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1 Introduction

Hydrogen is a key component in efforts to decarbonize. It has potential to be used in

industrial applications where electrification is not a viable option, in transportation, and

in long-duration electricity storage. To help jump-start hydrogen production in the US,

the recently-passed Inflation Reduction Act (IRA) provides a production tax credit (PTC)

whereby hydrogen (H2) producers can get subsidies worth up to $3/kg-H2.1 Producers must

prove that the life-cycle carbon emissions of their hydrogen production, inclusive of the

emissions embedded in the electricity consumed in the process, falls below certain thresholds

to qualify for these rather substantial production credits. Given the thresholds in place,

so-called “green hydrogen”, produced through electrolysis using zero emissions electricity,

appears likely to be the greatest benefactor of the IRA’s hydrogen subsidy.2 What is less

apparent is the optimality of these policies. Analyzing them is further complicated by the

range of methods by which hydrogen producers may procure electricity. Hydrogen producers

may use dedicated renewable electricity sources. They may connect to the grid, in which

case electricity consumption, and therefore electricity emissions, cannot be tied directly to

a specified electricity producer. Additionally, regulators may allow hydrogen producers to

offset their grid-connected electricity consumption through financial instruments such as

power purchase agreements (PPAs) with clean energy producers or through the purchase of

renewable energy credits (RECs).3

In this paper, we characterize optimal hydrogen subsidies, analyze how they may vary

according to procurement methods, and compare them to the IRA subsidies. To do this, we

build an energy consumption model in which hydrogen produced from electrolysis competes

with natural gas and either fuel may cause carbon emissions. We derive optimal uniform

1To put this subsidy value in context, production costs for hydrogen via electrolysis from renewable
electricity sources is approximately $5/kg and hydrogen produced from natural gas or coal, so-called grey
hydrogen, is about $2/kg([5]).

2“Blue” hydrogen, hydrogen produced from natural gas with a process of steam methane reforming and
including carbon capture and storage for resulting emissions, may also be able to achieve life-cycle emissions
sufficiently low to qualify for PTCs under the IRA depending upon the treatment of upstream emissions
from natural gas extraction and transportation.

3PPAs give hydrogen producers the ability to claim MWh’s of clean energy through a financial settlement
mechanism even though the hydrogen producer does not physically take the MWh’s of clean energy through
a direct transmission line with the clean energy producer. These are sometimes called virtual PPAs.

1



and differentiated hydrogen subsidies that depend on the producer-specific private and social

costs. From this general setting, we develop four specific electricity procurement possibilities:

1) Grid, where hydrogen is produced with electricity withdrawn from the local grid, 2)

RenewNoGrid, where the hydrogen producer is not connected to the electricity grid and

procures all its electricity from dedicated, zero-carbon renewable generation, 3) Offset, where

the hydrogen producer procures its electricity from the local grid but offsets its electricity

usage by constructing renewable generation, which is sold to the grid possibly in a different

region, and 4) REC, where the hydrogen producer purchases power off the local grid, but

purchases Renewable Energy Credits (RECs) which may or may not be additional. We allow

firms to choose the electricity procurement method and the region in which any corresponding

increase in renewables occurs. We analyze the welfare consequences of these choices, for both

uniform and differentiated subsidies. Finally, we parameterize the model with regionally-

specific electricity generation emission rates and recent estimates of the social cost of carbon

(SCC) and compare optimal subsidies to existing subsidies offered under the IRA. This

analysis indicates to policy makers which procurement methods and assumptions about the

SCC lead to subsidies that are in line with the IRA subsidies.

This research contributes to the on-going discussion regarding government support of

hydrogen production in several ways. First, several recent studies have explored emission

implications of hydrogen subsidies under various electricity procurement methods, particu-

larly electricity offsetting provisions, at the IRA’s established subsidy rates (e.g. [12], [16]).

But the optimality of these subsidies and how those optimal subsidy values change under

different electricity procurement methods has not been addressed. Second, the relatively gen-

eralized specification of our model allows us to demonstrate the difference in welfare under

the optimal hydrogen subsidies across electricity procurement types, as opposed to making

comparisons on emission outcomes alone as is more common in the dispatch modeling con-

texts (e.g. [13] and [12]). Finally, using optimal subsidy formulations and recent estimates

of marginal emission rates from several sub-national regions, we can quantify the optimal

subsidies over the different procurement types and across various possible combinations of

where the hydrogen producers may draw power from the grid and where they may offset this

through PPAs or RECs. This exercise displays the heterogeneity in optimal subsidy rates.
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It also is important for policy makers as it shows that, while greater electricity offsetting

flexibility may justify the rather large hydrogen subsidies in the IRA, the size of the opti-

mal subsidy depends critically on the combination of where the electricity is withdrawn and

where the offsetting clean energy is deployed.

Our findings for the general case show that the optimal subsidy for hydrogen is equal to

the unpriced externalities associated with burning the competing fuel, in our case natural

gas, less the difference between the hydrogen-producer-specific social and private costs of

hydrogen production. The optimal subsidies under the more specific electricity procurement

are then special cases of this general rule. The subsidy for RenewNoGrid collapses to the

value of the unpriced emissions externality for natural gas. The Grid subsidy is the unpriced

natural gas externality less the unpriced emissions externality associated with electricity

consumption in the region the hydrogen production occurs. The subsidies for Offset and

REC are the same as Grid plus an additional term that accounts for the unpriced emissions

externality avoided through the production of the offsetting clean energy, correcting for the

degree of additionality of this clean energy.

We next study the welfare implications when firms may choose a procurement method and

region in which, for example, they purchase offsets. With optimally differentiated subsidies,

allowing offsetting increases welfare relative to Grid and RenewNoGrid, because the optimal

subsidies align the social and private choice of offsetting region. At best, REC’s can mimic

offsetting, but cannot yield any additional welfare benefit. With uniform subsidies, allowing

offsetting can decrease welfare unless it is restricted to regions with higher unpriced electricity

externalities.

To parameterize our model, we use estimates of regional marginal emission rates for

electricity and the SCC. We find that Grid leads to a negative optimal subsidy (i.e., a

hydrogen production tax ) in all five regions of the US considered. For RenewNoGrid, our

parameterization suggests optimal subsidies around $1/kg-H2 in all five regions for SCC

$185, well below the $3 subsidy for this type of hydrogen production. In fact only when the

SCC exceeds $500 does the subsidy approach $3. For Offset, the subsidy determined by our

parameterization depends on where the hydrogen production is withdrawing electricity and

where the offsetting clean energy is located. In this scenario, we find optimal subsidy rates as
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high as $3.56 and as low as -$1.58 kg-H2. These results, along with the previously discussed

analytic results, thus highlight that while grid-connected hydrogen production with no clean

energy offsetting clearly makes it difficult to justify subsidizing hydrogen production, the

push for “deliverable” clean energy, where the procured clean energy generation occurs in

the same region as the hydrogen production, actually leads to optimal subsidy rates that

fall well short of the IRA’s subsidy rate. Indeed, our results intuitively suggest that to align

optimal subsidy rates to the IRA’s subsidy rates, grid-connected hydrogen production would

be encouraged in regions with relatively low marginal emission rates and be offset with clean

energy generation produced in relatively high-emission rate regions.

2 Model

Consider an energy use, such as a high temperature industrial process, that requires either

natural gas or hydrogen because it cannot easily be electrified. Let the quantity of natural

gas, QG, and the quantity of hydrogen, QH , be perfect substitutes measured in the same

energy units (for example MMBtu), so that the benefit of energy use can be written U(Q),

where Q ≡ QG +QH , with U ′ > 0 and U ′′ < 0.

