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Abstract

Which climate investments should policymakers prioritize, and how much should
they spend? We develop a framework combining the marginal value of public funds
(MVPF) with structural models of demand for green technologies to evaluate the wel-
fare effects of environmental reforms. Our approach traces the MVPF across the entire
policy spectrum using counterfactual simulations, thereby relaxing the constant elas-
ticity and “small change” assumptions of sufficient-statistics methods. We apply our
method to electric vehicles and public charging in Quebec, residential solar in Con-
necticut, and a fuel-economy label experiment in the United States. At the margin,
public charging and the fuel-economy label deliver higher returns than purchase subsi-
dies or taxes. The returns to subsidies fall with spending, whereas the returns to public
charging and the fuel-economy label do not. For programs with increasing returns, the
optimal reform is all-or-nothing, and the implementation depends on the return of the
whole program rather than on the return of the marginal dollar spent.
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1 Introduction

It is well established that addressing climate change requires ambitious actions and massive
investments to decarbonize the economy (Nordhaus, 2019). Such large-scale interventions
have major implications for public finances. Given that public funds are limited, which in-
vestments should policymakers prioritize? How much should they spend on green initiatives?
Gathering more systematic empirical evidence on the social returns of large environmental

reforms is a crucial step in addressing the climate crisis.

Three methodological challenges hinder our ability to rigorously evaluate and compare en-
vironmental policies. First, existing evidence on the social returns of such policies lacks
a unified metric that enables consistent comparisons across interventions (see Hahn et al.,
2026, who address this issue for marginal reforms). Second, the empirical tools for ex-post
welfare analysis of non-marginal reforms, such as large subsidies on green technologies, re-
main underdeveloped. Third, the optimal scale of an intervention and the optimal mix of
climate policy instruments may lie far from the status quo, where causal estimates must be
extrapolated, and may involve programs that were never implemented, for which no causal

estimates exist.

In this paper, we develop a framework that combines the marginal value of public funds
(henceforth MVPF) (Hendren, 2016; Hendren and Sprung-Keyser, 2020) with structural
estimation to address these challenges. The MVPF is defined as the ratio of the willingness-
to-pay for a small change in a policy, around the status quo, to the net cost to the government.
We show how to map these two components to the deep parameters of any fully specified
structural model.! In doing so, we provide a representation of the MVPF for both marginal
and non-marginal reforms, as well as conditions for choosing an optimal mix of several policy

instruments, given a fixed budget constraint.

We define the MVPF of a non-marginal reform as the ratio of the willingness-to-pay for the
whole program to the total cost of the program. We show that this ratio is a weighted average
of the instrument-specific MVPF's along the path of the reform. Under diminishing returns,
the optimal policy equalizes the MVPF of the last dollar invested across policy instruments,
and the government should expand spending until this common MVPF falls to the cost of

raising one more dollar of public funds.

Our approach produces valid MVPF measurements that are fully consistent with, and com-

parable to, those obtained from causal estimates and the sufficient-statistics approach of

IFor the particular case of random coefficient discrete choice models (Berry et al., 1995), we derive a
closed-form solution to this mapping, which can be easily implemented by practitioners.



Chetty (2009) and Hendren (2016). In this sense, we view our analysis of marginal reforms
as complementary to those of Hendren and Sprung-Keyser (2020), Hahn et al. (2026), and
other reduced-form studies (see Hendren et al., 2026, for an exhaustive list of MVPF esti-
mates in the literature). We show that imposing structural assumptions on model primitives
has several advantages, and broadens the set of policies which can be studied within the
MVPF framework. First, our structural approach delivers the MVPF of each policy instru-
ment separately, at any point of the policy space, including instruments that were never
implemented. Second, the structural model allows us to evaluate changes in several policy
instruments at once, and to identify the policy mix and the level of spending that maximize
welfare. Most importantly, our structural approach extends the MVPF framework to non-
marginal reforms without relying on the envelope theorem logic that is ubiquitous in the

public finance literature.

We apply our methodology to three empirical studies of environmental policies in North
America, which taken together cover price instruments (e.g., subsidies and taxes), public-
good provision (e.g., public charging for electric vehicles), and informational nudges (e.g.,
green labels). The price instruments we study are subsidies to green products, including
rebates on electric vehicles in Quebec (Fournel, 2026) and financial incentives on residential
solar panels in Connecticut (Gillingham and Tsvetanov, 2019). In Quebec, local governments
provide public charging stations to satisfy the demand for charging services from electric
vehicle owners. Our analysis treats these public stations as a public good that complements
the rebates on electric vehicles. The nudge we study is a fuel-economy label presented to
potential car buyers in the United States, evaluated in the online experiment of Allcott et al.
(2025). Consumers in the experiment underweight fuel costs, and the label induces some of
them to switch to the fuel-efficient car, correcting their bias (internality) and reducing carbon
emissions (externality). While the applications based on Fournel (2026) and Gillingham
and Tsvetanov (2019) use their estimated structural models, our implementation of Allcott
et al. (2025) estimates a new structural model of car choice, based on their theoretical

framework.

In our applications, the returns to subsidies diminish with government spending. Intuitively,
this occurs because each consumer that adopts the green product receives the full subsidy,
so the fiscal cost paid to marginal consumers increases over the policy space, while the
marginal reduction in environmental damages remains relatively constant. We show that
this is sufficient to allow for an interior solution, although our empirical settings exhibit
cases where one or more policy instruments are not used at the optimum. In contrast, the

returns to public goods and nudges do not necessarily diminish with the size of the program.



The cost of an informational nudge per consumer is typically flat (e.g., printing a label), and
a public good is shared by many consumers, so the cost per marginal consumer does not
rise over the policy space as it does for subsidies. Without diminishing returns, the optimal
policy is all-or-nothing (i.e., no interior solution exists). In our applications, this happens

both for public charging and the fuel-economy label.?

Our structural approach allows us to trace the MVPF over the policy space, which is informa-
tive about the returns to policy instruments away from the status quo, including instruments
that are not yet in place. For example, in our application to electric vehicles, the first dollar
spent on battery electric vehicles returns nearly twice as much as the last dollar, and the
return falls below one just above the observed rebate ($13,000 per vehicle). Among the in-
struments that are not in place in 2020, a rebate on hybrid vehicles (available in Quebec until
2018) would return about 50% more per dollar spent than the rebates on electric vehicles, at
the observed level.® Conversely, a tax on gas guzzlers would raise its first dollars at a social
cost slightly above one dollar per dollar raised, and the social cost increases with the level
of the tax.

The marginal conditions of our framework give both the optimal mix of instruments and the
optimal level of spending on a reform. For residential solar panels in Connecticut, the optimal
policy is the Pigouvian subsidy: a state rebate that lowers the price paid by consumers by
the environmental damage avoided per watt installed. The federal tax credit is not used,
because the credit is proportional to the price of a system, while the damage avoided is
proportional to the size of the system.? The optimal level of spending lies between the 2014
and the 2021 budgets: the 2014 program spent too much, and the 2021 reform cut spending
too far. For electric vehicles in Quebec, the rebates in place are close to their optimal levels.
Most of the gain from the best policy comes from introducing a sizeable rebate on hybrid
vehicles, funded by slightly lower rebates on electric vehicles, while the tax on gas guzzlers
remains unused. In Quebec, the best policy raises total surplus by about 3% of the observed

spending.

