructure is required to achieve zero emissions
in cement and concrete production*®. Further, a movement exists to
use engineered timber instead of steel and concrete to reduce emis-
sions from building construction®. While this study does not capture
such material linkages and therefore cannot provide any clear insights
into the extent to which steel will be needed for future construction,
producing high-grade steel by upcycling rather than producing
construction-grade steelis clearly in line with these future narratives.
Given the relatively high prices of high-grade steels, this strategy will
alsodirectly benefit the steel industry**. The key challenge is how upcy-
cling canberealized. Previous studies have demonstrated that, evenin
afuture of increasing steel production, extensive dilution of recycled
steel with ore-based steel is needed to deal with copper contamina-
tion”. However, asindicated in this study, such a strategy will become
increasingly challenging in a future of limited production growth.
What will be urgently needed, therefore, is collective action between
the steel industry and steel users to implement the technologies and
systems necessary to cope with impurities; such processes would
probablyinclude changesto product design, advanced sorting, alter-
native shredding and processing and composition manipulation®®",
The various private partnerships that have been recently established
to close the loop in the automotive industry (for example, between
BMW Group and Salzgitter AG) areimportant initiatives in this domain.
Giventhatinnovative ore-based steelmaking can be constrained by the
limited availability of non-emitting electricity, and thus green hydro-
gen, joint action between the steel industry and steel users is crucial
for promoting upcycling.

Looking closely at the Japanese steel industry, it is clear that
the current industrial structure of mass imports and mass exports is
incompatible withazero-emission future. This is because the imported
ore-based BF/BOF route, which currently accounts for the production
of nearly all high-grade steels, is inconsistent with a zero-emission
future. Thus, if the government and industry stick to the current decar-
bonization plan, Japan could lose its international competitiveness in
response to the growing need for zero-emission steel. Instead, a shift to

anindustrial structure based on the production of high-grade recycled
steel should be investigated, taking advantage of the high levels of
scrap availability and recycling infrastructure. According to detailed
furnace-level data, Japan’s aging blast furnaces will be phased out by
2038 if they are not refurbished™. Japan, therefore, has an important
opportunity to move from the BF/BOF route to the EAF route without
creating stranded assets. Akey prerequisite for such a shift, however, is
torevisit the assumption thatinnovative production technologies will
automatically decarbonize the sector and to place upcycling at the heart
of futureindustrial strategies. Itisimportant to note here that Japan has
anindustrial structure with more stringentimpurity requirements than
most countries. For example, copper tolerances, which are the main
impediments to upcycling, are considerably stricter in sheet steel for
deep drawing (<0.06 wt%,), mainly used in the transport sector, than
they are for construction bars (<0.4 wt%c,)*. The Japanese transport
sector currently uses 42% of the total steel supply, whichis much higher
thanthe United States (26%)'®, the United Kingdom (23%)°*, China (12%)*>*
and the global average (13%)". Japan is therefore more vulnerable to
copper contamination than other countries, making the establishment
of upcycling systems particularly important and urgent.

Overall, our analysis suggests two key innovation opportunities
that are currently underemphasized in the steel sector decarboniza-
tion plan: (1) improving material efficiency to provide the same level
of service with less steel use and (2) upcycling to produce high-grade
steel via the scrap-based EAF route. Our analysis does not negate the
need for investment in innovative production technologies, such as
hydrogen-based steelmaking or CCS. Rather, what this study empha-
sizesisthat thearsenal required to decarbonize the steel sector should
include far more strategic options, instead of simply relying on silver
bullet production technologies. Placing material efficiency improve-
ments and upcycling at the heart of the decarbonization plan will
decrease the likelihood of an overreliance on innovative production
technologies and allow us to prepare for the risk of failure to scale up
these technologies sufficiently in time.

Methods

Constructing a steel flow map

Adetailed map of current steel flows is constructed by aggregating and
collating fragmented data using a series of mass-balance equations.
The starting point of steel flows is the procurement of raw materials:
ironoreandscrap.lIronoreisfedinto BF along with limestone and coke,
where it is reduced to pigiron. Most of the pigiron is decarburized in
the BOF by injecting oxygen to produce liquid steel, while some of the
pigironis also used for iron casting. In this process, scrap generated
from continuous casting and rolling is also fed into the BF/BOF route,
absorbing the exothermic oxidation heat of carbon and contributing
to furnace cooling.Scrap thatis treated on the market—called fabrica-
tion scrap and end-of-life scrap—is fed mainly into the EAF, where it is
melted by arc discharge heat to form liquid steel. Globally, some iron
ores are reduced directly at low temperatures using a reducing agent
such as natural gas but this is not currently done inJapan. Liquid steel
produced by the BF/BOF route and the EAF route is transformed into
semifinished productssuch as slabs, blooms and billets by continuous
casting. Semifinished products are then processed into finished steel
products such as plates, bars and wires through rolling. At this point,
finished steel products can be divided into carbon steel, in which car-
bonis the main alloying element and alloy steel, in which manganese,
nickel, chromium, molybdenum and other elements that are added
to improve performance. Finally, finished steel products are shipped
to various industries and manufactured into end-use goods, such as
buildings, infrastructure, machinery and automobiles.

