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Abstract
Low-carbon hydrogen could be an important component of a net-zero carbon economy, helping to
mitigate emissions in a number of hard-to-abate sectors. The United States recently introduced an
escalating production tax credit (PTC) to incentivize production of hydrogen meeting increasingly
stringent embodied emissions thresholds. Hydrogen produced via electrolysis can qualify for the
full subsidy under current federal accounting standards if the input electricity is generated by
carbon-free resources, but may fail to do so if emitting resources are present in the generation mix.
While use of behind-the-meter carbon-free electricity inputs can guarantee compliance with this
standard, the PTC could also be structured to allow producers using grid-supplied electricity to
qualify subject to certain clean energy procurement requirements. Herein we use electricity system
capacity expansion modeling to quantitatively assess the impact of grid-connected electrolysis on
the evolution of the power sector in the western United States through 2030 under multiple
possible implementations of the clean hydrogen PTC. We find that subsidized grid-connected
hydrogen production has the potential to induce additional emissions at effective rates worse than
those of conventional, fossil-based hydrogen production pathways. Emissions can be minimized by
requiring grid-based hydrogen producers to match 100% of their electricity consumption on an
hourly basis with physically deliverable, ‘additional’ clean generation, which ensures effective
emissions rates equivalent to electrolysis exclusively supplied by behind-the-meter carbon-free
generation. While these requirements cannot eliminate indirect emissions caused by competition
for limited clean resources, which we find to be a persistent result of large hydrogen production
subsidies, they consistently outperform alternative approaches relying on relaxed time matching or
marginal emissions accounting. Added hydrogen production costs from enforcing an hourly
matching requirement rather than no requirements are less than $1 kg−1, and can be near zero if
clean, firm electricity resources are available for procurement.

1. Introduction

Clean hydrogen has been proposed as a solution to
many of the challenges of economy-wide decarbon-
ization, with potential use cases in industry, agri-
culture, transportation, and energy storage [1–4].
Although the ‘hydrogen economy’ is still in its early
stages, hydrogen’s versatility as an energy carrier and
chemical feedstock has made it a critical compon-
ent of many proposed pathways to net-zero carbon

economies [5–8]. To play this role, hydrogen must
necessarily have near-zero embodied greenhouse gas
emissions. Todaymost hydrogen is produced through
steammethane reforming (SMR), a process that emits
roughly 10 kg of CO2-equivalent for every kg of H2

produced [9–11]. Hydrogen production with much
lower embodied emissions can be achieved through
multiple pathways, including SMR with integrated
carbon capture and storage and electrolysis of water
using low-carbon electricity [7, 12]. Electrolysis is
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currently the more expensive method of production,
with estimated costs on the order of $5–6 kgH2

−1

compared with $1–3 kgH2
−1 for fossil pathways at

historical natural gas prices [10, 11], but is projected
to become significantly cheaper as the costs of clean
electricity and electrolyzers decline [12, 13].

With the passage of the Inflation Reduction Act of
2022 (IRA), the United States introduced robust new
subsidies for domestic production of clean hydrogen
(Internal Revenue Code section 45V) [14]. Hydro-
gen produced through a process with less than
4 kgCO2e kgH2

−1 well-to-gate lifecycle emissions will
receive a production tax credit (PTC) of at least
$0.60 kg−1, and up to $3 kg−1 for lifecycle emissions
less than 0.45 kgCO2e kgH2

−1. The new PTC (here-
after referred to as the 45V PTC) will be particularly
relevant for hydrogenproduced via electrolysis, which
can achieve near-zero lifecycle emissions when using
carbon-free electricity inputs [7, 15, 16]. However,
the carbon intensity of hydrogen produced in this
manner is highly sensitive to the embodied emissions
of its input electricity. For example, electrolysis with
an efficiency of 50 kWhkgH2

−1 using 100% gas-fired
electricity (∼0.4 kgCO2 kWh−1 [17]) would produce
hydrogen at an embodied emissions rate of roughly
20 kgCO2e kgH2

−1, or double that of SMR. Accur-
ate embodied emissions accounting and enforcement
will therefore be essential to ensuring that subsid-
ized hydrogen production from this pathway is truly
low-carbon.

IRA statute specifies that the greenhouse gases,
regulated emissions, and energy use in technologies
(GREET) model, a life-cycle analysis tool developed
by Argonne National Laboratory, should be used to
assess the emissions intensity of all hydrogen pro-
duction for the purpose of determining 45V PTC
qualification [14]. For all hydrogen production path-
ways, including electrolysis, GREET requires users to
determine the generation mix supplying any elec-
tricity inputs [16]. Doing so is trivial when hydro-
gen is produced exclusively using behind-the-meter
resources, e.g. on-site wind or solar power, but
becomes significantly more complex when electro-
lyzers are connected to the bulk electricity system.
Using the current averageUS generationmix, embod-
ied emissions from grid-connected electrolysis would
be far too high to meet statutory requirements for
even the minimum PTC [7, 17].

Still, a grid connection could provide signi-
ficant benefits for hydrogen producers if carbon-
free electricity sourcing can be reliably verified and
enforced. Connection to the bulk electricity trans-
mission system could enable producers to procure
a diverse portfolio of clean resources whose gen-
eration profiles can be stacked to achieve greater
electrolyzer capacity factors than would be possible
when utilizing resources located at a single site.
Grid-based electrolysis could also enable hydrogen
production co-located with end uses (minimizing

hydrogen transport costs) at sites where installation
of behind-the-meter clean generation would not
be feasible. However, it is physically impossible to
reliably track flows of power between individual
producers and consumers in the bulk electricity
system [18, 19], making verification of clean electri-
city inputs for grid-connected hydrogen producers
a significant challenge. If the use of clean electricity
cannot be reliably established, it may be impossible
for grid-connected electrolysis to meet the statutory
requirements for the 45V PTC.

In this paper we present a possible implementa-
tion of the 45V PTC under which hydrogen produ-
cers could obtain the benefits of an electricity grid
connection while reliably claiming embodied emis-
sions equivalent to those of behind-the-meter sys-
tems. The proposed solution requires electrolysis grid
power consumption to bematched at hourly intervals
with physically deliverable clean electricity genera-
tion fromnewly-built (aka ‘additional’) resources.We
use electricity system capacity expansionmodeling to
evaluate the cost and embodied emissions of grid-
based hydrogen production under such a require-
ment. We also evaluate several alternative 45V PTC
implementations that relax requirements for hourly
matching, deliverability, or additionality, as well as an
approach based on marginal emissions accounting.
We compare outcomes across policy variants in terms
of both emissions attributable to hydrogen produc-
tion from direct consumption of grid electricity and
long-run changes in system-level emissions. The aim
of this work is to support ongoing IRA implementa-
tion efforts by providing quantitative insight into the
climate impacts of alternative policy designs.