2In our application to public charging, increasing returns occur in some large counties partly because the
demand model of Fournel (2026) does not allow for congestion effects. As a result, the policymaker finds it
optimal to invest all government funds in a few counties, and divest everywhere else. Introducing congestion
would likely restore diminishing returns everywhere.

3In South Korea, Hong et al. (2026) find larger price elasticities for hybrids than for battery electric
vehicles. In Quebec, Fournel (2026), Table 6, estimates a smaller market-level elasticity for hybrids than for
battery electric vehicles (-2.75 against -3.15), and the first dollar spent on battery electric vehicles returns
more than the first dollar spent on hybrid rebates (1.83 against 1.48). The advantage of the hybrid rebate
at the observed policy comes from its starting point at zero.

4The ranking of the two subsidies depends on the budget. The federal credit is the only instrument
used for budgets below $11.5 million, and the state rebate the only instrument used above $19.2 million, see
Figure 11.



Most climate policies are non-marginal in nature because their intended goal is often precisely
to induce large behavioral responses by consumers. The decision to implement such a policy
rests on whether the non-marginal MVPF of the full program exceeds the cost of raising
public funds for that program. In our empirical analysis of subsidies, this condition holds
whenever the marginal conditions call for spending, since the first dollars of a subsidy return
more than the last dollar.” In our applications to public charging and the fuel-economy
label, the non-marginal MVPF of the full program alone decides whether to implement the
policy.

The fuel-economy label of Allcott et al. (2025) illustrates this case. The solution to the
welfare problem is a trigger policy: the government should either implement the label at
full coverage or abandon the label. In our application, the implementation cost of the label
is not observed, and the label is fully implemented if it costs less than $18.7 per consumer
and vehicle-year. Allcott et al. (2025) propose a corrective tax on fuel-inefficient cars, which
accounts for the carbon externality and for consumers’ residual misperception of fuel costs
after seeing the label. With this tax in place, the threshold falls to $8.4, since each consumer
who switches to the fuel-efficient car stops paying the tax. The decision to implement the

label therefore depends on the other policies in place.

Related literature. This paper contributes to three strands of the economic literature.
First, we add to the extensive literature assessing the benefits and costs of environmental
reforms. Previous work has focused on estimating the marginal abatement cost or the envi-
ronmental impacts of specific climate policies (see Gillingham and Stock (2018) and Hoppe
et al. (2023) for reviews).® Other studies compare the returns of several programs. For in-
stance, Gaarder et al. (2026) study the misallocation of public funds across green investment
programs in Norway and find that an optimal reallocation of funds across programs would
nearly double emission reductions. We contribute by showing how the public finance toolkit
can be combined with structural models to perform welfare analysis. Specifically, structural
assumptions on preferences and technology allow us to extend the MVPF framework be-
yond the sufficient-statistics approach of Hahn et al. (2026), to non-marginal reforms and to

policies not yet implemented.

5For electric vehicles, the best policy has a marginal MVPF of one and a non-marginal MVPF of 1.23,
see Table 3.

6See also Timilsina (2022) for a review of the literature on carbon taxes. On specific climate policies,
studies estimating costs and benefits of government programs include Allcott (2013), Jacobsen and Kotchen
(2013), Holland et al. (2016), Allcott and Kessler (2019), Hahn and Metcalfe (2021), Jacobsen et al. (2023),
List et al. (2023), Prest and Stock (2023), Allcott and Greenstone (2024), Allcott et al. (2024), and Kotchen
(2025).



The closest paper to ours is Hahn et al. (2026), who estimate the MVPF of 96 environmen-
tal reforms from existing studies, using a sufficient-statistics approach.” Relative to their
work, our main contribution is to measure the MVPF of non-marginal reforms, such as the
introduction of a new program. Our empirical analysis shows that this distinction matters
for policies with increasing returns, such as the fuel-economy label of Allcott et al. (2025).
In these cases, the decision to implement the policy rests on the MVPF of the full program
rather than on the MVPF of a marginal change around the status quo. Our framework also
evaluates policies that were never implemented, such as a tax on gas guzzlers in Quebec, and
solves for the combination of policy instruments and the level of spending that maximize

welfare.

Beyond environmental policy, our work contributes to the public finance literature on empir-
ical welfare analysis. Seminal papers show that, under standard assumptions, reduced-form
causal estimates can be used as a sufficient statistic for beneficiaries’ willingness to pay for
a small policy perturbation around the status quo (Chetty, 2009; Hendren, 2016). Studying
non-marginal reforms using this approach is typically limited to first-order approximations of
welfare effects (Finkelstein and Hendren, 2020; Kleven, 2021). Kang and Vasserman (2025)
recently proposed welfare bounds for non-marginal changes in fiscal policy, as a robustness
measure for the standard assumption of linearity of demand. Our paper, instead, identi-
fies the MVPF of large changes in government policy by tracing the evolution of the policy
elasticities (and the corresponding MVPF) across the full policy space. Our framework also
provides a benchmark for these approximations: in all our applications, the trapezoidal ap-
proximation of Kleven (2021), with the local estimates extrapolated at a constant elasticity
as in Hahn et al. (2026), deviates from the non-marginal MVPF by 2.5% on average. For
marginal reforms, our estimates remain directly comparable to reduced-form estimates (e.g.,
Hendren and Sprung-Keyser, 2020; Hahn et al., 2026; Boning et al., 2025; Hendren et al.,
2026). Structural models necessarily impose additional assumptions on the economic envi-
ronment, but making these assumptions explicit reveals some of the implicit assumptions

behind sufficient-statistics methods.

Finally, our paper relates to the literature in empirical industrial organization that uses
structural models of demand to evaluate environmental policies. Most of this work studies

the car market (see Van Biesebroeck and Verboven, 2026, for a review), from subsidies for

"Hahn et al. (2026) also incorporate learning-by-doing into the MVPF of subsidies for green technologies.
Our framework accommodates these dynamic effects whenever the structural model includes them (e.g.,
through marginal costs that fall with cumulative production according to Wright’s rule (Wright, 1936)), but
the models of our applications do not, so our estimates for electric vehicles and solar panels exclude this
channel.



electric vehicles and charging infrastructure (Li et al., 2017; Springel, 2021; Guo and Xiao,
2023; Dorsey et al., 2025; Remmy, 2026; Hong et al., 2026; Fournel, 2026), to taxes, feebates,
and scrappage programs (Bento et al., 2009; Li et al., 2013; Durrmeyer, 2022; Gillingham
et al., 2022), emission standards and mandates (Durrmeyer and Samano, 2018; Reynaert,
2021; Armitage and Pinter, 2026; Alé-Chilet et al., 2026), and urban driving restrictions and
road tolls (Durrmeyer and Martinez, 2026), while a smaller body of work studies subsidies and
electricity tariffs for residential solar panels (Gillingham and Tsvetanov, 2019; De Groote
and Verboven, 2019; Feger et al., 2022). Several recent papers in this literature already
estimate MVPFs of non-marginal reforms (Allcott and Greenstone, 2024; Allcott et al.,
2024; Gerarden et al., 2025). We formalize the mapping between the MVPF and random
coefficient discrete choice models of demand (Berry et al., 1995), for marginal and non-
marginal reforms. Compared to this body of work, we contribute by proposing a method for
comparative analysis across various markets using a common welfare criterion. In this way,
our work creates another bridge between reduced-form (causal) and structural work beyond

those identified in Todd and Wolpin (2023).8

The rest of the paper is structured as follows. Section 2 details our conceptual framework and
our structural approach to welfare analysis. Section 3 presents an application of the theory
to the special case of discrete choice models. Section 4 presents our empirical applications

and detailed results. Finally, Section 5 concludes.