Natural gas is extracted directly from geologic deposits with production costs given by

CG(QG) where C ′G > 0 and C ′′G ≥ 0.4 Because natural gas is a large market relative to

hydrogen, a reasonable simplifying case has C ′′G = 0. Combustion of natural gas creates

carbon emissions of βG tons per MMBtu which causes external costs τ > 0 per ton. These

emissions are taxed at a rate tG, and if tG < τ , natural gas taxation is less than Pigouvian.

Unlike natural gas, we assume hydrogen is not readily available from geologic deposits

but can be produced through electrolysis.5 Let qHi be hydrogen produced by firm i so

that QH = ∑i qHi. Firm i’s private cost of hydrogen electrolysis is given by PCi(qHi),

which includes non-electricity costs and electricity procurement costs. Let the social costs

be SCi(qHi), which are the sum of private costs and unpriced external costs (over the life-

cycle). Assume marginal costs are positive and increasing: PC ′i > 0, PC ′′i > 0, SC ′i > 0, and
4Costs may include transporting the natural gas or hydrogen to the end use.
5Recent discoveries of potentially large geologic deposits of hydrogen could change this with the appro-

priate technological advances.
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SC ′′i > 0. We consider subsidy policies that may allow hydrogen subsidies, si per MMBtu,

to differ across i.

Note in this general setting we allow for arbitrary firm-specific private and social costs

of hydrogen production. In the subsequent section, SCi and PCi will be determined by the

firm’s implementation of one of the four electricity procurement methods described in the

introduction. Thus, i will effectively define a procurement method when we move to the

more specific setting.

Returning to the general case, let welfare be defined as

W ≡ U(Q) −CG(QG) − τβGQG −∑
i

SCi(qHi). (1)

The first-best outcome is given by maximizingW with respect to QG and qHi. The first-order

conditions for an interior solution can be written as

U ′(Q) = C ′G + τβG = SC ′i(qHi) for all i. (2)

Intuitively, first best requires the marginal benefit of energy consumption to equal the

marginal social cost of natural gas as well as the marginal social cost of hydrogen for each i.

The market equilibrium, which depends on any subsidies, is characterized by three equa-

tions. First, energy using firms equate marginal benefits and the price price of energy p:

U ′(Q) = p. Second, natural gas producing firms equate the price of energy and the private

costs of gas production: p = C ′G + tGβG. Third, hydrogen-producing firms equate the price of

energy plus any subsidy with the private costs of hydrogen production: p + si = PC ′i(qHi).

Combining these gives

U ′(Q) = p = C ′G + tGβG = PC ′i(qHi) − si. (3)

The corresponding equilibrium differentials are U ′′dQ = dp, dp = C ′′GdQG, and dp = PC ′′i dqHi−

dsi for all i.

To characterize optimal hydrogen subsidies, s∗i , we can think of welfare, W , as a function

of the market equilibrium which is in turn a function of the subsidies. Taking the differential
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yields

dW = (U ′ −C ′G − τβG)dQG +∑
i

(U ′ − SC ′i(qHi))dqHi.

Substitution of the market equilibrium conditions in Eq. 3 implies

dW = (tG − τ)βGdQG +∑
i

(PC ′i(qHi) − si − SC ′i(qHi))dqHi. (4)

Several insights are illustrated in Eq. 4. First, as expected, there is no need for a hydrogen

subsidy when there is Pigouvian taxation of both natural gas and hydrogen. Pigouvian

taxation has tG = τ and PC ′i(qHi) = SC ′i(qHi) for every i, and it follows that si = 0 leads to

dW = 0. Second, if only natural gas faces Pigouvian taxation so that tG = τ , then the optimal

hydrogen subsidy for i is si = PC ′i(qHi)−SC ′i(qHi) ≤ 0, i.e., the optimal hydrogen subsidy is a

tax equal to any unpriced marginal externality from hydrogen electrolysis. Third, if natural

gas taxation is not Pigouvian, i.e., if tG < τ , then a second-best policy may have positive

hydrogen subsidies. From now on, we assume tG < τ .

The second-best hydrogen subsidies can be found by dividing Eq. 4 by dsi and setting

dW /dsi = 0 for each i. These subsidies can be readily characterized in the special case C ′′G = 0

where natural gas is produced at constant marginal cost. Intuitively if natural gas production

has constant marginal cost, any increase in hydrogen usage exactly offsets natural gas usage

so dQG = −dqHi.6 In this case, the second best subsidy from Eq. 4 is simply:

s∗i = (τ − tG)βG − (SC ′i(qHi) − PC ′i(qHi)) . (5)

This subsidy has a common component, (τ−tG)βG, which is the unpriced marginal externality

from natural gas, and a firm-specific component, SC ′i(qHi) − PC ′i(qHi), which is the firm’s

marginal external cost of electrolysis. The optimal subsidy for i is then the difference between

these two components. Note that these optimal subsidies difference out private costs leaving

only external costs, so the regulator only needs to observe the external cost.

6If C ′′G = 0, then the equilibrium differentials imply dp = C ′′GdQG = 0 and hence dQ = 0 because U ′′dQ = dp.
Because dp = 0, we also have dqHi′ = 0 for all i′ ≠ i so 0 = dQ = dQG + dQH = dQG + dqHi which implies that
dQG = −dqHi. On the other hand, if C ′′G > 0, then dp ≠ 0 so hydrogen does not offset natural gas exactly, and
the optimal subsidy formulas are more complicated.
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These optimal subsidies are differentiated across i. Alternatively, a regulator might con-

sider a uniform subsidy. For a uniform subsidy, Eq. 4 still holds but with s = si for all i. If

C ′′G = 0, then Eq. 4 implies

dW

ds
= (tG − τ)βG∑

i

−dqHi

ds
+∑

i

(PC ′i(qHi) − s − SC ′i(qHi))
dqHi

ds
.

Setting dW /ds = 0 gives the optimal uniform hydrogen subsidy:

s∗ = (τ − tG)βG −∑
i

αi (SC ′i(qHi) − PC ′i(qHi)) /∑
i

αi, (6)

where αi ≡ dqHi/ds = 1/PC ′′i .
7 The optimal uniform hydrogen subsidy is thus the marginal

external cost of natural gas minus a weighted average across i of the marginal external cost

of electrolysis with weights 1/PC ′′i . Note the subsidy to i is too large if i has large external

costs and is too low if i has small external costs.

Although natural gas and hydrogen are storable across hours, electricity is not and hence

the costs of electrolysis may differ across hours. The model can readily be extended to

analyze hourly differences in electricity prices and emissions. If t indexes hours, then welfare

in Eq. 1 becomes

W = U(Q) −CG(QG) − τβGQG −∑
i

∑
t

SCit(qHit)

where now Q = QG +∑i∑t qHit and SCit is firm i’s social cost of electrolysis in hour t. The

derivations of the optimal differentiated and uniform subsidy formulas now follow in a similar

manner as Eqs. 5 and 6.

2.1 Graphical illustrations of the second-best subsidies

The second-best hydrogen subsidy, its deadweight loss (DWL), and hydrogen entry incentives

can be illustrated graphically. Fig. 1 shows the marginal benefit, U ′, of energy use and the

marginal costs of natural gas and hydrogen assuming only one electricity procurement type

7If C ′′G = 0, the equilibrium differentials imply that dp = 0 which further implies dQ = 0 so −dQG = ∑dqHi.
In addition ds = PC ′′i dqHi for all i, so dqHi/ds = αi.
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Figure 1: Deadweight loss of hydrogen subsidies

and no environmental taxes (tG = tEi = 0). Following Eq. 2, first-best energy use is determined

from U ′(Q∗) = C ′G + τβG; first-best hydrogen use is determined by SC ′H(Q∗H) = C ′G + τβG;

and first-best natural gas use is the residual Q∗G = Q∗ −Q∗H . Next consider the unregulated

equilibrium with no carbon tax or hydrogen subsidy. Following Eq. 3 when si = 0, the

equilibrium energy use is determined by U ′(Qe) = p = C ′G, which implies Qe > Q∗ because

the marginal private cost of natural gas is less than its marginal social cost. The equilibrium

hydrogen quantity is determined by PC ′H(Qe
H) = p = C ′G. Because both sides of this equation

are lower than optimal, the equilibrium hydrogen quantity can be either two large or too

small. If hydrogen electrolysis were to have very large external costs so that the gap between

SC ′H(QH) and PC ′H(QH) were very large, the unregulated equilibrium could have too much

hydrogen. As illustrated Qe
H < Q∗H , so the equilibrium has too little hydrogen.