2. Methods

In this study we use the GenX electricity systems
capacity expansion and economic dispatch model to
evaluate the emissions impacts of subsidized hydro-
gen production via grid-connected electrolysis under
a set of possible 45V PTC eligibility requirements
[20, 26]. GenX optimizes electricity system invest-
ment, retirement, and operational decisions to max-
imize social welfare over a given planning horizon,
subject to physical and policy constraints, and is
configurable to allow for varying levels of spatial, tem-
poral, and operational complexity. The model for-
mulation is designed to replicate the investment and
operational outcomes that would be observed under
a well-functioning competitive electricity market or
in a centrally-planned system. It is therefore suitable
for exploring the impact of potential policy designs
on long-run outcomes in the electricity sector.

2.1. Modeling approach
We use GenX to model system outcomes in the west-
ern US with a planning year of 2030, taking into
account existing state policies as well as new federal
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Figure 1. Illustration of the modeled US Western Interconnection electricity system and its component zones, which represent
single regions or aggregations of regions from the EPA’s Integrated Planning Model [25]. Existing inter-regional transmission
capacities at the beginning of the planning period are shown.

subsidies established by IRA for carbon-free electri-
city production. A six-zone electricity system topo-
logy is used to represent key inter-regional transmis-
sion constraints in the US portion of the Western
Interconnection (see figure 1), and electricity system
operations are modeled at hourly resolution across
18 representative weeks, which are down-sampled
from a full year of hourly data using a k-medoids
clustering method. Model inputs, including regional
demandprofiles and cost, performance, and availabil-
ity data for generators and storage, are compiled using
PowerGenome [21] and are described in greater detail
inXu et al [22].Only currentlymature, commercially-
available grid-scale generation and storage technolo-
gies are assumed to be available for deployment by
2030. Geothermal inputs have been adjusted from
Xu et al [22] to reflect updated state policies and
resource estimates [23, 24]. All carbon-free gener-
ator costs have been updated to reflect IRA tax credits
for certain resources: onshore wind and solar power
are assumed to receive a PTC of $26MWh−1 (2022
USD) for 10 years, which is represented in the optim-
ization as the equivalent net-present value subsidy if
provided over the full financial lifetime of the project;
geothermal, offshore wind, and battery resources are
assumed to receive an investment tax credit of 30%.
All GenX input and results data relevant to this work
are available at Ricks et al [27], and a high-level over-
view of input technology parameters is provided in
supplementary tables 1 and 2.

To explore the system impacts of grid-based
hydrogen production we exogenously add a single
large electrolysis load to a targetmodel zone. The total
electrolyzer capacity is fixed, as is the revenue that
can be earned per unit of hydrogen produced. Elec-
trolysis operations are co-optimized with the elec-
tricity system, and the hydrogen producer is able
to curtail production at a given model timestep if
the cost of consuming electricity exceeds the revenue

that can be earned through hydrogen sales. In addi-
tion to purchasing grid electricity to run the elec-
trolyzers, the hydrogen producer can also build on-
site energy storage and contract directly with new
grid-connected clean energy resources in the local
model zone (via power purchase agreements (PPAs)
or energy attribute certificates (EACs)) to meet any
imposed policy requirements. Because grid zones in
GenX are modeled as ‘copperplates’ with no internal
transmission constraints, all locally-procured genera-
tion is implicitly assumed to be physically deliverable
to the electrolysis facility at all times. We evaluate the
emissions intensity of grid-connected hydrogen pro-
duction in the model via two approaches [28]:

(a) Attributional Emissions: The share of total grid
emissions that would be attributed to hydro-
gen producers based on their net consumption
in a given hour, following a convention similar
to the current Greenhouse Gas Protocol Scope
2 location-based emissions accounting guidance
[29]. The attributional emissions intensity of
produced hydrogen is calculated as:

IAttr =
∑
t

(max(0,(LH2
t −CFEt))× EAvg

t )/HTot
2

(1)

where LH2
t and CFEt are the electrolysis load

(including alterations from on-site energy stor-
age) and procured carbon-free electricity at
timestep t, EAvgt is the average grid supply emis-
sion rate at timestep t (as described in Xu et al
[22]), and HTot

2 is the total hydrogen produc-
tion in the system. Under this accounting frame-
work hydrogen producers incur an emissions
penalty whenever they use more electricity than
is being concurrently supplied by procured clean
resources. They are not able to achieve a negative
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hourly emission rate by procuring more clean
electricity than they consume (aka ‘offsets’). This
accounting methodology is practically imple-
mentable and useful for allocating emissions res-
ulting from direct consumption of fossil-sourced
electricity, but does not capture the true mar-
ginal impact of new loads or the indirect effects
of clean electricity procurement and sales on
system-level emissions.

(b) Consequential Emissions: The true long-run
electricity system-level emissions impact of
hydrogen production, relative to a counterfac-
tual scenario in which the hydrogen production
does not occur. The consequential emissions
intensity of hydrogen produced is calculated as:

ICons = (ETotH2
− ETotBase)/H

Tot
2 (2)

where ETotH2
is the total system-wide emissions

in the case being investigated, and ETotBase is the
total system-wide emissions in a counterfactual
scenario where the hydrogen producer is not
present in the system. Consequential emissions
are impossible to measure in the real world
due to a lack of observable counterfactuals, and
therefore cannot be used for practical policy
implementation or emissions accounting. How-
ever, the modeled consequential emissions res-
ults presented herein are a useful means of com-
paring the expected long-run emissions impacts
of hydrogen production under alternative 45V
PTC implementations.

In addition to emissions rates we also assess the
impacts of possible 45V PTC implementations on the
cost of hydrogen production. We use GenX results
to calculate the levelized cost of hydrogen (LCOH),
the total revenue per unit of hydrogen sold needed
to make up all associated costs, for each model case
under various electrolyzer cost assumptions. As elec-
trolyzer capacity is an exogenously fixed quantity in
the present study, these variations in assumed elec-
trolyzer cost have no effect on other model out-
comes presented in this study. The methodology
used to calculate LCOH in this paper is described in
detail in supplementary note 2. Cost and performance
assumptions for hydrogen electrolyzers are detailed in
table 1.