2 Conceptual framework

In this section, we describe the conceptual framework used for our welfare analysis. Our
welfare criterion is the marginal value of public funds (MVPF), which is defined as the ratio
between the policy’s benefit to its beneficiaries (measured as their willingness to pay for that

policy) and the policy’s net cost to the government (Hendren, 2016). That is,

Beneficiaries’ willingness to pay

MVPF = (1)

Net cost to government

The net cost to the government is given by the sum of the direct government expenditure

on the policy and fiscal externalities (i.e., indirect impacts on the government budget from

8Scholars such as Heckman (2010), Todd and Wolpin (2023), and Buera et al. (2023) discuss the merits
of combining “the best of both worlds” in empirical research (i.e. randomized or quasi-natural experiments
and structural models of behavior). On the one hand, structural models can help interpret the mechanisms
through which a given policy change impacts relevant outcomes and allow for counterfactual policy experi-
ments that deviate from the implemented policy. On the other hand, ex-post policy evaluation can be used
to identify and discipline behavioral models.



changes in behavior).? In what follows, we show how to adapt the sufficient-statistics toolkit

to discrete choice models of demand for green technologies.

2.1 The model

We begin by deriving the MVPF in a general environment that imposes minimal structure
on preferences, technology, or market conduct. The purpose of this section is twofold. First,
it defines the welfare objects, namely, the willingness-to-pay and the net government cost,
that any empirical implementation must measure. Second, it identifies precisely which fea-
tures of the economic environment those objects depend on. The structural exercise in the
next sections then consists of supplying these features from an estimated structural model
rather than from (reduced-form) causal estimates. The exposition draws on the theoretical
framework of Hahn et al. (2026).

A crucial distinction between our structural approach and the sufficient-statistics framework
(Hendren and Sprung-Keyser, 2020; Hahn et al., 2026) is that it is not limited to marginal
changes in the economic environment. The following sections detail how the methodology
can solve some of the limitations of the sufficient-statistics toolkit, at the cost of additional

structure on the behavior of agents.

In what follows, we consider a government policy § = (7,g,n) that includes a vector of
price instruments 7 (e.g., subsidies for electric vehicles, where negative values are taxes),
the provision of public goods g (e.g., charging stations for electric vehicles), and nudges n
(e.g., providing information about the potential cost savings of driving an electric vehicle).
We assume throughout that price instruments affect consumers only through the expansion
or contraction of the budget constraint, that public goods affect both the consumers’ utility
directly and their budget constraint (through the equilibrium price mechanism), and that
nudges affect consumers’ experienced utility (e.g., warm glow effect), consumers’ budget
constraints (e.g., equilibrium price response), and consumers beliefs about the targeted green

technology (wedge between decision and experienced utility).

The first part of this section focuses on the price instruments 7 and the provision of public
goods g. We return to the role of nudges n at the end of this section, for expositional

simplicity.'?

9An important point to note here is that, by construction, we should not inflate costs to account for the
deadweight loss of raising public expenditures in the MVPF framework (see Hendren and Sprung-Keyser,
2022, for a discussion).

10T his classification covers most instruments of environmental policy. For instance, mandates and perfor-
mance standards can usually be converted to producer taxes and subsidies whenever compliance credits are
tradeable, as in the US emission markets, and are therefore covered by the price instruments. Jacobsen et al.



Setup. Consider an economy populated by N individuals, indexed by ¢+ = 1,..., N. Each
individual chooses an action vector x; satisfying a budget set B;(#), where 6 = (7, g) is a vec-
tor collecting policy instruments under the government’s control. Without loss of generality,
we assume throughout that z; is a k-dimensional consumption bundle, 7 is a k-dimensional
vector of subsidies (negative values are taxes), g is a vector of government-provided public

goods, and m; is consumer 4’s income.

Consumption goods are produced by F' firms indexed by f =1,..., F. Let [I(x) = Zf (%)
be total profits in the economy. We assume that consumer ¢ owns a share s; of firms’ profits.
Under corporate tax rate 7., her consumption bundle thus satisfies the following budget
constraint,

Bi(0)=p0) - -z, <m;+ (1 —7)s; [I(x),

where x = (x1, ..., z)y) contains the collective decisions of all consumers in the economy.

We assume throughout that consumer ¢’s utility is additively separable in the externality
generated by the collective decisions of all agents, denoted by d;(x). That is, the utility of

consumer % is
Vi(z;,0) = ui(z;, 9) — di(x). (2)

Notice that additive separability is useful in this context to distinguish decision utility (i.e.,
what consumers internalize when choosing x;) from welfare utility (which includes the exter-
nalities generated by x;). For instance, with additively separable preferences and atomistic
consumers that take the aggregate action profile x as given, consumers choose an optimal

consumption bundle satisfying,

zi(0) = arg max ui(z, g) + i (ms + (1 = 7.) s; IL(x) — p(0) - ), (3)

where the Lagrange multiplier ); is the marginal utility of income. Note that the opti-

mal consumption bundle does not depend on environmental damages, d;(x).'’ In contrast,

(2023) provides a detailed discussion on the equivalence between vehicle emission standards and taxes. Hahn
et al. (2026) also evaluate fuel-economy and renewable portfolio standards through their implicit tax and
subsidy structure. When compliance credits cannot be traded, a standard is a restriction on the consumer’s
choice set and the welfare analysis proceeds with the same envelope logic applied to the constrained problem.
Similarly, price regulations such as price caps affect consumers through equilibrium prices and firms through
their profits, without any direct spending by the government.

With N atomistic agents, the effect of i’s own action on the externality she experiences, dd;/0x;, is of
order 1/N and hence negligible in the choice problem for large N. However, the sum of these effects across
all affected individuals is first-order for welfare. This microfounds the assumption, standard in the literature,
that agents do not internalize the environmental damage they generate (see Hahn et al., 2026).



welfare depends on both parts of the utility profile, as it depends on the choices of all

individuals.

Social welfare and total cost. Let 1); denote a set of Pareto welfare weights. Social

welfare is then the weighted sum of agents’ utilities, that is,

= Zwiui(ﬂci‘(@,g) _Z¢idi(X*(9))- (5)

J/

TV TV
Consumers’ indirect utility Externality

The total cost to the government for implementing policy 6 = (7, ¢g) includes the total fiscal
cost of the policy, minus the taxable revenues collected from firms affected by those policies,

which constitute one of the fiscal externalities defined above. That is,

C(0) = ZT%;*(@) +cg9—TC[H(X*(9)) — I(x(0))]- (6)

s

TV
Tax revenues

~
Cost of policy

where ¢, is the cost of providing one additional unit of the non-price policy g and x*(0) is

the collective actions of all agents absent government policies.