The unregulated equilibrium has two sources of deadweight loss: triangles A and B in

Fig. 1. Triangle B arises because Qe > Q∗ and the benefit of this additional natural gas

consumption is less than its social cost. Triangle A arises because Qe
H < Q∗H so there is too

little hydrogen consumption, and energy consumption from Qe
H to Q∗H is from natural gas
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instead of hydrogen. The marginal social cost of natural gas, C ′G+τβG, exceeds the marginal

social cost of hydrogen, SC ′H , over this range resulting in DWL triangle A.

A small hydrogen subsidy would introduce a wedge between the price and private cost,

would increase Qe
H , and reduce DWL triangle A but would have no effect on Qe or on triangle

B. In fact, the second-best hydrogen subsidy s∗i completely eliminates DWL triangle A by

subsidizing hydrogen such that Eq. 5 holds, and the equilibrium hydrogen quantity with the

optimal subsidy is Q∗H . Thus the second-best hydrogen subsidy reduces the DWL from A+B

to just B.

The welfare gains from the second-best subsidy depend on the size of triangle A. If

hydrogen production is perfectly clean, then SC ′H = PC ′H , equilibrium hydrogen production

is too low, and triangle A is large. In this case, the second-best subsidy leads to a large

reduction in DWL. As hydrogen production becomes dirtier, the difference between SC ′H

and PC ′H increases, optimal hydrogen production decreases, and triangle A becomes smaller

until the point at which the optimal subsidy, and welfare gains, become zero.

Fig. 2 illustrates welfare and hydrogen electrolysis entry incentives. If there is no hydrogen

electrolysis, first-best welfare is simply area D in Fig. 2: the area below U ′ and above

C ′G + τβG.8 The welfare gain from the entry of hydrogen electrolysis is given by triangle

E: the triangle below C ′G + τβG and above SC ′H .
9 Entry of hydrogen electrolysis is socially

optimal if these welfare gains are positive, which occurs if SC ′H(0) < C ′G + τβG.

For an arbitrary subsidy, hydrogen entry incentives may not be optimal because the

private producer surplus may not equal the welfare gains. However, the second-best hydrogen

subsidy can correct these entry incentives. Fig. 3 illustrates first- and second-best hydrogen

entry incentives for the case of constant external costs. The first-best entry incentive is

given by area (a+b+c). If there is no subsidy, the hydrogen quantity is Qe
H , and the private

producer surplus is area (c+e). Because (c+e) is less than the welfare gain from entry (which

also includes part of areas a, b, and d) the hydrogen entry incentive is too small if there

is no subsidy. However, at the optimal subsidy, s∗i , the hydrogen quantity is Q∗H , and the

private producer surplus is area (b+c+d+e), which is exactly equal to the welfare gain of

8More generally this is ∫
Q∗

0 U ′ −C ′G − τβGdq which equals U(Q∗) −CG(Q∗) − τβGQ
∗.

9More generally welfare gains are given by ∆W = ∫
Q∗H
0 C ′G + τβG − SC ′H(qH)dqH .
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Figure 2: First-best electrolysis entry incentives

Figure 3: Entry incentives with second-best subsidy
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area (a+b+c) given that the externality is constant. Thus the second-best subsidy gives

exactly the correct hydrogen entry incentives.

2.2 Specific procurement methods

The electrolysis cost functions PCi(qHi) and SCi(qHi) are quite general. Here we create

more structure for these functions and describe possible procurement types. In Section 3,

we calibrate optimal subsidies based on these formulas.

Electrolysis costs depend on the cost of electricity and its emissions, both of which differ

across regions. Assume there are J electricity regions. For grid electricity in region j ∈

{1,2, ..., J}, assume the generation cost is cEj per MWh and the marginal carbon emissions

rate ismj tons carbon per MWh. If electricity is competitively supplied and carbon emissions

are taxed at tEj , then the electricity price is

pEj = cEj + tEj mj. (7)

and if tEj < τ , then electricity taxation in region j is not Pigouvian. Assume renewable (solar)

generation costs cSj(E) in region j where c′Sj > 0 and c′′Sj ≥ 0.10 Finally assume Renewable

Energy Certificates (RECs) from region j can be purchased at price pRj per MWh. The RECs

may or may not be additional, so let δj ∈ [0,1] be the additional zero-carbon, renewable

electricity generation from one REC in region j.

Assume without loss of generality that the hydrogen electrolysis facility is located in

electricity region 1. From the J electricity regions, we construct 2J + 1 procurement types

based on whether or how electricity used for electrolysis is offset, where the procurement

types are described by the following schematic:

10Renewable generation costs include both the costs of constructing the generation facility as well as any
operating costs. This assumption parallels the treatment of non-electricity electrolysis costs.
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i ∈ {0,1,2,3, ..., J,
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Offset

REC
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
J + 1, J + 2, ...,2J}.

Grid

RenewNoGrid
?

6

Note that i now indexes the procurement types and captures two dimensions (offset type

and offset region) in a single index. Let the non-electricity cost of producing hydrogen for

electrolysis facility i be cH(qHi) with c′H > 0 and c′′H > 0. Electricity required by facility i for

electrolysis, Ei, depends on the conversion factor γ > 0 (measured for example in MWh per

MMBtu) where Ei ≡ γqHi.11

First, for i = 0 (Grid), the electrolysis facility procures electricity from the grid in region

1, but does not offset it. For this type, the carbon emissions are m1γqH0; the social cost is

SC0(qH0) = cH(qH0)+(cE1 +τm1)E0; and the firm’s private cost is PC0(qH0) = cH(qH0)+pE1 E0.

The firm’s marginal external cost is then SC ′0(qH0) − PC ′0(qH0) = (cE1 + τm1)γ − pE1 γ =

(τ − tE1 )m1γ > 0 so Eq. 5 implies the optimal subsidy for Grid is

s∗0 = (τ − tG)βG − (τ − tE1 )m1γ, (8)

which is the marginal external cost of natural gas minus the marginal external cost of grid

electrolysis. This subsidy could be negative, e.g., if the grid electricity for electrolysis has

high marginal emissions and/or if electrolysis requires substantial electricity.

For i = 1 (RenewNoGrid), the hydrogen electrolysis facility does not connect to the

grid, but constructs a renewable generation facility from which it procures all its electricity.