2.2. Policy scenarios
In this study we examine five possible clean energy
procurement regimes under which grid-connected
electrolysis could be allowed to claim the 45V PTC:

(a) No Requirements: Electrolysis demand is added
to the grid without requiring any new clean elec-
tricity additions beyond existing state policies,
and is met by the least-cost mix of resources.

(b) 100% Hourly Matching: Hydrogen producers
are required to match their consumption with

Table 1. Electrolysis financial and operational parameters used in
this study. Financial assumptions are generally conservative: the
large fixed grid connection fee is based on a cost analysis by
LADWP for transmission-level customers in Los Angeles [30],
and the CRF value assumes a weighted average cost of capital of
8% and a payback period of 10 years, equal to the length of the
45V PTC. The default sales revenue assumes that hydrogen is sold
to the end consumer at $1 kg−1. Default GenX inputs are shown
in bold. Parameters without bolded entries are used only in results
analysis and do not affect model outcomes.

Parameter Units Value

Installed capacity GW Varied: 1; 5
Efficiency kWhkgH2

−1;
%LHV

50; 67

CAPEX $ kW−1 Varied: 1200; 600;
300

Annual fixed
O&M

% of CAPEX 5

Capital recovery
factor

% of CAPEX 14.9

Grid connection
fee

$ kWyr−1 85

Hydrogen sales
revenue
(including PTC)

$ kgH2
−1 Varied: 3; 4; 5

procured carbon-free generation at every hour
of the year. This policy and its formulation in
GenX are described in detail in Xu et al [22],
where it is referred to as ‘24/7 Carbon-Free Elec-
tricity’ (or ‘24/7 CFE’). The 100% hourly match-
ing requirement effectively mimics the physical
constraints on behind-the-meter hydrogen pro-
duction by requiring producers to never con-
sume more electricity than is being locally gen-
erated by a specific portfolio of clean resources.
We assume by default that any excess procured
carbon-free generation can be sold into the bulk
electricity market, reducing overall costs, but we
do not credit such sales with reducing the attri-
butional emissions of the electrolysis load (i.e. no
‘offsetting’ of emissions during other periods is
permitted). We also assess a subvariant of this
regime in which no sales of excess procured gen-
eration are permitted, leading to effectively zero
operational interaction with the larger electricity
system.

(c) 100% Weekly Matching: Hydrogen producers
are required to procure enough carbon-free gen-
eration to match their total consumption in
every week of the year. Net consumption of grid
electricity in some hours may be offset by pro-
curement of excess carbon-free generation in
others.

(d) 100% Annual Matching: Hydrogen producers
are required to procure enough carbon-free elec-
tricity production to match their total con-
sumption on an annual basis. This procurement
strategy is commonly employed today in vol-
untary markets and for compliance with state
policies (e.g. renewable portfolio standards).
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(e) Net-Zero Short-Run Marginal Emissions (net-
zero SRMEs): An alternative approach to time
matching based on SRMEs accounting. Hydro-
gen producers’ embodied emissions are evalu-
ated in each hour based on the local SRMEs
rate, the amount by which system-wide emis-
sions would change due to a unit increase in local
electricity demand. While this short-run rate is
measurable and reflects the impact of changes
in consumption or production on the opera-
tion of a static electricity system, it does not
capture the (unobservable) potential impact of
these changes on long-run capacity investment
and retirement decisions. Under a Net-Zero
SRME regime, hydrogen producers are assumed
to incur SRME penalties or achieve SRME off-
sets in a given hour based on the net of total elec-
tricity consumed and clean electricity procured,
andmust have a non-positive total SRME impact
over the course of a year, as described by the fol-
lowing equation:∑

t

((LH2
t −CFEt)× SRMEt)⩽ 0. (3)

The methodology used to calculate SRMEs in
this paper is described in supplementary note 3.

We model system-level outcomes under each of
these regimes for electrolysis facilities located in each
of the six model zones shown in figure 1. In all cases,
all contracted clean resourcesmust be new (aka ‘addi-
tional’) and must be sited in the local model zone,
thereby ensuring deliverability to the electrolysis facil-
ity. We explore the impact of relaxing these con-
straints via cases where additionality requirements
are explicitly removed, as well as cases where hydro-
gen producers are allowed to procure non-local gen-
eration (e.g. located in a different model zone than
the electrolysis load) that may be physically non-
deliverable due to transmission constraints. We also
include cases varying the revenue fromhydrogen sales
(and by extension the electricity cost at which pro-
ducers are willing to curtail electrolysis) and the total
installed electrolyzer capacity to assess the sensitiv-
ity of outcomes to variability along these dimensions.
We explore variations in the cost and embodied emis-
sions from hydrogen production across each of these
modeled scenarios.

3. Results

3.1. Hydrogen’s embodied emissions with no policy
requirements
Model results indicate that both the attributional
and consequential emissions intensities of hydrogen
produced via electrolysis in a 2030 western US grid
under a No Requirements policy are universally too
large to meet statutory requirements for the full 45V

PTC (figure 2, left column). This outcome occurs
despite a large expansion of clean generation across
the Western Interconnection driven by IRA subsidies
(supplementary figure 1). Attributional emissions
intensities can be very large, up to 20 kgCO2e kgH2

−1

in model zones with high shares of coal-fired gener-
ation, but are notably small in the Pacific Northwest
zone where hydropower is a majority of the energy
mix. However, consequential emissions intensities
are greater than 10 kgCO2e kgH2

−1 in all zones, and
nearly 40 kgCO2e kgH−1 in theWyoming&Colorado
zone, suggesting that it would always be more envir-
onmentally friendly to produce the same amount of
hydrogen using SMR rather than grid-based electro-
lysis. This consequential outcome occurs because the
marginal generation used to serve any new hydrogen
load always comes in large part from fossil resources.
This is the case in every model zone, as demonstrated
in figure 3, which compares the generation portfolio
procured to meet electrolysis load and actual system-
level change in generation by technology resulting
from the addition of the electrolysis load to the sys-
tem for the same scenarios as figure 2. Replacing
the average emissions rate used in equation (1) with
the SRME rate (as shown in supplementary figure 2)
may therefore be a more accurate means of evalu-
ating hydrogen’s true emissions impact from a 45V
PTC compliance standpoint. Whereas hydrogen pro-
duction with no accompanying clean energy procure-
ments in the Pacific Northwest zone would qualify for
the base PTC under an averages-based approach, it
would not do so under a SRME-based approach.