Willingness-to-pay and the marginal value of public funds. We consider a small
policy change around a currently implemented policy 6, in the direction ¢;. In what follows,
we assume the social welfare weights to be equal to the inverse of the marginal utility of
income, 1; = 1/\;, such that the total social welfare is the sum of agents’ valuation for
the policy change, in dollars.'? In this context, the (aggregate) willingness-to-pay for an

infinitesimal change to the policy along ¢; coincides with the change in aggregate social

12This normalization is standard in the MVPF literature. Formally, under arbitrary weights v;, the welfare
effect of the reform is 7; x >, WT'Pj;, where 1j; = >, m; WT'Pj;i/ >, WT'P;; is the average social marginal
utility of income (n; = 1;)\;) among the policy’s beneficiaries, weighted by their share of the aggregate
willingness-to-pay. Setting ¢; = 1/A; implies 77; = 1, as in Hendren and Sprung-Keyser (2020), so that our
MVPF measurements are directly comparable to theirs. Unless noted otherwise, we maintain this assumption
throughout the paper; Appendix C.1 shows how to recover welfare statements under arbitrary weights.



welfare, that is,
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where, by the envelope theorem, consumers’ utility gains,

1 Ou; dx? oIl dx; dp
Tt = (1-7) Y s : P
W T)zi:s Ze: or; d;  ~="" 96,

boil down to the impact of the policy on inframarginal consumers’ budget constraint (with
no behavioral response from marginal consumers). The economic interpretation of the en-
velope conditions is that, while inframarginal consumers benefit from the small increase in
subsidies through an income effect, marginal consumers (e.g., compliers) do not, since they

are indifferent between purchasing the green good or not at 6.

The impact of a small increase in the policy intensity on government finances is

dc or dz; oIl dxj
—:Ex;‘—+ §T S e E . : (8)
d@j X 30j X dej 86 8@ dOJ
Transfer to Additional Sper{dmg on Additional corporate
inframarginals  subsidy take-up public goods tax revenues

The first term represents the change in direct cost of the policy (additional spending on
inframarginals). The second term is the additional take-up of subsidies, that is, a fiscal
externality due to the behavioral change from compliers. The third term is the additional
spending on non-price interventions and the last term is the change in revenues from taxation,

a fiscal externality due to firms’ profit gains.?

The MVPF of a given policy ¢, along dimension 6, is then the ratio of the willingness-to-pay
for the incremental change in the policy to the additional costs (or the “bang-for-buck” of

the policy), evaluated at the baseline policy 6y, that is,

wTP,
acjdd,| ©)

BTt is straightforward to expand the framework to allow for increasing or decreasing marginal cost of
public good provision. In this case, ¢; = ¢4(g) and equation (8) would contain an extra term, c, g # 0,
capturing these increasing or decreasing returns.

10



Nudges and internalities. We return to the role of nudges in the consumer problem.
We redefine the vector of policy instruments under the government’s control as 6 = (7, g, n).
The derivation above assumes that agents’ decision utility, denoted u;(x,g,n) in what fol-
lows, coincides with their experienced utility w;(x,g,n). Nudges operate precisely where
this assumption may fail, if, for example, agents have incorrect perceptions about the en-
vironmental performance of a green product (List et al., 2023) or of their own actions (e.g.
Semken, 2025). In this context, the experienced utility, which matters for welfare, is realized
only after consumers purchase a given consumption bundle z; under imperfect beliefs. In

other words, the consumers solve

z;(0) = argmax u;(r, g,n) + A (m; + (1 — 7) s; 1(x) — p(0) - ), (10)

z€RF

so the first-order conditions set Ju;/0x = \; p(f), while welfare utility remains V; = u; +
d;.

This implies that the willingness-to-pay includes a direct experience effect from the nudge

and an internality correction effect, that is,

B Oll dxj . Op
WTP; = (1 —Tc);é‘ig e > 26;

i
(.

TV VvV
Shareholders’ net benefits Savings by
inframarginals

Z 1 Ouy 6g 1 Ou; On
A Og 60 - Ai On 00, (11)
Beneﬁts from Direct exp;gence effect

public goods

1 [Ou; Ouy od; dx;
*;x[m:_ i T2 Zax;def'

Internality correction Externality

The direct experience effect captures the utility consequences of receiving the nudge itself,
such as warm glow, guilt, or a hassle cost,'* while the internality correction term captures

biased beliefs about the value of the green technology to consumers.

Let ¢, be the unit cost of the nudge intervention such as producing and mailing a report on

an energy-efficiency program, or an advertisement campaign. The marginal impact of the

4 Allcott and Kessler (2019) show that these effects are quantitatively important in the case of home-energy
reports: some recipients value the reports while others would pay to stop receiving them.

11



policy on government finances is then
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2.2 Estimating MVPF in structural models

We now explain how a fully structural approach can deliver the same MVPF object as
the sufficient-statistics framework (which instead uses causal effects) under different sets of
assumptions. We first briefly present how the sufficient-statistics approach is used to estimate
welfare effects of marginal changes in policy. Then, we discuss how the structural approach
can similarly recover the willingness-to-pay and the net costs of marginal investments. Last,
because causal effects are local to an observed policy, we detail how a structural model can
expand the set of policies that can be studied under the MVPF framework to include (i)
non-marginal programs, (ii) policy bundles, that is, simultaneous changes in more than one
policy instrument, and (iii) policies that have not yet been implemented (i.e., ex ante policy

evaluation).

Marginal interventions. The sufficient-statistics approach to welfare analysis shows how
to map willingness-to-pay and costs to a relatively small set of causal effects (Chetty, 2009;
Hendren, 2016; Finkelstein and Hendren, 2020). In our setup, equations (7) and (8) make
explicit that a relatively small set of causal effects and externally calibrated parameters (e.g.
tax rates, the social cost of pollution, and a firm markup) are sufficient to estimate the
MVPF of a marginal change in subsidy 7 without additional structure on utility. Indeed,
the willingness-to-pay and costs are fully captured by the causal impact of the subsidy on

market demand dz/dr (or equivalently, by its elasticity to price, € = dz/dr - p/z).*

For public goods and nudges, a complication arises because there may be non-pecuniary
benefits (e.g., from OJu/0g and Ou/On) that have first-order impacts on utility (Hendren,
2016). These can be substantial in some settings.'® To estimate these gains using causal

effects, the researcher must estimate the dollar valuation of a unit of the public good (or

15To see this, setting dg/ 00; = 0 in equation (7) eliminates the public-goods term and leaves only the
demand response dz; /df; and externally calibrated parameters (externalities and markups), confirming that
the willingness-to-pay for a price instrument requires no additional structure on utility beyond the causal
effect itself.

6For instance, Montpetit et al. (2026) study a universal childcare program using a structural model of
childcare demand and document that non-pecuniary benefits for mothers can be even larger than earnings
gains.
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of a nudge) to beneficiaries. Hendren (2016) provides examples of the types of estimates
required in the cases of food stamps, job training programs, and housing vouchers. List
et al. (2023) similarly examine nudge policies in the cigarette, vaccine, and household energy

markets.

Our thesis is that the same objects can be estimated in a structural model, provided we
are ready to introduce additional assumptions on the fundamentals of the model. Discrete
choice models as in Berry et al. (1995) are particularly well suited to estimate demand (hence
demand elasticities) while incorporating “rich consumer heterogeneity to generate flexible
substitution patterns between products [...| and account[ing] for imperfect competition.”
(Van Biesebroeck and Verboven, 2026). We show the exact mapping to those demand models
in Section 3. Intuitively, by imposing a particular functional form on utility, the full set
of derivatives contained in equations (7) and (8) can be computed analytically or solved

numerically (see Small and Rosen, 1981; Heckman and Vytlacil, 2007).