For this type, the carbon emissions are zero, so the social and private costs of hydrogen

electrolysis are equal SC1(qH1) = PC1(qH1) = cH(qH1)+cS1(E1). The firm’s marginal external

cost is zero, SC ′1(qH1)−PC ′1(qH1) = 0, so Eq. 5 implies the optimal subsidy for RenewNoGrid

is

s∗1 = (τ − tG)βG (9)

which is simply the (unpriced) marginal external cost of natural gas. Note that by assumption

s∗1 > 0.
11The laws of energy conservation imply γ has a theoretical minimum. The model could easily be extended

to allow the non-electricity costs, cH , and conversion factors, γ, to differ across procurement types.
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For i ∈ {2,3,4, ..., J} (Offset), assume the hydrogen electrolysis facility procures its elec-

tricity from the local grid in region 1, but also constructs a renewable facility in region

j = i, which denotes both the procurement type as well as the offsetting region. Assume the

renewable facility generates ϵ MWhs of renewable generation to offset each MWh of elec-

tricity used for electrolysis. The carbon emissions from electrolysis and offsetting are then

(m1−mjϵ)γqHi; the social cost is SCi(qHi) = cH(qHi)+(cE1 +τm1)Ei−(cEj +τmj)ϵEi+cSj(ϵEi),

and the firm’s private cost is PCi(qHi) = cH(qHi)+pE1 Ei−pEj ϵEi+cSj(ϵEi). The firm’s marginal

external cost can be positive (i.e., an external cost) or even negative (i.e., an external benefit)

if offset damages are large.12 Because i = j, the optimal subsidy for i is

s∗i = (τ − tG)βG − (τ − tE1 )m1γ + (τ − tEi )miϵγ for all i ∈ {2,3,4, ..., J}, (10)

which is the marginal external cost of natural gas minus the direct marginal external cost

of the electrolysis plus the marginal external costs offset by the renewable generation. This

subsidy includes a term that is equal to the optimal renewable subsidy for the Grid case

plus an extra term that accounts for the marginal external costs offset by the renewable

generation in region i. Overall, this subsidy can even exceed the subsidy for RenewNoGrid

if offset emissions are sufficiently large.13

Although we have presented Eqs. 8, 9, and 10 separately, Eq. 10 actually gives the

optimal subsidy for i ∈ {0,1,2, ..., J}. To see this, first note that, in our model, building

renewables and not connecting to the grid (RenewNoGrid) is equivalent to offsetting in the

same region. Thus Eq. 10 is valid for i = 1. If we additionally define the “null” region 0 with

0 = pE0 = cE0 = c′S0 =m0, we have that Eq. 10 is also valid for i = 0.

Four assumptions are worthy of note here. First, we assume that the renewable facility

is truly additional because the social costs are reduced by the full social costs of the addi-

tional generation (cEj +τmj)ϵEi. Second, the net carbon emissions of electrolysis here can be

negative, i.e., if m1Ei <mjϵEi which can occur if marginal emissions in the offsetting region

are high. Third, renewable generation need not equal electricity used in electrolysis. If ϵ > 1,
12We have SC ′i(qHi) −PC ′i(qHi) = (cE1 + τm1)γ − (cEj + τmj)ϵγ − pE1 γ + pEj ϵγ = (τ − tE1 )miγ − (τ − tEj )mjϵγ.
13As expected, the second-best subsidy for Offset with electricity in the same region, i.e., i = 1 is the same

as the RenewNoGrid subsidy if ϵ = 1.
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offsetting is more than one-to-one.14 Finally, offsetting need not be hourly matching. For

example, in the extended model with hourly differences in electricity costs, the carbon emis-

sions of offsetting electricity use with renewables in region j would be ∑tm1tEit−∑tmjtϵtEit.

Note that assessing the emission impacts of offsetting requires accurate measurements of the

marginal emissions factors.

Finally, for i ∈ {J + 1, J + 2, ...,2J} (REC ), assume the hydrogen electrolysis facility

procures its electricity from the local grid in region 1, and purchases ϵEi MWhs of RECs

from region j = i − J , which induce δϵEi additional MWhs of renewable electricity in region

j. The carbon emissions are (m1 − δmjϵ)γqHi. The social cost is SCi(qHi) = cH(qHi) + (cE1 +

τm1)Ei + [cSj(δϵEi) − (cEj + τmj)δϵEi], and the firm’s private cost of hydrogen production

and REC purchases is PCi(qHi) = cH(qHi) + pE1 Ei + pRj ϵEi. Together these imply that the

optimal subsidy is

s∗i = (τ − tG)βG − (τ − tE1 )m1γ + (δ[cEj + τmj − c′Sj(δRj)] + pRj ) ϵγ, (11)

with j = i − J for all i ∈ {J + 1, ...,2J}. This subsidy is quite similar to the optimal Offset

subsidy in Eq. 10 except for the final term.

Not surprisingly, carbon emissions depend crucially on δ, i.e., on the additionality of the

RECs. If δ = 0, the REC purchases have no effect on renewable generation and are simply

a tax on hydrogen production. The second-best hydrogen subsidy offsets this REC tax. If

the REC market is competitive, the REC price satisfies the condition pRj = c′Sj(Rj) − pEj =

c′Sj(Rj) − cEj − tEj mj, and the third term in Eq. 11 can be written

(c′Sj(Rj) − δc′Sj(δRj) − (1 − δ)(cEj ) + (δτ − tEj )mj) ϵγ.
14By subsidizing hydrogen production with offsets, the regulator is effectively subsidizing renewable gen-

eration indirectly through the hydrogen subsidy. The regulator could instead apply a subsidy σj directly to
renewable electricity in region j. In this case the renewable firm’s equilibrium condition is c′Sj(Ej) = pEj +σj .

The social benefit from this subsidy is (cEj + τmj)Ej − cSj(Ej) which is the avoided social costs of the off-
set electricity minus the costs of renewable generation. Taking the first-order condition of this objective,
and substituting in the firm’s equilibrium condition shows that the second-best electricity subsidy is simply
σj = (τ − tEj )mj , i.e., equals the unpriced damages from the avoided electricity consumption. As shown
above, this second best subsidy is a component of the optimal hydrogen offset subsidy.
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Under this condition, if δ = 1, i.e., if the RECs are 1:1 additional, then the optimal subsidy

is identical to the subsidy for Offset. Thus with competitive REC prices, the third term in

the optimal subsidy ranges from pRj ϵγ to (τ − tEj )mjϵγ depending on the additionality of the

RECs.

2.3 Choice across procurement types

Up to now, we have assumed a firm in one of the procurement types has only one option

for electricity procurement. More generally, electricity procurement may be a choice for the

firm. For example, a firm might be able to choose whether to generate renewable electricity

itself or procure electricity from the grid. Similarly, a firm may have a choice of region in

which to offset emissions.

To proceed, we make two simplifying assumptions. First, assume that all offsetting is one-

for-one, so that ϵ = 1. Second, we assume that renewable generation has constant marginal

cost, c′Sj(Ej) ≡ c′Sj for each region j. This ensures that minj{c′Sj} is well-defined and is

independent of the level of renewable generation in each region.

If a hydrogen electrolysis facility can choose among the J+1 procurement types {0,1, ...J},

the facility will choose the procurement type, i = je, which yields the highest producer

surplus. This may or may not be the procurement type with the highest welfare gains,

i = j∗. The following lemma characterizes optimal offsetting for both the firm and social

perspectives. All results are proved in the Appendix A.1.

Lemma 1. For J + 1 offsetting options and an arbitrary subsidy vector s, the firm’s profit-

maximizing procurement choice is je = argminj{−pEj γ+c′Sjγ−sj} and the firm’s net-of-subsidy

marginal cost is PC′(qH , s) ≡ c′H(qH) + pE1 γ +minj{−pEj γ + c′Sjγ − sj}.

Welfare maximizing procurement is j∗ = argminj{−(cEj + τmj)γ + c′Sjγ} and the social

marginal cost is SC′(qH) ≡ c′H(qH) + (cE1 + τm1)γ +minj{−(cEj + τmj)γ + c′Sjγ}.

The lemma shows that the firm chooses the procurement type with the lowest marginal cost.

Thus, the firm chooses to offset in a region with cheaper renewables, more valuable offset

electricity, and/or a larger subsidy. Social optimality requires offsetting in the region with
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the lowest social marginal cost, i.e., in a region with cheaper renewables and offset electricity

with high social costs.

In general, the firm’s optimal procurement need not agree with social optimality. How-

ever, the optimal differentiated subsidies align the incentives:

Result 1. If subsidies are optimal for J + 1 offsetting options, then je = j∗ and qeH = q∗H .