The steel flow from raw materials to finished steel products is
structured on the basis of industry shipment data, trade statistics and
furnace-specific material supply and demand data. In this study, reflect-
ingthe differenceinthe datastructure between carbonsteeland alloy
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steel, carbon steel flows are categorized by shape (for example, bars
andsheets), while alloy steel flows are structured by type (for example,
stainless steel and high-tensile-strength steel). The steel flows from
finished steel products to end-use goods are linked by an allocation
matrix and a fabrication yield matrix, as reported inaprevious study".
These matrices describe the allocation from each finished steel product
(14 rows) to each end-use good (7 columns) and the resultant yield.
Please see Supplementary Tables 1-4 for detailed calculations and data.

Exploring future steel flows

Future steel flows under the carbon budget are estimated using a
so-called ‘material budget model’, which combines a series of
mass-balance equations with optimization routines?. The objective
istomaximize thein-use steel stock within the scenario period under
the carbon budget and the objective function is formulated as an
intertemporal linear programming model. The main feature of the
model is that it derives a steel flow structure that is consistent with
the carbonbudget under various production technology and circular
economy assumptions, while ensuring dynamic mass-balance in the
system. In this case, the level of implementation of both produc-
tion technologies and the circular economy is predetermined on
the basis of industry roadmaps and academic findings. The concept
is the opposite of the general integrated assessment model, which
explores a production technology structure that satisfies specific
carbon emission constraints given future steel flows based on cost
considerations’. The procedures used in this model allow us to identify
which, how and to what extent steel flows need to change if innovative
production technologies cannot be scaled up in time and to explore
key intervention opportunities from a material flow perspective. The
carbonbudgetis based on anational target of a46% reduction by 2030
(compared to 2013) and carbon neutrality by 2050. In this case, the
2050 carbonbudgetis deducted from anindepth national modelling
study’®, which takes into account carbon uptake by forests and other
sinks and is applied as a boundary value to ensure consistency with
global commitments. Detailed formulations and data can be found
inthe Supplementary Information.

Considering that the future is uncertain, the following three sce-
narios are envisioned for the future development of production tech-
nologies and the circular economy. It should be noted thatall of these
scenarios are subject to the carbon budgets described earlier.

(1) Nostrategy: all modelling parameters are held constant during
the scenario period. This scenario is regarded as abenchmark
for exploring the effectiveness of each intervention measure.

(2) Innovative production: the development of the production
technologies currently on the table progresses according to
the industry roadmap. Specific technologies include energy
efficiency improvements in both BF/BOF and EAF routes,
substitution of coke with hydrogen in BF with CCS, H,-DRI and
decarbonization of the electricity supply.

(3) Circular economy: the transition to a circular economy pro-
gresses as steel is used longer and more cyclically in society.
Specific measures include increasing domestic recycling capac-
ity and extending product life (through measures such as reuse,
repair and remanufacturing).

Detailed assumptions are shown in Supplementary Table 11 and
Supplementary Figs. 5-8.Itisimportant to note that some key assump-
tions, such as the supply of non-emitting electricity available to the
H,-DRIroute, are based on the national modelling study that does not
assume a major transformation of the steel industry*®. In practice,
industrial transformation has asubstantialimpact onthe energy sup-
ply sector but such feedback is not considered here. As discussed in
the detailed literature review’, linking the transformation of the steel
industry, as described in this study, to national models is clearly the
nextimportant research step for capturing more holisticimpacts.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Theinput dataand model results of this study have been deposited on
GitHub (https://github.com/takumawatari/material-budget-steel).
Source data are provided with this paper.

Code availability
The full model code is available on GitHub (https://github.com/
takumawatari/material-budget-steel).
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Data collection No software was used for data collection.
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The input data and model results of this study have been deposited on GitHub (https://github.com/takumawatari/material-budget-steel).
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Data exclusions No data were excluded.
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Randomization Not applicable.
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issuing authority, the date of issue, and any identifying information).
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provided.
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Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.
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how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
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Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] public health

[ ] National security

|:| Crops and/or livestock
[ ] Ecosystems
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|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

<
0]
%]

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Ooodooods
Oouododn

Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
y g V.

(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChiP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.
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Flow Cytometry

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Cell population abundance

Gating strategy

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ]Used

Preprocessing

Preprocessing software
Normalization
Normalization template

Noise and artifact removal

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROl-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)
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Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.

appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in
the article's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by

This checklist template is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give @ ®
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0,
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