Non-marginal policies. A crucial advantage of the sufficient-statistics framework is that
it does not require additional assumptions to evaluate marginal investments. Therefore,
the approach is particularly useful to identify where the government should invest the next
dollar of public funds. However, as Kleven (2021) points out, “real-world reforms are never
infinitesimal. If they were, we would not be very interested in them (p. 528)”. This is
especially true for climate policy, for which massive public investments are needed (Nordhaus,
2019).

For a non-marginal reform, the sufficient-statistics framework delivers a first-order Taylor
approximation of welfare effects (Kleven, 2021). Extrapolation of the local approximation
implicitly assumes that demand is linear in the policy instrument. Kang and Vasserman
(2025) show how the robustness of this approximation to deviations from linear demand
varies across empirical applications. Flexible substitution patterns between products in
structural models can generate such non-linearities, which is typically supported by the
data.

Policy mix. A policymaker looking to adopt an optimal environmental program may
consider using multiple policy instruments in tandem. Hendren and Sprung-Keyser (2020)
recognized the empirical challenge this poses for estimating welfare impacts. In particular,
when a policy change includes both a carrot and a stick (e.g., increasing a subsidy while im-
posing stricter eligibility requirements), whether the willingness-to-pay is positive or negative

is unknown. Therefore, to study budget-neutral programs, the authors suggest comparing
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the MVPF of an expenditure policy to that of a revenue-raising policy. Studying two pro-
grams in isolation and comparing their welfare impacts cannot capture potential interactions

between two policies implemented simultaneously.!”

Interactions between policy instruments might be substantial for policies implemented in
markets with strong network effects, such as interventions in the automobile market. In
our structural framework, two policies can be simulated jointly, allowing flexible interactions
between policy instruments. Capturing these interactions is crucial for balancing policies

with each other and determining the optimal mix of multiple policy instruments.

Policies not yet implemented. The ability to forecast counterfactual policies is a rec-
ognized advantage of structural models (Chetty, 2009; Todd and Wolpin, 2023). In the
treatment-effects literature, Heckman and Vytlacil (2005, 2007) discuss how the marginal
treatment effects framework can be used for counterfactual analysis. They conclude that
“when the same policy questions addressed by the structural literature are asked of the
treatment effect literature, the assumption sets used in the two literatures look very similar”
(p. 673). While the marginal treatment effect has the advantage of relying on program
evaluation methods, it requires an instrument with substantial support over the propensity
score. Therefore, for programs where such an instrument is not available, such as subsidies

for green technologies, structural models are a better-suited alternative.

In the rest of this Section, we show explicitely how the structural approach can be used
to estimate welfare impacts of non-marginal policy changes and to determine the optimal
policy mix when multiple policy instruments are implemented simultaneously. We conclude

this Section with a brief discussion of inference.

2.3 DMarginal vs. non-marginal policy changes

The framework developed in Section 2.1 considers small policy deviations, and measures the
welfare return on the next dollar spent on a policy instrument 6;, evaluated at the status quo
policy 6y. Most real-life reforms, however, are not marginal: a government contemplating the
introduction of a new subsidy program, for example, typically implies a large discrete change

in the policy environment. In this section, we extend the concepts of willingness-to-pay, net

17List et al. (2023) perform a comparative welfare analysis using existing evaluations similar to the large
MVPF studies of Hendren and Sprung-Keyser (2020) and Hahn et al. (2026). In particular, they also study
joint nudge and taxation policies within the same setting. When analyzing joint programs, they have to
parameterize the dependence structure between behavioral biases and the elasticity to the tax, so their
approach (for joint programs) is in fact a structural one.
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cost, and MVPF to non-marginal reforms, and we characterize the relationship between the

marginal and non-marginal objects.

In what follows, we denote the willingness-to-pay and the MVPF of the non-marginal reform
01 as WTP(0y — 6,) and MV PF(6y — 6,), respectively.

Willingness-to-pay for a non-marginal reform. Consider a reform that moves the
policy from 6y to #,, and decompose it into a continuum of marginal reforms along a smooth
path 0(t), t € [0,1]. Define the willingness-to-pay for each marginal reform spanned by ¢
as the vector collecting the J instrument-specific willingness-to-pay, that is, WT'P(0(t)) =
(WTPl(H(t)), s WTPJ(H(t))). Then, the willingness-to-pay for the non-marginal reform
01 = 6(1) from the status quo 0y = 6(0) is simply the sum of the small policy changes,

WTP(0y — 6,) = /1 WTP(0(t) 0'(t) dt,

_ Z [Vz‘(xf(el),@l) — Vi(z; (6o), 6o) (13)

Yy ’
~

Equivalent variation = EV;(61)

= W(61) — W(6bo).

The equivalent variation is equal to the change in social welfare if and only if the social
weights are equal to the inverse of the marginal utility of income, 1; = 1/); (an assumption

we maintain throughout the paper).'®

It is important to note that the integral in (13) is path-independent: for any sequence of inter-
mediate reforms the government implements to move 6y to #;, the accumulated willingness-
to-pay is the same and delivers exactly the transfer that consumers would accept in exchange
for the reform.' The same logic applies to government costs: the net cost function of the

non-marginal reform integrates over the marginal changes in cost over the path 0(t), ¢ € [0, 1],

18For non-marginal reforms, the equivalent variation is the income transfer at the baseline policy that would
leave an agent indifferent between the status quo and the reform, that is, V;*(0g;m; + EV;) = V;*(01;m;),
where V;*(0;m;) denotes the indirect utility of consumer 4 at income m;. The compensating variation
evaluates instead the transfer at the new policy, that would make agent ¢ indifferent with the status quo,
that is, V;*(6p; m;) = V;*(01;m; — CV;). With constant marginal utility of income, the two coincide; this
would not hold if A\; was a function of the policy, e.g., A; = \;(0) (an assumption we relax in Appendix
C.2). We work with the equivalent variation throughout, since they are the same object given our main
specification.

19With income effects, that is, \; varying along the path, the marginal willingness-to-pay measures need
not integrate to a money metric, and the evaluation of a non-marginal reform depends on the path of
intermediate reforms.
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and we have that AC(6y — 61) = C(61) — C(6).

MVPF of a non-marginal reform. The MVPF of a non-marginal reform is the ratio of

the willingness-to-pay and the net cost of the non-marginal reform, that is,

MV PF(0y — 0,) = (14)
We want to emphasize that we define the MVPF of a non-marginal reform as a ratio of
integrals, and not the integral of the ratio that forms the MVPF of marginal reforms. To see
the difference, parametrize a path 0(¢t), t € [0,1], and let MV PF(0(t)) denote the MVPF of
of a marginal reform at 6(t) along the path traced by ¢. Then, we can show that

dC(0(t))/dt

MVPF(90—>91):/O MVPF(6(t)) w(t) dt, w(t):C(Gl)—C(Ho)’ (15)

” /0 1 MVPF(6(t)) dt (16)

that is, the non-marginal MVPF is the cost-weighted average of the marginal MVPF's along
the path, where each intermediate reform is weighted by its share of the incremental cost.
Provided that the cost increases along the path, the weights w(t) are positive and sum to

one.

Trapezoidal approximation. In practice, causal estimates deliver the marginal objects
only at the observed policies, and extrapolating to non-marginal reforms typically requires
assumption about the evolution of the sufficient-statistics over the policy space (e.g., constant
elasticity, constant semi-elasticity). Kleven (2021) explains that a linear extrapolation of
local elasticities akin to the Harberger (1964) triangular approximation of deadweight loss
can be used to generate a trapezoidal approximation of welfare effects. The area below the
linear projection over the relevant interval yields a first-order Taylor approximation of the

WTP and cost of a non-marginal program.