The result shows that the optimal differentiated subsidies can correct the incentives of the

facility to choose across offsetting regions. The firm chooses the offsetting region based on

the private cost of electricity, pEj , whereas social optimality is determined by the social cost

of electricity, cEj + τmj. The optimal differentiated subsidies align these incentives so that

private offsetting is socially optimal.

A corollary follows directly:

Corollary 1. If subsidies are optimal for J +1 offsetting options, then allowing offsetting to

regions 2,3, ...J (weakly) increases welfare relative to Grid or RenewNoGrid.

This corollary is implied directly from the social optimality of the firm’s choices when facing

the optimally differentiated subsidies. Because the firms’ choices are optimal, the regulator

can weakly increase welfare by allowing the firm to choose over offsetting in additional

regions.

The regulator may choose to expand choice further to allow the option to purchase RECs

in each of the J regions. The following result shows this additional choice cannot increase

welfare even if the subsidies are optimally differentiated across the RECs.

Result 2. If subsidies are optimal for all 2J + 1 offsetting and REC options, then i) offsets

strictly welfare dominate RECs if RECs are not fully additional, i.e., if δ < 1, and ii) offsets

and RECs are equivalent if RECs are fully additional, i.e., if δ = 1.

The result shows that if RECs are fully additional, they mimic offsetting and hence have the

same optimal subsidies and the same welfare gains. This is the best case for RECs. If RECs

are not fully additional, then their marginal social cost is higher and welfare is lower than

with offsetting, and they would not be chosen by an optimizing firm.
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These results rely on the optimal differentiated subsidies, which can make offsetting more

or less attractive in different regions based on social costs. However, subsidies, including those

in the IRA, may not be differentiated across regions. The absence of optimally differentiated

subsidies implies that the firm and social incentives may not be aligned. Uniform subsidies

affect all procurement choices the same, and so firms choose the procurement to minimize

private costs, and hence offset in je = argminj{−pEj γ + c′Sjγ} which may or may not be the

optimal procurement choice j∗ = argminj{−(cEj +τmj)γ+c′Sjγ}. The following result provides

conditions in which offsetting can increase welfare even if subsidies are not differentiated.

Result 3. Assume the J +1 procurement options face the same (uniform) subsidy. Allowing

offsetting to regions 2,3, ..., J increases welfare relative to Grid. Allowing offsetting to region

j ∈ {2,3, ..., J} cannot decrease welfare relative to RenewNoGrid if (τ − tE1 )m1 < (τ − tEj )mj.

The result first shows that offsetting increases welfare relative to Grid. Intuitively, the

firm chooses offsetting if the market price of the renewable electricity exceeds the cost of the

renewable electricity. But because the social marginal cost exceeds the market price, any

chosen offsetting has social marginal cost which exceeds the renewable marginal cost and

hence increases welfare relative to Grid.

However, not all offsetting increases welfare relative to RenewNoGrid. In fact, privately

profitable offsetting can reduce welfare relative to RenewNoGrid, but the condition

(τ − tE1 )m1 < (τ − tEj )mj

ensures that this does not happen. We call this the unpriced externality condition because

it compares the unpriced externalities in electricity across regions. In short, if the unpriced

externality in the offsetting region is larger than the unpriced externality in the home region,

then offsetting cannot reduce welfare.

The unpriced externality condition is quite intuitive and can be readily implemented by

a regulator. In particular, the condition compares the unpriced externality from electricity

in the region of the electrolysis plant with the unpriced externality from electricity in the

offsetting region. The regulator can potentially increase welfare by allowing offsetting only

if the offsetting region has a larger unpriced externality from electricity, i.e., only if the
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grid electricity in the offsetting region is dirtier. This unpriced externality depends only on

marginal emissions, the SCC, and existing taxation. These parameters can be observed by a

regulator and are not readily manipulated by firms. Thus a rule allowing offsetting to regions

with higher unpriced externalities from electricity likely could be readily implemented.

3 Calibration results

We parameterize the model to calculate the optimal subsidies and offsetting for different

types of procurement in different regions. The optimal subsidies only depend on existing

carbon prices, marginal emissions of electricity, and the social cost of carbon. Carbon is

priced in California, and in the east RGGI prices carbon from electricity emissions. Marginal

emissions are estimated by [7] for the three interconnections of the contiguous U.S. electricity

grid (East, West, Texas).15 As listed in Table 1, this gives five analysis regions. Appendix

Table A.1 shows the assumed carbon prices and marginal emissions for the five regions.

Additional baseline parameters include the social cost of carbon, τ = 185 per mton, the

natural gas carbon emissions rate, βG = 0.0509 mton/MMBtu, and the electrolysis conversion

factor, γ = 55 kWh/kg.

Using Eq. 10, Table 1 shows the optimal subsidies for the five regions and the six types of

electricity procurement.16 The first column shows the optimal subsidies for Grid. These are

all negative (i.e., are taxes) which implies that the unpriced externality from grid-connected

hydrogen electrolysis in any region exceeds the unpriced externality of natural gas. The

subsidies are the most negative in the non-RGGI East which has the dirtiest electricity, i.e.,

the largest unpriced externalities from electricity. The optimal subsidies are all still negative

even if marginal emissions decrease by 75% or if γ decreases to its theoretical minimum of

γ = 34.

The optimal subsidies for RenewNoGrid are shown in the main diagonal of columns 2-6.

These are the unpriced marginal externality from avoided natural gas and are $1.08 per kg

except in California ($0.90) where natural gas faces a carbon price and has a lower unpriced

15These marginal emissions may not account for all life-cycle emissions.
16The optimal subsidies for REC can be readily calculated from our results depending on their addition-

ality.
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Table 1: Optimal subsidies and unpriced externalities

Offset region Unpriced
Electrolysis Non-Calif. RGGI Non-RGGI Electricity
Region Grid Calif. West Texas East East Externality
California -2.94 0.90 1.65 2.07 3.12 3.56 3.84
Non-Calif. West -3.50 0.34 1.08 1.50 2.55 2.99 4.58
Texas -3.93 -0.09 0.65 1.08 2.13 2.57 5.01
RGGI East -4.98 -1.14 -0.39 0.03 1.08 1.52 6.06
Non-RGGI East -5.42 -1.58 -0.83 -0.41 0.64 1.08 6.50

Notes: Subsidies, si, are in $ per kg of hydrogen. SCC is τ = 185 per mton. Offsetting has ϵ = 1. “Unpriced
Electricity Externality” is (τ − tEi )miγ in $ per kg of hydrogen.

externality. These RenewNoGrid subsidies are positive, because the renewable electricity

has zero emissions. Note however, that they are all substantially below $3, which is the

legislated subsidy amount.

The off-diagonals of columns 2-6 show the optimal subsidies for Offset in the indicated

region. For offsetting, the optimal subsidies can be positive or negative. In fact, several com-

binations exceed the actual $3 subsidy. The largest subsidy is for electrolysis in California

offset by renewable generation in the non-RGGI East. Electrolysis in California uses elec-

tricity with the lowest unpriced electricity externality and offsets it with renewables in the

non-RGGI East which has the largest unpriced electricity externality. The carbon emissions

from offsetting (shown in Appendix Table A.3) are negative for this case reflecting marginal

emissions that are highest in the East and lowest in the West. On the other hand, the most

negative subsidy is for hydrogen electrolysis in the non-RGGI East (using dirty electricity)

offset with renewables in California (offsetting clean electricity).

Corollary 1 implies that with these optimal subsidies, any offsetting adopted by elec-

trolysis facilities increases welfare. If subsidies are uniform, there is no such guarantee and

offsetting can decrease welfare. Result 3 provides conditions under which allowing offset-

ting increases welfare with a uniform subsidy. Namely, offsetting in a region with a higher

unpriced externality from electricity cannot decrease welfare. The unpriced electricity ex-

ternality is shown in the final column of Table 1.