We observe that the additional fossil electri-
city production used to supply new electrolysis load
comes entirely from existing units, which are kept in
service longer or operated at higher capacity factors to
help meet the new electrolysis load than in the coun-
terfactual without electrolysis. With sales revenue of
at least $3 kgH2

−1 due to the 45V PTC alone, hydro-
gen producers are incentivized to consume electri-
city at prices up to and exceeding $60MWh−1. The
PTC thereby motivates hydrogen producers to oper-
ate their electrolyzers at very high utilization rates
year-round, and to continue consuming electricity
even when high-price resources like coal and gas are
on the margin. Sensitivity cases indicate that embod-
ied emissions from grid-connected hydrogen produc-
tion are fairly insensitive to changes in the final sales
revenue above the PTC threshold, with major out-
comes nearly unchanged for hydrogen sales reven-
ues in the $3–5 kg−1 range (supplementary figures
3–5). However, as shown in the same figures, out-
comes are very different in cases without a PTCwhere
hydrogen sales revenue is only $1 kg−1. In these cases
electrolyzers are only economical to operate when
low-marginal-cost renewables or nuclear are on the
margin, leading to very low consequential emissions
from grid-based hydrogen production even under a
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No Requirements policy. The 45V PTC itself there-
fore appears to be the primary driver of unfavorable
emissions outcomes from grid-based hydrogen pro-
duction in the US.

For significantly larger installed electrolyzer capa-
cities (e.g. 5 GW), both attributional and consequen-
tial emissions intensities of grid-based hydrogen pro-
duction decline somewhat (supplementary figure 6).
In these cases, the large additional demand cannot
be fully met by existing fossil generators, requiring
significant amounts of new capacity to be deployed.
Because clean resources are more competitive against
new fossil resources than against existing ones, they
make up a larger relative share of this new capacity
(supplementary figure 7). Despite the lower emis-
sions intensities, the total additional emissions in
these cases are still larger than in cases with less hydro-
gen production.

3.2. Emissions impact of a 100%Hourly Matching
requirement
We find that enforcing a 100% Hourly Matching
requirement (as described in section 2.2) leads to zero
attributional emissions and, in some cases, near-zero
consequential emissions as well (figure 2, columns
two and three). Attributional emissions are effectively
zero by definition in these cases, as electrolyzers never
consume more electricity than is being concurrently
and locally generated by clean resources. Hydrogen
producers procure the mix of local clean generation
and storage that is able to meet their demand cost-
effectively in as many hours as possible (figure 3
and supplementary figure 9). Operational profiles for
hourly-matched electrolysis systems are shown in the
left column of figure 4 and supplementary figures
11–15, and illustrate how electrolyzers occasionally
reduce consumption during periods of clean electri-
city scarcity to avoid drawing power from the grid
mix.

While hydrogen production under a 100%Hourly
Matching requirement therefore never directly con-
sumes electricity from emitting resources, there are
still scenarios in which it can have a high consequen-
tial emissions impact. This can occur through two
mechanisms: first, via sales of excess clean electri-
city into the market, and second, via competition for
limited high-quality clean resources. The comparison
between 100% Hourly Matching outcomes in cases
with and without excess sales permitted (figure 2 and
supplementary figure 6) indicates that it is primar-
ily the second mechanism that leads to large con-
sequential emissions impacts. We observe that sales
of excess clean electricity play an unpredictable but
secondary role, likely determined by the specific com-
peting resources that these excess sales displace in
the market. In cases without excess sales, the only
interaction between hydrogen producers and the rest
of the electricity system is through competition for

limited renewable resource development.When high-
quality renewable resources are scarce, procurement
of these resources by hydrogen producers can lead
other system users to rely on fossil resources, rather
than lower-quality clean resources, to make up the
difference. This phenomenon is illustrated in supple-
mentary figure 10, which shows the modeled wind
supply curve in the Wyoming & Colorado zone as
well as the observed wind buildout in both the base
case without electrolysis load and cases with 100%
Hourly Matching of a 1GW electrolysis load. When
a portion of the highlighted high-quality resource
is procured for hydrogen production and cannot be
used for grid supply, the system chooses to retire
less coal capacity rather than developing significantly
more expensive wind resources in the next step of
the step-wise approximation of the wind supply curve
used in this study. As illustrated in the third column
of figure 3, these interactions occur primarily with
wind resources, which generally have significantly
more variance in quality and steeper supply curves
than solar resources. Impacts of resource procure-
ment in the real world may be less stark than those
observed here, as the step-wise supply curves used in
the GenX model do not reflect the more continuous
spectrum of real resource quality. Additionally, while
we model capacity additions and retirements as con-
tinuous variables in GenX to ensure computational
tractability, these are in reality discrete decisions that
pull an entire generating unit into or out of the capa-
city mix. This can lead to large discontinuities in real-
world impacts if, for example, the marginal unit of
electrolysis load makes the difference between a GW-
scale coal plant being kept online and retired.

Although a 100% Hourly Matching requirement
therefore cannot guarantee zero long-run emissions
impact from hydrogen production, it does lead to
consequential emissions outcomes that are univer-
sally superior to those under every alternative 45V
PTC implementation investigated in this work, and
often by wide margins. In several cases, a 100%
Hourly Matching requirement reduces consequential
emissions to near-zero when they would be worse
than those of SMR under any alternative policy.
These benefits are more pronounced in scenarios
with greater total hydrogen production, as illus-
trated in supplementary figure 6. A 100% Hourly
Matching requirement is therefore likely to be the
best practical means of minimizing the real emis-
sions impact of grid-based hydrogen production in
the US. It should be noted that this requirement
(in combination with deliverability and additional-
ity requirements, as discussed in sections 3.4 and 3.5)
also ensures consequential emissions outcomes no
worse than those from hydrogen production sup-
plied exclusively by behind-the-meter carbon-free
resources. Like grid-supplied clean generation under
an hourly matching requirement, behind-the-meter
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Figure 2. Attributional (left) and consequential (right) emissions rates from grid-based hydrogen production in each model zone
(rows top-to-bottom) under a range of policy options (columns left-to-right).

clean generation both competes for high-quality
renewable resource sites that could instead sup-
ply power to the grid and can influence system-
level emissions outcomes positively or negatively by
exporting excess clean generation to the grid. The
large consequential emissions impacts observed in
some of our modeled cases are therefore a poten-
tial consequence of any electrolysis-based hydrogen
production in the current US policy environment.