When the marginal WTP and cost measures are available at both endpoints of the reform,
the integral in (13) can be approximated by a similar trapezoid rule; the numerator and the
denominator of (14) are each replaced by the average of their endpoint derivatives, multiplied
by the size of the reform (Kleven, 2021). The approximation is exact when willingness-to-
pay and costs are quadratic in the policy, and require no structural model beyond the two

local estimates. Since our approach delivers exact integrals, we compare the accuracy of the
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trapezoid approximation using each of the two methods (linear extrapolation and connecting

both endpoints) in our empirical applications, see Section 4.

Normalization to the no-policy counterfactual. Unlike its marginal counterpart, the
non-marginal MVPF is a two-point object: it depends on the baseline policy as much as
on the reform itself, and comparisons across reforms are meaningful only from a common
baseline. For this reason, we adopt the no-policy counterfactual as the reference point for

the remainder of the paper, and write

W(6) — W(0)

MVPE() = MVPE0 —0) = OR

(17)
where the denominator uses the normalization C(0) = 0 (i.e., the cost function of Section 2.1
was normalized such that no reform implies no impact on government finances). The object
MV PF(f) measures the average social return of the program as a whole, and it provides
us an adequate benchmark to compare the returns of reforms across different empirical
applications. We show in the next section how to use the non-marginal MVPF, evaluated
from the no-policy baseline, to recover the optimal policy mix (e.g., the optimal share of the
budget that should be allocated to each policy instrument 6;) and the optimal scale of the
policy (e.g., the total budget that should be spent on ).

2.4 Determining the optimal policy

So far, we have shown how to derive the MVPF of marginal and non-marginal policies using
a very general structural model. In practice, the MVPF framework allows for compara-
tive analysis between policies and answers the question: which policy instrument should the

policymaker prioritize?

Consider as an example the case of electric vehicles. A policymaker has access to two policy
instruments to boost adoption and reduce pollution: subsidies to electric vehicles and the
installation of public chargers. In the MVPF framework of Hendren (2016) and Hendren
and Sprung-Keyser (2020), the policymaker should prioritize the policy with the highest
MVPF.?2° That is, at the margin, the government should transfer one dollar away from
subsidies to invest in charging infrastructures if the MVPF of providing public charging is
greater than the MVPF of electric vehicle subsidies at the observed policy levels. Because

the change is at the margin, they can abstract from the impact of that reallocation on the

20We discuss the special case where the social MVPF is not equal to the monetary MVPF, which occurs
whenever v; # 1/);, in Appendix C.1.
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government’s finances (i.e., they do not need to “close” the budget constraint). However,
their approach is silent about what an optimal set of policies should look like, and what
should be the optimal level of spending on the set of environmental policies. In this section,

we leverage our structural framework to answer both questions.

Optimal reform given fixed government spending. We first determine the properties
of an optimal set of policy instruments under a fixed government budget. Without loss of
generality, we take as baseline the government’s observed spending at the status quo policy
6y, denoted by C = C(fy). The pairwise comparison in the electric vehicles example above
suggests what an optimal policy vector must look like: since moving one dollar of spending
from instrument k to instrument j changes welfare by MV PF; — MV PFj, some budget-
neutral reallocation raises welfare as long as the the MVPF's differ across policy instruments
(Hendren and Sprung-Keyser, 2020). The reallocation opportunities are exhausted at a
candidate policy 6* only when each policy instrument delivers the same marginal return,
that is,

MVPF;(6°) = p, Vj, (18)

for some common value ;2! Formally, we maintain the following assumptions throughout
this section. The policy space © is convex and compact, and it contains the no-policy point
0 = 0. Social welfare W(0) and the cost function C(f) are continuously differentiable, with
the normalization C(0) = 0 of Section 2.3. The welfare weights are ¢; = 1/);, and the
observed budget is positive, C > 0. Under these assumptions, equation (18) is the first-order
condition of the following constrained welfare maximization problem, at an interior solution

with a binding budget constraint and non-zero marginal costs,

0* = argmax W(#) st. C() <C,
G
(19)
= argmax W(0) + p (5 = C(Q)),
0ce
where the common value p > 0 is the shadow value of public funds.

Some of the results below also require that public spending exhibits diminishing returns,

in the sense that the welfare gain from an optimally spent budget is a concave function of

21Equation (18) characterizes interior optima, but corner solutions are possible. The government may
optimally leave some instruments unused, e.g., set a subsidy constrained to be non-negative. At such an
optimum, the optimality condition is replaced by the complementary slackness condition MV PF; < pu, with
equality for every instrument in use. That is, an instrument remains unused whenever its marginal social
return falls short of the shadow value of public funds .
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the budget. In our applications, welfare and costs are both convex in the policy. Welfare is
convex because the expected utility of consumers, the log-sum of Section 3, is convex in the
subsidies at given producer prices. Costs are convex because a subsidy is paid on a base that
grows with the subsidy. Diminishing returns therefore require costs to be more convex than
welfare, that is, the MVPF of the marginal reform must fall as spending rises. Concavity
of welfare together with convexity of costs is sufficient for this, but it is too strong for our
purposes. We state explicitly which results use the assumption, and we discuss in Appendix
B.9 what happens when it fails, as it does for some of the policies that we study. In that
case, the optimal mix is a corner solution, the equalized MVPF rises along the expansion

path, and there is no interior optimal scale.

In the following proposition, we show that we can also solve for #* by maximizing the non-

marginal MVPF subject to government spending being at least C, that is,

0* = argmax MVPF(9) st. C(0) >C, (20)
0o
where MV PF () = (W(6) —W(0))/C(6) is the non-marginal MVPF of the previous section,

evaluated from the no-policy baseline.

Proposition 1. (Equivalency of the welfare and MVPF problems)

(a) Let 0* be an interior solution of (20) at which the spending constraint binds, C(6*) = C,
and at which every instrument has a non-zero marginal cost, 9C(6*)/06; # 0. Suppose
that welfare is not satiated below the budget, that is, some policy of cost exactly C solves
the welfare problem (19). Then 0* solves (19) and satisfies the first-order condition
(18), with a shadow value of public funds

p=MVPF(@®)—vC > 0, (21)

where v > 0 is the Lagrange multiplier on the spending constraint of problem (20).

(b) Conversely, let 0 be a solution of (19) at which the budget constraint binds, and suppose
that no larger budget, spent optimally, delivers a higher social return per dollar than
C. This is the case under diminishing returns to public spending. Then 0 solves (20).

[fg is in addition interior with non-zero marginal costs, it satisfies (18).

The intuition for the proof is as follows. With spending fixed, the denominator of the
non-marginal MVPF is constant, so maximizing the social return per dollar is equivalent

to maximizing the social return itself. The two conditions of part (a) cannot be dispensed
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with. If welfare is satiated below the budget, the policy that maximizes the non-marginal
MVPF still maximizes welfare on the budget surface, but a cheaper policy does better. The
condition of part (b) is also necessary, since a larger budget with a higher return per dollar

would be feasible in (20) and preferred. The full proof is relegated to Appendix B.3.