Result 3 implies that hydrogen electrolysis with a uniform subsidy in California which is

offset with renewable electricity in any region does not decrease welfare. Because electricity
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sector carbon emissions in California are relatively low and and are priced, the unpriced

externality in California is $3.84 which is the lowest in the country. Result 3 implies that

offsetting anywhere in the country, that is profitable for a California firm, will not reduce

welfare. The result does not imply that with uniform subsidies the California electrolysis

firm will choose the welfare maximizing offsetting, but only that its choice cannot lower

welfare.

On the other hand, Result 3 provides no such assurances for an electrolysis facility in the

Non-RGGI East. This region has the highest unpriced electricity externality so offsetting to

any region under uniform subsidies has the potential to decrease welfare. Whether or not it

reduces welfare depends on the relative social costs. For other regions, Result 3 can provide

additional guidance. For example, if a hydrogen electrolysis facility in Texas is allowed to

offset in the RGGI or Non-RGGI East, then offsetting cannot decrease welfare. However,

offsetting in California and the Non-California West could decrease welfare.17

The optimal subsidies only depend on a small number of parameters. Of these, the SCC

is the most uncertain. Table 2 shows the optimal subsidies for different SCCs. With a lower

SCC of $100, the unpriced externalities are smaller so the RenewNoGrid and Grid subsidies

are smaller in absolute value. For a higher SCC of $500, the RenewNoGrid subsidies are

larger and, in fact, this SCC justifies the $3 subsidy in the IRA. However, this high SCC

also implies large negative subsidies for grid-connected electrolysis.

Table 2: Optimal subsidies: Sensitivity to SCC

τ = 100 τ = 185 τ = 500
Electrolysis Renewable Renewable Renewable
Region NoGrid Grid NoGrid Grid NoGrid Grid
California 0.41 -1.33 0.90 -2.94 2.74 -8.90
Non-Calif. West 0.58 -1.89 1.08 -3.50 2.92 -9.47
Texas 0.58 -2.12 1.08 -3.93 2.92 -10.62
RGGI East 0.58 -2.49 1.08 -4.98 2.92 -14.20
Non-RGGI East 0.58 -2.93 1.08 -5.42 2.92 -14.64

Notes: Subsidies, si, are in $ per kg of hydrogen.

17Result 3 can also be seen from the optimal subsidies: offsetting in any region with a larger optimal
subsidies cannot decrease welfare.
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The estimates of marginal emissions in [7] are based on the existing grid.18 However, for

investment in a long-lived electrolysis facility, a longer-run estimate of marginal emissions

might be more appropriate. [8] present estimates of long-run marginal emissions in thirteen

EIA regions. These estimates are long run marginal emissions because they allow all tech-

nologies to enter or exit fully in response to a load shock. The long run marginal emissions

and current carbon taxes for the thirteen regions are shown in Appendix Table A.2.

Table 3 shows the optimal subsidies based on these long-run estimates. The RenewNo-

Grid subsidies are the unpriced marginal externality from natural gas and are the same as

above. The Grid subsidies are all negative, indicating that even in the long-run the marginal

externality from grid-connected electrolysis exceeds the marginal externality from natural

gas. The table also presents the optimal subsidies based on the “best” offset in the dirtiest

regions with the highest unpriced externality (Carolinas, MidWest, SouthEast, or Tennessee)

and the “worst” offset in the cleanest region (Central). Offsetting with renewable electricity

in the best region, can rationalize the $3 subsidy for example, if electrolysis in Central is

offset with renewable generation in the Carolinas. However, offsetting with renewable elec-

tricity in the cleanest region (Worst Offset), yields negative optimal subsidies for electrolysis

in most regions.

4 Implications for implementation of the IRA hydro-

gen subsidies

Much of the discussion regarding the implementation of hydrogen subsidies has been centered

around design elements more related to the Offset and REC methods of procurement. Those

concerned about the environmental integrity of hydrogen support have pushed to make grid-

connected hydrogen electrolysis be eligible for a subsidy only if the hydrogen producer can

prove that its electricity consumption can be offset by purchases of electricity from zero-

emissions sources that are “additional” (the clean energy produced is produced only because

of the purchase agreement from hydrogen producers), “deliverable” (the hydrogen production

18[7] show that marginal emissions have not been falling in recent years despite substantial changes in the
grid.
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Table 3: Optimal subsidies for long-run marginal emissions using EIA regions

Electrolysis Renewable Best Worst Unpriced
Region NoGrid Grid Offset Offset Externality
California 0.90 -1.14 2.29 0.06 2.05
Carolinas 1.08 -2.36 1.08 -1.16 3.44
Central 1.08 -0.12 3.32 1.08 1.20
Florida 1.08 -2.35 1.09 -1.14 3.42
MidAtlantic 1.08 -2.13 1.31 -0.93 3.21
MidWest 1.08 -2.36 1.08 -1.16 3.44
New England 1.08 -2.13 1.31 -0.93 3.21
NorthWest 1.08 -1.43 2.01 -0.23 2.51
New York 1.08 -2.13 1.31 -0.93 3.21
SouthEast 1.08 -2.36 1.08 -1.16 3.44
SouthWest 1.08 -0.78 2.66 0.42 1.86
Tennessee 1.08 -2.36 1.08 -1.16 3.44
Texas 1.08 -0.38 3.06 0.82 1.46

Notes: Subsidies, si, are in $ per kg of hydrogen. SCC is τ = 185 per mton. Offsetting has ϵ = 1. “Best
Offset” offsets with Carolinas, Midwest, or SouthEast which have highest local externality. “Worst Offset”
offsets with Central which has lowest unpriced externality. “Unpriced Externality” is (τ − tEi )miγ in $ per
kg of hydrogen.

and clean energy are done in the same region, which implies that they have the same marginal

emissions rate), and “time-matching” (the electricity consumed by the hydrogen producer

temporally matches the production from the clean energy facility it is purchasing power

from).19 On the other hand, those hoping to make hydrogen production financially viable

argue for a more flexible offsetting design ([6] and [14]).

Our results suggest that restrictive deliverability rules may not be welfare maximizing

and often lead to optimal subsidies below the maximum-IRA-defined $3/kg-H2. Our ana-

lytic results suggest that with optimal differentiated subsidies, the Offset scenario welfare

dominates the RenewNoGrid scenario, which can be viewed as the strictest implementation

of the additional, deliverable, and time-matching qualifiers. Our numerical analysis finds

that optimal hydrogen subsidies are the largest when the hydrogen production occurs in

regions with relatively low marginal emissions rate and is offset by clean electricity produced

in regions with relatively high marginal emission rates. Even then, when we consider the

19See [4], [15], and [17].
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“best” offsetting scenario for each of the 13 regions modeled only two regions have optimal

subsidies greater than $3/kg-H2.

Of course, these optimal hydrogen subsidies with relaxed spatial electricity offsets require

accurate, spatially-specific estimates of marginal emission rates. In addition, these marginal

emission rates will change over time. There are several methods for obtaining these marginal

emission rates. Econometric models can be used to retrospectively assess the marginal

emissions associated with increasing load for a certain time segment (e.g. the marginal

emissions rate of load for each hour of the day). Similarly, one can estimate, based on historic

data, the marginal emissions avoided from an additional MWh of clean energy added to the

grid. The marginal emission rates can also be obtained through simulated dispatch modeling

(e.g.[3]). The advantage of the simulation-based methods is that they can be used to assess

marginal emission rates for hypothetical sets of generating units and load level, allowing one

to obtain prospective estimates. This can be useful for determining appropriate subsidies for

hydrogen producers entering long-term PPAs. The disadvantage of this approach, however,

is that the modeler must make assumptions about plant operations and simplifications of

the transmission network to feasibly estimate the effect over the time frequency and spatial

scales needed. Provided these methods can be implemented reliably, the welfare gains from

allowing more flexible offsetting rules can be achieved while still maintaining environmental

integrity.