Possible approaches to mitigating these negative out-
comes through updated federal policy are discussed
in section 4.

3.3. Emissions impacts of alternative 45V PTC
implementations
We find that the three potential alternatives to a 100%
Hourly Matching standard investigated in this work,
100%WeeklyMatching, 100%AnnualMatching, and
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Figure 3. Total electricity consumption by hydrogen producers (green lines) and fractional electrolyzer utilization rates (numbers
above green lines), compared with procured clean generation (left) and the actual observed changes in generation used to supply
the additional hydrogen demand (right), under the same scenarios shown in figure 2.

Net-Zero SRME, are universally ineffective at redu-
cing consequential emissions from grid-based hydro-
gen production (figure 2 and supplementary figure 6,
columns 4–6). In some cases they do achieve reduced
attributional emissions rates, though only insofar
as they lead hydrogen producers to directly reduce
consumption of grid power in hours when carbon-
free generation is plentiful. Importantly, these three

alternative strategies differ from100%HourlyMatch-
ing in that they allow hydrogen producers to offset
net consumption of grid electricity in some hours
with excess production of clean electricity in others.
As shown in figure 4 and supplementary figures 11–
17, producers typically meet these requirements by
running their electrolyzers at high utilization rates
year-round while procuring enough of the cheapest
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Figure 4. Time series data showing local average grid emissions, including imports (top), hydrogen electrolysis electricity
consumption (middle), and electrolysis consumption minus procured clean generation (bottom), for both 100% Hourly
Matching and 100% Annual Matching policies in the scenario with 1GW installed electrolyzer capacity in the Northern
California model zone.

local renewable generation to fully offset their use in
terms of the relevant metric—either megawatt-hours
for Weekly and Annual Matching or marginal emis-
sions for Net-Zero SRME. The compliance strategy
of procuring the cheapest available renewable electri-
city in bulk, regardless of the timing of this genera-
tion, is remarkably consistent across the three policy
cases. However, as illustrated in figure 3 and sup-
plementary figure 7, this excess procurement almost
never translates into real changes in the energy mix.
The actual new generation used to meet new hydro-
gen load is instead almost identical to that observed in
the No Requirements cases. This is true even for scen-
arios where procurement made under a 100%Hourly
Matching requirement does successfully translate into
actual changes in generation.

The general ineffectiveness of these ‘offsets’ based
approaches as an emissions mitigation strategy is
explained by the anticipated evolution of US elec-
tricity markets in a post-IRA world. The economic
impetus provided by IRA subsidies leads clean elec-
tricity penetration in our modeled systems to far
exceed levels mandated under current state policies
by 2030. In this scenario the market for state-level
policy compliance EACs is fully saturated, so simply
adding demand for clean electricity attributes does
not provide any economic incentive to increase sup-
ply. Instead, hydrogen producers are able to pay
effectively zero to procure excess clean power from
generators that would already have been built. These
observations suggest that hydrogen producers should
be considered fully responsible for any emissions

induced by direct consumption of grid electricity, and
that offsets should not be considered a crediblemeans
of eliminating the embodied emissions of hydrogen
electrolysis.

3.4. The importance of deliverability
We find that allowing resource procurement over
large geographic areas can lead to significant con-
sequential emissions from hydrogen production even
when a 100% Hourly Matching requirement would
otherwise ensure low consequential impact, as the
introduction of transmission constraints prevents
physical delivery of procured clean electricity. Trans-
mission congestion can lead to different marginal
generating units supplying power on each side of a
constrained pathway, and persistent congestion can
affect capacity retirements and additions in the long
run. Consumption and production on different sides
of frequent transmission constraints can thus lead
to divergent emissions impacts. We demonstrate this
through a set of controlled test cases (supplementary
figure 18) where we show that allowing hydrogen pro-
duction in each of two model zones using local solar
power with a 100% Hourly Matching requirement
leads to zero or negative consequential emissions
impact, but allowing production in one zone using
solar procured from the other zone leads to a very
large consequential impact. In the case with non-local
procurement, transmission constraints lead to the
hydrogen producer consuming local fossil generation
in some hours even while claiming full matching.
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This finding demonstrates that clean resources
subject to transmission constraints that prevent deliv-
ery of the procured energy cannot be relied on to
eliminate emissions from hydrogen production. In
this study, the deliverability condition is operation-
alized by requiring procurement of clean electricity
from within the local model zone. However, unlike
the model system studied in this work, the real
grid is not divided neatly into well-connected zones
with perfect internal deliverability, and transmission
bottlenecks of varying severity exist at all spatial
scales. When implementing a 100% Hourly Match-
ing requirement for grid-based hydrogen production,
prior determination of qualifying grid regions within
which transmission constraints are minimized could
help tomitigate instances of non-deliverable procure-
ment. If these regions are internally well-connected,
then locality (i.e. procurement from within the same
region) could stand in as a reasonably proxy for deliv-
erability. A more robust deliverability enforcement
mechanism could instead rely on real-time monit-
oring via existing metrics like locational marginal
electricity prices (LMPs), which diverge when con-
gestion exists between two points in the electricity
grid. Under this system, grid-based hydrogen pro-
duction would be allowed to claim use of a non-
colocated clean resource only during periods when
the LMPs at the point of generation and point of
delivery show that the procured energy is physically
deliverable.