Proposition 1 has an interesting consequence. In the setting of part (a), MV PF;(0*) =
MVPF(#*) —vC < MVPF(#*) for all j, since v > 0. The inequality is strict when the
returns to public spending are strictly diminishing, and an interior solution is not enough
for it (Appendix B.4). The gap between the two objects measures the curvature of social
returns to the policy, and we report both in our applications. The MVPF of the non-marginal
reform is an upper bound to the MVPF of the marginal reform, therefore, it is generally
not comparable to the MVPF estimated from causal estimates (for example, the estimates
reported by Hahn et al. 2026).%2

The two problems in (19) and (20) deliver the same optimal policy even though the iso-
MVPF curves and iso-welfare curves are distinct objects. Proposition 2 below formalizes

why.

Proposition 2. Let ¢ = {0 € © : C(0) = C} denote the government’s budget surface. Then,

(i) Restricted to €, the non-marginal MVPF is an increasing affine transformation of
social welfare, MV PF(0) = (W(6) —W(0))/C. The two objectives therefore have the

same mazximizers on the budget surface.

(i1) At any point of € where VC # 0, the iso-MVPF curve is tangent to the budget surface
if and only if the iso-welfare curve passing through the same point is tangent to the

budget surface.?

(11i) Away from €, the iso-MVPF curves and the iso-welfare curves generally do not coin-
cide. With at least two instruments, the non-marginal MVPF is a transformation of VW
on an open set of policies only if the marginal MVPFs are equalized across instruments
throughout that set.

The proof is relegated to Appendix B.5.

22The inequality reverses when the return per dollar of public spending is still rising at the observed scale,
e.g., for a public good whose benefits grow with an S-shaped adoption while its costs do not. A small program
can then have a marginal MVPF above the non-marginal MVPF. The comparison of the two objects along
a policy path is the empirical test of diminishing returns along that path, and we document reversals in our
applications. Appendix B.9 discusses this case.

23The level curve of a function is tangent to the budget surface at a point when the function is stationary
along the surface at that point, i.e., when its gradient is proportional to VC.
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Figure 1: Optimal policy mix under a fixed budget
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Figure 1 illustrates these results in a two-dimensional policy space, where the government
chooses, for example, the level of an electric-vehicle subsidy 6; and the number of pub-
lic charging stations fy. Panel (a) depicts the iso-welfare curves against the fixed budget

constraint and panel (b) the iso-MVPF curves.

Notice that the two families of level curves are very different. Welfare increases outwards,
while the non-marginal MVPF is highest close to the origin, where the first dollars of public
spending generate the largest returns. Nevertheless, both families are tangent to the budget
curve at the same point 6%, as stated in Proposition 2.2* The figure also shows a status-quo
policy 0y with the same total cost as 6*. Since 6 lies on a lower iso-MVPF curve (and a
lower iso-welfare curve), the same budget generates a smaller social returns. In this case,
a reallocation from the low-MVPF policy instrument to the high-MVPF policy instrument

generates more social welfare for the same cost.?®

24The two problems push against the budget curve from opposite sides; welfare maximization spends up to
the budget, non-marginal MVPF maximization down to it, and both meet at the tangency. Taken together,
Propositions 1 and 2 imply that we can solve for the optimum using either problem, and recover at the
tangency point the policy where the marginal MVPFs are equalized.

25Figure 1 represents the solution of a well-behaved problem that yields an interior solution. In practice,
a plethora of solutions are possible. In our empirical application, we find that corner solutions are frequent
(e.g., removing a tax or divesting a subsidy entirely). In the case of nudges and public goods, it is also
possible that the MVPF is not decreasing along the policy path (over some range) since these interventions
have first-order effects on utility that can surpass their implementation cost. When such a situation occurs,
we would have typically that MVPF(0) < MVPF(0) in the direction of that policy instrument.

21



Direction-independence at the optimum. Recall from Section 2.1 that, when the
policy space is multidimensional, the MVPF of a marginal reform depends on the direction
of the reform. It is straightforward to show that the MVPF of a reform in any direction
v with a nonzero marginal cost, VC - v # 0, and with a non-zero marginal cost for every
instrument that the reform moves, is a weighted average of the MVPF's along each dimension
(Appendix B.6), that is,

VW) - v
VC(9) v

o — (80/89])’()]
I Zk<86/86k) ’Uk7

= > w; MVPF(), (22)

where the weights and are given by the contribution of each policy instrument to the net cost
of the reform.? At the optimum, each MV PF; is equal to u by the first-order condition
in (18). In that case, the MVPF of any reform with a non-zero fiscal cost, including a
proportional expansion of all instruments, is also equal to p. In other words, the MVPF
is direction-independent at the optimal mix. Away from the optimum, the dispersion of
MVPFs across instruments measures the extent of the misallocation and indicates which
reallocation increases welfare. For instance, if the MVPF of charging stations exceeds the
MVPF of vehicle subsidies at the observed policy, welfare rises by shifting spending from
subsidies toward the network. We quantify this diagnostic in our empirical applications in

Section 4.

Optimal scale of the reform. We now turn to the second question raised at the be-
ginning of this section: what is the optimal level of government spending? We describe in
what follows how the mix and scale problems can be solved simultaneously. As the level of
spending expands, the tangency points between the iso-welfare curve, the iso-MVPF curve,
and the budget constraint trace a curve in the policy space. We call this curve the budget
expansion path, that is, the locus of optimal policy mixes at every level of government spend-
ing. Interestingly, budget curves are not needed to construct this curve. Since both families
of level curves are tangent to the budget constraint at every optimum on the path, they are

tangent to each other. The expansion path is therefore contained in the locus of tangency

26The weights are positive for reforms that expand spending on every instrument, e.g., a proportional
expansion of the program. For reforms that cut spending on some instruments while raising it on others, some
weights are negative, and the directional MVPF can lie outside the range of the MV PF}’s. By construction,
the weights w; sum to one (even if some of the w; are negative). Movements along the budget constraint,
VC - v = 0, are excluded because the marginal cost of the reform is zero. Away from the optimum, these
are exactly the budget-neutral reallocations of Hendren and Sprung-Keyser (2020): whenever the MVPFs
are not equalized, reallocating spending from the low- to the high-MVPF instrument generates a strictly
positive willingness-to-pay at exactly zero net cost (i.e., the reform “pays for itself”), so the MVPF of the
reform is 400 in the direction of the optimum and —oo in the opposite direction.
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points between iso-welfare and iso-MVPF curves, as shown in panel (a) of Figure 2, and it
coincides with that locus in the well-behaved case. We formalize this result in the following

corollary.

Corollary 1. Define the expansion path as the locus of optimal policy mixes at every level

of government spending, that is,
5:{9*(C)€@:C>0},

where 6*(C) is an interior solution to the welfare problem (19) with budget C. Let 6 be an

interior policy such that OW(0)/060; and OC(0)/00; are non-zero and of the same sign for

all j, and suppose that MV PF(0) # 0 and C(6) # 0.

(a) ]fg lies on the expansion path, the iso-MVPF curve and the iso-welfare curve passing

through 0 are tangent at 0.

(b) Conversely, if the two curves are tangent at 5, then 6 satisfies the first-order condition
(18) of the welfare problem at the budget C(g), with a positive shadow value of public
funds. Whenever this first-order condition is sufficient, e.g., if welfare is concave and

costs are conver, 0 lies on the expansion path.

In particular, the expansion path is contained in the locus of tangency points between the
two families of level curves, and coincides with it under the sufficiency condition of part (b).
It s identified from the two families of level curves alone, without reference to the budget

constraint C = C(0).