With respect to additionality, our REC procurement scenario clearly show that the op-

timal subsidy declines with declining additionality of the REC-generating clean energy. The

difficulty, of course, is assessing the degree of additionality. Determining the additionality of

the clean energy is further complicated by fact that the IRA also provides generous direct

production and investment subsidies for various forms of clean energy generation. That is, to

assess an additionality claim by a hydrogen producer would require regulators to disentangle

the causal effect of the hydrogen producer’s procurement agreement with a clean energy

generator from the other forms of direct subsidies received by the given generator. Thus,

simply determining that a hydrogen producer is meeting the additionality requirements be-

cause it contracts with a relatively new clean energy source, such as is done in the European

Union, would appear to discount the role that the various direct subsidies have in encourag-
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ing investment in clean energy additions.20 To truly assess the additionality question within

the Offset or REC scenarios that we explore, one would need to more explicitly model the

market for PPA’s and/or REC’s to determine how the addition of hydrogen producers af-

fects the equilibrium prices in these markets. One would then further need to model how

these updated PPA and REC prices affect the investment in clean electricity sources. This

in-depth modeling is beyond the scope of this paper, but is also not accounted for in the

large energy systems models that have analyzed the IRA, as those models do not explicitly

calculate PPA and REC market equilibriums.21 In addition, increasing REC prices may also

affect the intensive margins of renewable electricity producers. For example, [10] and [1] find

that US Federal PTC increases production from existing wind generators relative to those

generators that do not receive the PTC.

Our results also speak to the efficiency loss of uniform subsidies, such as those offered

under the IRA.22 With a constant subsidy and some form of offsetting allowed, hydrogen

producers will be incentivized to procure clean electricity in regions with low renewable en-

ergy costs (e.g. places with high wind and solar potential) and relatively high electricity

prices. This may lead to a quantitative and spatial misallocation of renewable energy facil-

ities relative to what would occur under optimal differentiated subsidies, which adjust for

marginal emission differences between where the hydrogen is produced and the clean energy

is generated.

20As part of the European Commission’s “Fit for 55” plan, they provided various incentives
for green hydrogen production. To qualify for these incentives, hydrogen producers must pur-
chase electricity from qualifying, clean electricity generators that are no more than three years old
(see https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/electric-power/021323-
ec-proposes-phasing-in-additionality-rules-on-renewable-hydrogen-to-2028).

21For example, the analyses of the IRA by [9] and [11] use large energy system models with fixed energy
demand or fixed energy service demand, that seek the cost minimizing path of energy provision subject to
the IRA and other regulatory provisions. These models do not explicitly model PPA contract markets or
REC markets and, thus, are not well suited to assessing additionality concerns of offsetting electricity use in
hydrogen production via PPAs or RECs.

22While the IRA has a tiered system of subsidies, the subsidy is constant for all producers with an assessed
emissions intensity at, or below, 0.45 kgCO2e/kg hydrogen.
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5 Conclusion

In this paper we consider a model that compares the use of natural gas versus clean hydrogen

as an energy source for industrial processes. Although the model is quite general, we highlight

the model mechanisms by analyzing four salient electricity procurement types. For each type

we determine a theoretical formula for second best subsidies. Calibrating the model shows

that most of the time the second best subsidies are lower than those suggested in the IRA.

There are several other issues policy makers would consider which we do not address

specifically in our model. One of these issues is hydrogen transportation costs. With strict

deliverability requirements, hydrogen producers will be incentivized to build electrolyzers

in regions with high solar and wind generation potential. However, if these regions do not

geographically align with the hydrogen demand centers and hydrogen transportation costs

are high, then restrictive deliverability rules will likely stymie hydrogen investments. Such

concerns are more than hypothetical. For example, a potential end use for hydrogen is its

application in making steel.23 About 40 percent of the US steel production comes from

facilities in Indiana and Ohio24, with both states being hundreds of miles east of the wind-

intensive regions of Iowa and Minnesota and neither having significant solar potential.

We have also assumed a rather straightforward substitution pattern where hydrogen

production offsets natural gas. But, as noted, hydrogen may have numerous end uses. In

the short term, the most obvious end use for green hydrogen is the replacement of existing

hydrogen derived primarily from natural gas using steam methane reformation (i.e., grey

hydrogen). The emissions intensity of grey hydrogen is about twice that of natural gas.25

Thus, the optimal subsidies under the RenewNoGrid procurement method effectively double

for each region if green hydrogen offsets grey hydrogen. For the Offset procurement case,

the grey-to-green hydrogen substitution would result in higher “Best Offset” subsidies as

well, ranging from $2.21-$4.45/kg-H2 and passing the IRA’s $3/kg-H2 mark in five of the 13

regions modeled.26

23See https://www.smithsonianmag.com/smart-news/green-steel-produced-first-time-180978550/.
24See https://pubs.usgs.gov/periodicals/mcs2022/mcs2022-iron-steel.pdf
25Grey hydrogen generates about 12 kg-CO2/kg-H2, which translates to a CO2 per MMBtu intensity of

230 lbs-CO2/MMBtu, compared to 112 lbs-CO2/MMBtu for natural gas
26Other end uses could easily be modeled within this framework by simply inserting the emissions intensity

of the competing fuel (βg).
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Finally, the motivation for subsidizing green hydrogen production may go beyond its

direct emissions-abatement potential. As with other nascent technologies, innovation market

failures, learning-by-doing possibilities, and the potential for economies of scale may keep

green hydrogen investment below socially optimal levels, even if it is subsidized at its optimal

rate based on its resulting emission reductions.27 We do not include these additional features

to our model, but given that we consistently find the optimal subsidy to be below $3/kg-H2

in many regions based on emission reductions from displacing natural gas, these additional

features would have to be quite large in many cases to warrant the subsidy rate offered in

the IRA.

27See [2] for a recent review of policies to address climate-related, market innovation failures.
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Appendix

A.1 Proofs

Proof of Lemma 1

Lemma 1 For J + 1 offsetting options and an arbitrary subsidy vector s, the firm’s profit-
maximizing procurement choice is je = argminj{−pEj γ+c′Sjγ−sj} and the firm’s net-of-subsidy

marginal cost is PC′(qH , s) ≡ c′H(qH) + pE1 γ +minj{−pEj γ + c′Sjγ − sj}.
Welfare maximizing procurement is j∗ = argminj{−(cEj + τmj)γ + c′Sjγ} and the social

marginal cost is SC′(qH) ≡ c′H(qH) + (cE1 + τm1)γ +minj{−(cEj + τmj)γ + c′Sjγ}.
Proof: Define je ≡ argminj{−pEj γ + c′Sjγ − sj}. Define the profit function for procurement

method j and arbitrary hydrogen production q as πj(q) ≡ pq−cH(q)−pE1 γq+pEj γq−c′Sjγq+sjq.
For every j and arbitrary q, we have πj(q) ≤ πje(q) because

πj(q) = ∫
q

0
p − c′H(t) − pE1 γ + pEj γ − c′Sjγ + sjdt

≤ ∫
q

0
p − c′H(t) − pE1 γ + pEjeγ − c′Sjeγ + sjedt = πje(q)

where the inequality follows from the definition of je. Define qej ≡ argmaxq πj(q). Using
the inequality above, we have πj(qej) ≤ πje(qej) ≤ πje(qeje) for every j. But this implies that
πje(qeje) is the profit maximum, and the firm’s profit-maximizing procurement choice is je.

The firm’s net-of-subsidy marginal cost is then

PC′(qH , s) ≡ c′H(qH) + pE1 γ − pEjeγ + c′Sjeγ − sje

= c′H(qH) + pE1 γ +min
j
{−pEj γ + c′Sjγ − sj}.