3.5. The need for additionality
In our baseline scenarios we assume that only new
clean resources (i.e. not in operation at the begin-
ning of the model planning period) may be pro-
cured to meet a 100% Hourly Matching requirement
for grid-based hydrogen production. We addition-
ally assume that resources used to meet state capacity
installation mandates (e.g. California’s recent 1GW
clean baseload procurement order [23]) cannot also
be counted towards clean hydrogen production. In
modeled scenarios cases where we remove each of
these requirements individually (see supplementary
figure 19), we find that a 100% Hourly Matching
requirement loses all of its consequential impact. This
is because contracts with existing or mandated clean
energy resources have no causal impact on the contin-
ued operation of these resources in the electricity sys-
tem as long as they are not under threat of economic
retirement. Any credible implementation of the 45V
PTC that allows grid-based hydrogen production to
qualify for subsidies should therefore enforce strict
additionality requirements, bounding the installation
dates of resources that can be counted toward clean
hydrogen production and considering overlap with
state-level capacity procurement mandates. Minor
exceptions to this rule may be acceptable, specifically

in the case of existing plants that would be forced
to retire or curtail their generation without offtake
agreements from hydrogen producers.

While existing andmandated resources can there-
fore be considered non-additional due to their lack
of causal linkage to procurement by hydrogen produ-
cers, this definition could be extended to encompass
even new, non-mandated resources that would have
been built with or without having being procured
for hydrogen production specifically. For example,
the procurement of high-quality wind resources dis-
cussed in section 3.2 could be considered non-
additional under this definition, as those resources
would have been deployed regardless due to their eco-
nomic favorability. In fact, by specifically banning
procurement of these high-quality wind resources
for hydrogen production (supplementary figures 20
and 21), we can significantly improve the observed
consequential emissions outcomes. However, this
broader definition of additionality is likely difficult if
not impossible to enforce, as it requires counterfac-
tual knowledge of which resources would have been
developed had the hydrogen producer not made cer-
tain procurement choices. However, zero or near-zero
market-based prices for EACs are a likely indicator
that procured resources are non-additional, as such
sales deliver little-to-no additional revenue to clean
generators, and thus cannot materially affect capacity
entry/exit decisions.

3.6. Impact of policy choices on the cost of clean
hydrogen
Enforcing a 100% Hourly Matching requirement
leads to moderately increased costs for grid-based
hydrogen production in some cases. Figure 5 shows
the LCOH of hydrogen produced in the system under
the same scenarios shown in figures 2 and 3, for
installed electrolyzer system costs of $1200 kW−1

(reflecting current costs), $600 kW−1 (a ‘moderate’
possible cost in 2030), and $300 kW−1 (a ‘low’ pos-
sible cost in 2030) [12, 13]. LCOHoutcomes are fairly
consistent across modeled regions, and are nearly
identical among non hourly-matched cases.

The observed differences in cost between cases
with No Requirements and 100% Hourly Match-
ing indicate that enforcing a 100% Hourly Match-
ing requirement generally adds $0–1 kgH2

−1 to the
LCOH. The additional costs can be near-zero when
clean firm resources like geothermal power are avail-
able for procurement. Even in regions where only
wind, solar and batteries can be relied on, the addi-
tional cost of 100% Hourly Matching is not substan-
tial. Costs are somewhat greater when excess sales
are forbidden, or when the total hydrogen produc-
tion is larger (leading to procurement of clean gen-
eration from ‘higher’ up the supply curve; supple-
mentary figure 8). For sales prices of $1 kg−1 or
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Figure 5. Levelized cost of hydrogen (LCOH) for the same scenarios shown in figures 2 and 3, compared with potential revenues
from sales. LCOH values are provided for a range of potential electrolyzer capital costs.

greater, which would slightly undercut conventional
grey hydrogen, and assuming an additional $3 kg−1

PTC, clean hydrogen producers in all regions would
likely break even ormake a profit on their investments
as long as electrolyzer costs continue to decline [12,
13]. The US Clean Hydrogen Strategy and Roadmap
suggests that there may be large markets for clean
hydrogen in the US at sales prices well above $1 kg−1

[7], which could serve as viable initial markets even at
current electrolyzer costs.

4. Discussion and conclusion

In this study we have used capacity expansion model-
ing to demonstrate a system of clean energy procure-
ment that could be used to determine qualification
for the 45V clean hydrogen PTC in the US. By requir-
ing hydrogen producers to match their grid electri-
city consumption with deliverable, additional, and
carbon-free generation on an hourly basis, regulators
can ensure that hydrogen is produced at effective
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emissions rates equivalent to those of behind-the-
meter installations and lower than all other procure-
ment strategies considered herein. We demonstrate
that each component of the proposed requirement—
deliverability, additionality, and hourly matching—
is critical to minimizing the system-level emissions
impact of grid-based hydrogen production. By enfor-
cing all three, regulators can ensure that grid-based
hydrogen production produces no emissions from
direct consumption of fossil-fired electricity (zero
attributional emissions) and impacts system-level
emissions to no greater a degree than electrolysis
supplied exclusively by behind-the-meter carbon-free
generation.

We find that meeting a 100% Hourly Match-
ing requirement will come at a minor additional
cost to hydrogen producers compared to alternat-
ive options, but that the full 45V PTC subsidy will
likely be large enough to support investment even
with the additional cost of compliance. A 100%
Hourly Matching requirement meeting deliverabil-
ity and additionality conditions can therefore enable
economically-competitive grid-based hydrogen pro-
duction while simultaneously minimizing emissions
impacts. Our analysis assumes only clean energy
technologies that are currently commercially mature
are available for procurement. Commercialization of
emerging clean technologies that are better suited to
serving 24/7 load (e.g. advanced nuclear, enhanced
geothermal, or long-duration energy storage) could
further reduce the additional cost of an hourlymatch-
ing requirement [22, 31].

The logistics of implementing a strict 100%
Hourly Matching requirement may initially be chal-
lenging, as markets for time-based PPAs or EACs are
just emerging in response to demand from volun-
tary corporate, government, and institutional actors
[32–34]. Implementation of the 45V PTC or sim-
ilar ‘green’ hydrogen subsidies could thus permit pro-
jects to qualify by directly consuming carbon-free
generation behind-the-meter and/or by demonstrat-
ing time-based matching of electrolyzer consump-
tion with new, locally-procured, carbon-free gen-
eration. While initial projects may opt to pursue
purely behind-the-meter supply, the rapidly improv-
ing maturity of accounting standards, protocols,
and market mechanisms for creation, tracking, and
trading of time-based EACs (T-EACs) will quickly
unlock additional opportunities to demonstrate near-
zero embodied emissions from grid-connected elec-
trolysis. The large financial incentive provided by
the 45V PTC can also help to accelerate matura-
tion of markets and standards for time-based energy
accounting in the United States.

Although the modeling work presented in this
paper found that an hourly matching requirement
with deliverability and additionality conditions

consistently minimized long-run emissions impacts
relative to alternative 45V PTC implementations, it
also showed that any electrolysis-based hydrogen pro-
duction in the US could substantially increase long-
run electricity system-level emissions by ‘using up’
high-quality renewable electricity resources. These
negative impacts could presumably be exacerbated
if permitting or transmission interconnection bot-
tlenecks further limit the growth of clean genera-
tion over the coming decade. Additional near-term
emissions may be considered a necessary cost of
encouraging early electrolyzer deployment in order
to address concerns regarding the feasibility of scaling
up clean hydrogen supply to meet future goals [35].
By ensuring that clean hydrogen is cost-effective and
available at scale for various decarbonizing applic-
ations in the 2030s and beyond, early electrolysis
deployments could potentially improve long-run cli-
mate outcomes even if they increase emissions in
the near term. The competing interests of electri-
city decarbonization and electrolysis scale-up could
ideally be balanced by directing early hydrogen pro-
duction toward end uses with maximum emissions
abatement potential and minimizing it where direct
use of clean electricity would reduce emissions by a
greater amount [36]. A policy mechanism that expli-
citly prioritizes system-wide emissions reductions,
such as a carbon pricing or cap-and-trade program,
could help encourage climate-positive outcomes
alongside electrolysis deployment by financially dis-
incentivizing electricity consumption in hours when
fossil plants are on the margin and directing hydro-
gen production toward end uses with the greatest
overall decarbonization potential. A cap-and-trade
program in particular would likely mitigate the need
for further hydrogen-specific regulations by ensur-
ing that system-wide emissions cannot increase as
a result of electrolysis operation. A simpler reform
more in line with current US policy could involve
replacing the 45V PTC with a comparably-sized elec-
trolyzer investment tax credit, thereby removing the
strong financial incentive to continue hydrogen pro-
duction even during periods when electricity prices
are high and fossil plants are on the margin (as dis-
cussed in section 3.1). Barring these or similar legis-
lative reforms, a standard for hourly matching of
electricity consumption with deliverable, additional
clean generation is likely the best practical means
of minimizing emissions impacts from electrolysis-
based hydrogen production in the current US policy
environment.

Data availability statement

The data that support the findings of this study are
openly available at the following URL/DOI: 10.5281/
zenodo.7141069.

12

10.5281/zenodo.7141069
10.5281/zenodo.7141069


Environ. Res. Lett. 18 (2023) 014025 W Ricks et al

Acknowledgments

This work was funded by Princeton University’s Low-
Carbon Technology Consortium, which is funded by
gifts from Google, GE, and ClearPath. The authors
thank the referees for their timely and constructive
feedback.

Author contributions

W R and J D J conceptualized the study. Q X
developed the 24/7 CFE procurement model frame-
work, and W R adapted it to study grid-based hydro-
gen production. W R performed the formal ana-
lysis visualization and investigation, and produced
the figures. Q X and J D J provided oversight. W R
drafted and finalized the manuscript. J D J reviewed
and edited the manuscript.

Ethics declarations

J D J is part owner of DeSolve, LLC, which provides
techno-economic analysis and decision support for
clean energy technology ventures and investors. He
serves on the advisory board of Eavor Technologies
Inc. a closed-loop geothermal technology company,
and has an equity interest in the company. He also
provides policy advisory services to Clean Air Task
Force, a non-profit environmental advocacy group,
and serves as a technical advisor to MUUS Climate
Partners and Energy Impact Partners, both investors
in early stage climate technology companies.

ORCID iDs

Wilson Ricks https://orcid.org/0000-0003-3385-
1605
Qingyu Xu https://orcid.org/0000-0003-2692-
5135
Jesse D Jenkins https://orcid.org/0000-0002-9670-
7793

References

[1] Kurrer C 2020 The potential of hydrogen for decarbonizing
steel production Technical Report PE 641.552 (Brussels, BE:
European Parliamentary Research Service)

[2] Sepulveda N A, Jenkins J D, Edington A, Mallapragada D S
and Lester R K 2021 The design space for long-duration
energy storage in decarbonized power systems Nat. Energy
6 506–16

[3] IEA 2019 The future of hydrogen Technical Report
(International Energy Agency)

[4] Elgowainy A et al 2022 Assessment of potential future
demands for hydrogen in the United States Technical Report
ANL-20/35 (Lemont, IL: Argonne National Laboratory)

[5] Larson E et al 2020 Net-zero America: potential pathways,
infrastructure, and impacts Technical Report (Princeton, NJ:
Princeton University)

[6] Williams J H, Jones R A, Haley B, Kwok G, Hargreaves J,
Farbes J and Torn M S 2021 Carbon-neutral pathways for the
United States AGU Adv. 2 e2020AV000284

[7] US DOE 2022 DOE national clean hydrogen strategy and
roadmap Technical Report (Washington, DC: U.S.
Department of Energy)

[8] EC 2021 The role of hydrogen in meeting our 2030 climate
and energy targets Technical Report (Brussels, BE: European
Commission)

[9] IEA 2021 Hydrogen Technical Report (Paris: International
Energy Agency) (Paris: International Energy Agency)

[10] Lewis E 2022 Comparison of commercial, state-of-the-art,
fossil-based hydrogen production technologies Technical
Report DOE/NETL-2022/3241 (Pittsburgh, PA: National
Energy Technology Laboratory)

[11] Oni A O, Anaya K, Giwa T, Di Lullo G and Kumar A 2022
Comparative assessment of blue hydrogen from steam
methane reforming, autothermal reforming and natural gas
decomposition technologies for natural gas-producing
regions Energy Convers. Manage. 254 115245

[12] Taibi E, Blanco H, Miranda R, Carmo M, Gielen D and
Roesch R 2020 Green hydrogen cost reduction: scaling up
electrolysers to meet the 1.5 ◦C climate goal Technical
Report (Abu Dhabi: International Renewable Energy
Agency)

[13] Way R, Ives M C, Mealy P and Farmer J D 2022 Empirically
grounded technology forecasts and the energy transition
Joule 6 2057–82

[14] US Library of Congress 2022 Text—H.R.5376—117th
congress (2021–2022): inflation reduction act of 2022

[15] Palmer G, Roberts A, Hoadley A, Dargaville R and
Honnery D 2021 Life-cycle greenhouse gas emissions and
net energy assessment of large-scale hydrogen production
via electrolysis and solar PV Energy Environ. Sci.
14 5113–31