For welfare maximizing procurement, define j∗ ≡ argminj{−(cEj +τmj)γ+c′Sjγ}. Parallel to
above, define the welfare gain for procurement method j and arbitrary hydrogen production
q as Wj(q) ≡ (C ′G + τβG)q − cH(q) − (cE1 + τm1)γq + (cEj + τmj)γq − c′Sjγq. As above, taking
the integral implies that Wj(q) ≤ Wj∗(q) for every j, which implies that j∗ is the welfare
maximizing procurement choice. ∎

Proof of Result 1

Result 1 If subsidies are optimal for J + 1 offsetting options, then je = j∗ and qeH = q∗H .
Proof: Substitution of the optimal subsidies from Eq. 10 into je = argminj{−pEj γ+c′Sjγ−sj}
implies:

je = argmin
j
{−pEj γ + c′Sjγ − ((τ − tG)βG − (τ − tE1 )m1γ + (τ − tEj )mjγ)}

= argmin
j
{−pEj γ + c′Sjγ − (τ − tEj )mjγ}.
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Using Eq. 7, we have

= argmin
j
{−(cEj + tEj mj)γ + c′Sjγ − (τ − tEj )mjγ}

= argmin
j
{−(cEj + τmj)γ + c′Sjγ} = j∗.

The equilibrium hydrogen production, qeH , is determined by C ′G + tGβG = PC′(qeH , s∗)
which implies:

C ′G = PC′(qeH , s∗) − tGβG

= c′H(qeH) + pE1 γ − pEjeγ + c′Sjeγ − sje − tGβG.

Using Eq. 7, we have

= c′H(qeH) + pE1 γ − pEjeγ + c′Sjeγ − ((τ − tG)βG − (τ − tE1 )m1γ + (τ − tEje)mj∗γ) − tGβG

= c′H(qeH) + (cE1 + τm1)γ − (cEje + τmje)γ + c′Sjeγ − τβG. (12)

Because the welfare optimizing hydrogen production, q∗H , is determined by C ′G + τβG =
SC′(q∗H), we have

C ′G = SC′(q∗H) − τβG

= c′H(q∗H) + (cE1 + τm1)γ − (cEj∗ + τmj∗)γ + c′Sj∗γ − τβG.

Comparing this equation with Eq. 12 and recalling that je = j∗ implies that qeH = q∗H . ∎

Proof of Corollary 1

Corollary 1 If subsidies are optimal for J + 1 offsetting options, then allowing offsetting to
regions 2,3, ...J (weakly) increases welfare relative to Grid or RenewNoGrid.
Proof: If the regulator allows offsetting to a set of regions and if all subsidies are optimal,
then Result 1 implies that the firm chooses the socially optimal procurement and produces
the welfare maximizing hydrogen quantity. This implies that the firm chooses offsetting to
one of regions 2,3, ...J if and only if it increases social welfare. Therefore allowing offsetting
cannot reduce welfare and weakly increases welfare relative to Grid or RenewNoGrid.∎

Proof of Result 2

Result 2 If subsidies are optimal for all 2J + 1 offsetting and REC options, then i) offsets
strictly welfare dominate RECs if RECs are not fully additional, i.e., if δ < 1, and ii) offsets
and RECs are equivalent if RECs are fully additional, i.e., if δ = 1.
Proof: For offsetting the social marginal cost is

SC′(qH) = cH(qHi) + (cE1 + τm1)γ +min
j
{−(cEj + τmj)γ + c′Sjγ}

and for REC the social marginal cost is

SC′(qH) = cH(qHi) + (cE1 + τm1)γ +min
j
{−(cEj + τmj)γδ + c′Sjγδ}.

A.2



Because the null region has −(cE0 + τm0)γ + c′S0γ = 0, we have minj{−(cEj + τmj)γ + c′Sjγ} ≤ 0,
and it follows that the social marginal cost for offsetting is less than for REC and is equal if
δ = 1. Noting that lower social marginal cost has higher welfare demonstrates the result.

Proof of Result 3

Result 3 Assume the J + 1 offsetting options face the same (uniform) subsidy. Allowing
offsetting to regions 2,3, ..., J increases welfare relative to Grid. Allowing offsetting to region
j ∈ {2,3, ..., J} cannot decrease welfare relative to RenewNoGrid if (τ − tE1 )m1 < (τ − tEj )mj.
Proof: With a uniform subsidy sj = s for all j, the formula in Lemma 1 simplifies to
je = argminj{−pEj + c′Sj}. Because −pE0 + c′S0 = 0 by the definition of the null region, it must

be that −pEj + c′Sj < 0 if the firm offsets in region j. But because pEj < cEj + τmj this implies

that −(cEj + τmj) + c′Sj < 0. Since −(cE0 + τm0) + c′S0 = 0 by the definition of the null region,
applying the welfare optimizing procurement formula in Lemma 1 shows that offsetting to
region j increases welfare relative to Grid.

Suppose (τ − tE1 )m1 < (τ − tEj )mj, the firm chooses procurement in region j relative to
RenewNoGrid, and that this choice decreases welfare. Relative to RenewNoGrid, the formula
je = argminj{−pEj +c′Sj} implies the firm chooses procurement in region j if −pEj +c′Sj < −pE1 +c′S1
or equivalently if

pE1 − pEj < c′S1 − c′Sj. (13)

Applying the welfare optimizing formula in Lemma 1 shows that this lowers welfare if −(cE1 +
τm1) + c′S1 < −(cEj + τmj) + c′Sj or equivalently

c′S1 − c′Sj < (cE1 + τm1) − (cEj + τmj). (14)

Eqs. 13 and 14 imply (pE1 −pEj ) < (cE1 + τm1)−(cEj + τmj). Using Eq. 7, we have (τ − tEj )mj <
(τ − tE1 )m1 which contradicts the assumption.

A.2 Appendix Tables

Table A.1: Taxes and marginal emissions

Region tGi tEi mi

California 30 30 0.4505
Non Calif. West 0 0 0.4505
Texas 0 0 0.4923
RGGI East 0 12.5 0.6384
Non RGGI East 0 0 0.6384

Notes: tGi and tEi are carbon prices ($/mton) in AB32 and RGGI. mi is mton/MWh from [7].
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Table A.2: Taxes and long-run marginal emissions for EIA regions

Region tGi tEi mi mi

California 30 30 0.338 0.240
Carolinas 0 0 0.338 0.338
Central 0 0 0.338 0.118
Florida 0 0 0.338 0.337
MidAtlantic 0 12.5 0.338 0.338
MidWest 0 0 0.338 0.338
New England 0 12.5 0.338 0.338
NorthWest 0 0 0.338 0.247
New York 0 12.5 0.338 0.338
SouthEast 0 0 0.338 0.338
SouthWest 0 0 0.338 0.183
Tennessee 0 0 0.338 0.338
Texas 0 0 0.332 0.143

Notes: tGi and tEi are carbon prices ($/mton) in AB32 and RGGI. mi is mton/MWh from [8] for baseline
and 25% reduction in renewable costs.

Table A.3: Carbon emissions rates

Offset region
Electrolysis Non-Calif. Texas RGGI East Non-RGGI
Region Grid California West Texas RGGI East East
California 0.0248 0 0 -0.002 -0.010 -0.010
Non-Calif. West 0.0248 0 0 -0.002 -0.010 -0.010
Texas 0.0271 0.002 0.002 0 -0.008 -0.008
RGGI East 0.0351 0.010 0.010 0.008 0 0
Non-RGGI East 0.0351 0.010 0.010 0.008 0 0

Notes: Emissions are in mton per kg of hydrogen. To receive the full subsidy, electrolysis emissions must be
less than 0.45 kg CO2 per kg of hydrogen or 0.00045 mton per kg.
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