[16] ANL 2022 GREET model (Argonne National Laboratory)
(Argonne National Laboratory)

[17] US EPA 2022 Emissions & generation resource integrated
database (eGRID), 2020 (United States Environmental
Protection Agency)

[18] de Chalendar J A, Taggart J and Benson S M 2019 Tracking
emissions in the US electricity system Proc. Natl Acad. Sci.
116 25497–502

[19] Bialek J 1996 Tracing the flow of electricity IEE Proc. C
143 313

[20] Jenkins J D and Sepulveda N A 2017 Enhanced Decision
Support for a Changing Electricity Landscape: The Genx
Configurable Electricity Resource Capacity Expansion Model
(Working Paper) (Cambridge, MA: MIT Energy Initiative)

[21] Schivley G, Welty E, Patankar N, Jacobson A, Xu Q,
Manocha A and Jenkins J D 2022
PowerGenome/PowerGenome: v0.5.4 (available at: https://
doi.org/10.5281/zenodo.6092712)

[22] Xu Q, Manocha A, Patankar N and Jenkins J D 2021
System-level impacts of 24/7 carbon-free electricity
procurement Technical Report (Princeton, NJ: Zero-Carbon
Energy Systems Research and Optimization Laboratory,
Princeton University)

[23] CPUC 2021 Decision 21-06-035 (California Public Utilities
Commission) (California Public Utilities Commission)

[24] NREL 2019 2019 annual technology baseline Technical
Report (Golden, CO: National Renewable Energy
Laboratory)

[25] US EPA 2021 Integrated planning model (Environmental
Protection Agency) (Environmental Protection Agency)

[26] Sepulveda N A et al 2022 GenX: a configurable power system
capacity expansion model for studying low-carbon energy
futures (available at: https://github.com/GenXProject/GenX)

[27] Ricks W, Xu Q and Jenkins J D 2022 Minimizing emissions
from grid-based hydrogen production in the United
States: raw data (available at: https://doi.org/10.5281/zenodo.
7141069)

[28] Ekvall T 2019 Attributional and consequential life cycle
assessment Sustainability Assessment at the 21st Century ed
M J Bastante-Ceca, J L Fuentes-Bargues, L Hufnagel, F Mihai
and C Iatu (Rijeka: IntechOpen) ch 4

13

https://orcid.org/0000-0003-3385-1605
https://orcid.org/0000-0003-3385-1605
https://orcid.org/0000-0003-3385-1605
https://orcid.org/0000-0003-2692-5135
https://orcid.org/0000-0003-2692-5135
https://orcid.org/0000-0003-2692-5135
https://orcid.org/0000-0002-9670-7793
https://orcid.org/0000-0002-9670-7793
https://orcid.org/0000-0002-9670-7793
https://doi.org/10.1038/s41560-021-00796-8
https://doi.org/10.1038/s41560-021-00796-8
https://doi.org/10.1029/2020AV000284
https://doi.org/10.1029/2020AV000284
https://doi.org/10.1016/j.enconman.2022.115245
https://doi.org/10.1016/j.enconman.2022.115245
https://doi.org/10.1016/j.joule.2022.08.009
https://doi.org/10.1016/j.joule.2022.08.009
https://doi.org/10.1039/D1EE01288F
https://doi.org/10.1039/D1EE01288F
https://doi.org/10.1073/pnas.1912950116
https://doi.org/10.1073/pnas.1912950116
https://doi.org/10.1049/ip-gtd:19960461
https://doi.org/10.1049/ip-gtd:19960461
https://doi.org/10.5281/zenodo.6092712
https://doi.org/10.5281/zenodo.6092712
https://github.com/GenXProject/GenX
https://doi.org/10.5281/zenodo.7141069
https://doi.org/10.5281/zenodo.7141069


Environ. Res. Lett. 18 (2023) 014025 W Ricks et al

[29] Sotos M 2015 GHG protocol scope 2 guidance Technical
Report (World Resources Institute)

[30] PA Consulting Group, Inc. 2015 Los Angeles Department of
Water and Power 2014 Power service cost of service study.
Technical Report (Los Angeles, CA: Los Angeles Department
of Water and Power)

[31] Sepulveda N A, Jenkins J D, de Sisternes F J and Lester R K
2018 The role of firm low-carbon electricity resources
in deep decarbonization of power generation Joule
2 2403–20

[32] Dyson M, Shah S and Teplin C 2021 Clean power by the
hour: assessing the costs and emissions impacts of hourly
carbon-free energy procurement strategies Technical Report

(RMI) (available at: www.rmi.org/insight/clean-power-by-
the-hour)

[33] The White House 2021 Executive Order (EO) 14057:
catalyzing clean energy industries and jobs through federal
sustainability

[34] UN 2021 The 24/7 carbon free energy compact (United
Nations)

[35] Odenweller A, Ueckerdt F, Nemet G, Jensterle M and
Luderer G 2022 Probabilistic feasibility space of scaling up
green hydrogen supply Nat. Energy 7 854–65

[36] Ueckerdt F, Bauer C, Dirnaichner A, Everall J, Sacchi R and
Luderer G 2021 Potential and risks of hydrogen-based e-fuels
in climate change mitigation Nat. Clim. Change 11 384–93

14

https://doi.org/10.1016/j.joule.2018.08.006
https://doi.org/10.1016/j.joule.2018.08.006
http://www.rmi.org/insight/clean-power-by-the-hour
http://www.rmi.org/insight/clean-power-by-the-hour
https://doi.org/10.1038/s41560-022-01097-4
https://doi.org/10.1038/s41560-022-01097-4
https://doi.org/10.1038/s41558-021-01032-7
https://doi.org/10.1038/s41558-021-01032-7

	Minimizing emissions from grid-based hydrogen production in the United States
	1. Introduction
	2. Methods
	2.1. Modeling approach
	2.2. Policy scenarios

	3. Results
	3.1. Hydrogen's embodied emissions with no policy requirements
	3.2. Emissions impact of a 100% Hourly Matching requirement
	3.3. Emissions impacts of alternative 45V PTC implementations
	3.4. The importance of deliverability
	3.5. The need for additionality
	3.6. Impact of policy choices on the cost of clean hydrogen

	4. Discussion and conclusion
	References