The proof is relegated to Appendix B.7. In general, the tangency points are the critical
points of welfare on the budget surface, and the expansion path is the subset of those
that are maxima of welfare at their own budget. At each point of the path, the equalized
MYV PF; of equation (18) is the shadow value of public funds at that level of spending, so the
tangency points map out a function p(C), displayed in panel (b). By the envelope theorem,
1(C) measures the welfare gain from one additional dollar of budget spent optimally, and it
declines along the path under diminishing returns (Appendix B.8). The scale problem then
reduces to identifying the point on the p(C') schedule where the marginal welfare gain equals
the marginal cost of public funds: the government should expand the program as long as an
additional dollar spent optimally generates more welfare than raising that dollar costs, that
is, until p(C) falls to the MVPF of the marginal source of public funds.

When raising one dollar costs society exactly one dollar, the optimal scale solves p(C*) = 1.
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Figure 2: Optimal scale of the reform
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Note: The shape of the p function in Panel (b) assumes the policy has diminishing
returns.

Notice that the policy recovered this way is a second-best solution. With a complete set of tax
instruments, the optimal policy at the optimal scale would be the Pigouvian schedule, that is,
a tax on each product equal to its marginal external damage.?” In our empirical applications,
the set of instruments is restricted (i.e., we are limited to the policies featured in each work,
plus any policy we can reasonably implement from the estimated parameters) and product
markets can be imperfectly competitive.?® The expansion path therefore characterizes the
best policy within the set of instruments actually available to us, and the welfare distance

to the Pigouvian benchmark is measurable within each model.

In the illustration of Figure 2, the observed budget C(fy) exceeds the optimal scale C*: the
shadow value of public funds at the observed spending level lies below one, so implementing
a second-best policy entails scaling the program back along the expansion path, even with
the mix chosen optimally at every level of spending. Notice also that the expansion path is
not a ray: as the budget grows, the composition of the optimal mix changes with the relative

returns of the policy instruments.

27 As pointed out by Hahn et al. (2026), the MVPF of a Pigouvian tax is equal to exactly 1, by construction.
28More generally, Pigouvian taxes are often impossible to implement for political-economy reasons.
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2.5 Inference

A practical advantage of our structural approach is that inference on the MVPF is straight-
forward. Every object entering the willingness-to-pay and the net cost (e.g., demand levels,
behavioral responses, passthrough, profits) is a known and differentiable function of the es-
timated structural parameter vector, denoted Z . The MVPF of any reform €, marginal or
non-marginal, is therefore a statistic of the form MV PF; = gzﬁj(z ,0), and the sampling un-
certainty of QA" translates into uncertainty about the MVPF through standard methods (e.g.,
the delta method, bootstrap).?

Because all our welfare measures derive from a single estimated model, their joint distri-
bution is available, not only their marginal distributions. Consider our example from the
previous section, where a government both subsidizes electric vehicles and provides public
charging stations. Since the same structural model encompasses both policies, inference on
the comparison of the two policy instruments becomes possible (e.g., a test for equality of
their MVPFs). This contrasts with welfare comparisons assembled from separately published
causal estimates, where the different components of the MVPF are estimated on different
samples and the correlation across estimates is unknown. In this case, comparisons across
policies require independence assumptions (see Hendren and Sprung-Keyser (2020); Hahn

et al. (2026) for the treatment of this problem by simulation).

Additionally, we can conduct inference on any not-yet-implemented policy instrument, as
long as the relevant primitives are included in the estimated structural model. For example,
a model of car choice can be used to compare an electric vehicle subsidy to a tax on gas

guzzlers, even if the latter policy was never implemented by the government.

Finally, some inputs of the welfare calculation are calibrated rather than estimated; the
social cost of carbon is a notable example. We do not treat them as random. Instead, we
report how the MVPF varies with the calibrated inputs, in the spirit of the specification
analysis in Hahn et al. (2026).

29In practice, we favor the bootstrap, which avoids computing analytical gradients and delivers the entire
distribution of the MVPF in one pass. We draw B parameter vectors ¢((®), b = 1,..., B, either from the
asymptotic distribution or by resampling the data, and we recompute the market equilibrium and the MVPF
at each draw and each point on the policy grid. The resulting pointwise confidence bands cover the entire
MVPF curve, so the same simulations that trace the curve also deliver confidence intervals. The procedure
can be easily parallelized, and no re-estimation of the model is required.
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3 Application to discrete choice demand models

We now illustrate how to adapt our methodology to a fully specified econometric model.
We follow the canonical random coefficient discrete choice model of demand of Berry et al.
(1995), the workhorse model of empirical industrial organization.*® We consider an economy
with N agents choosing among J products, indexed by 57 = 0,1, ..., J, where j = 0 indicates
the outside option of making no purchase. The set of products consists of a number of green
and brown goods, and the government’s policy instrument is a set of subsidies and taxes

6 = (1, ...,7s), where 7; > 0 indicates a subsidy.*!

Setup. FEach product j is represented by a set of observed and unobserved product char-
acteristics, denoted by x; and &; respectively, and is associated with some environmental
damages e; (e.g., present value of lifetime emissions). We define consumer ¢’s utility for

product j as
i (Giy 0,€) = 28, + Ni(yi — p; +75) + & + €5 = 65 + N yi + €55, (23)

where y; = m;+(1—7.) s; II(q) is the consumer’s total income (including their share of firms’
profits, which depends on the aggregate consumption profile q), p; is the price of product j,
and ¢; = (B;, \;) are consumer-specific preference parameters (including the marginal utility

of income). The utility of the outside good is normalized to u;o = A; y;+€:0, i.€., d;0 = 0.

Assuming that the taste shocks ¢;; follow an i.i.d. Gumbel distribution, the probability that
agent ¢ purchases product j is
exp((?ij + )\z yl) exp(dij)

’ Zg:o exp(dir + Niyi) 1+ Ziﬂ exp(dix)

and the aggregate consumption profile is

q;(0) = Z Pij (G, 0). (25)

Consumers experience a negative externality from the collective decisions of all agents. We

30We do not discuss the estimation of the model presented in this section. We presume that the model
was estimated in a previous step, and that we have obtained consistent estimates of all relevant parameters,
including marginal costs. We refer the reader to Conlon and Gortmaker (2020) for the current best practice
in demand estimation.

31'We abstract from public goods and nudges; we reintroduce them in specific applications where they are
relevant.
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denote the collective decisions of all agents by the aggregate consumption in the economy,
q = (q1,...,q7). The externality experienced by agent i is then d;(q) = > 4 d;;(e;), which
is a function of the environmental damage e; associated to each product, aggregated over
the collective consumption profile. The total utility of agent ¢ upon purchasing product j is

given by
‘/ij(Cia 0, 6) = uij(Ci? 0, 6) - di(OI)- (26)

We close the model by considering the firms producing the various products, indexed by
f =1,..,F. In general, we consider a multi-product oligopoly, with each firm offering a
subset of the products J; C J (with a slight abuse of notation). Aggregate industry profits

at a given consumption profile q are given by

() =Y (pj — ;) 5, (27)

j=1

where ¢; is the marginal cost of product j. Marginal costs are generally not directly ob-
served, but they can be recovered from the first-order conditions of multi-product Bertrand
competition, using the estimated demand system (see Berry et al. 1995; Conlon and Gort-
maker 2020).3> The first-order conditions of the firms determine (jointly with demand) the
equilibrium prices p;(7). We do not restrict subsidies and taxes to be fully passed through

to consumers.

Social welfare and total cost. We now express the welfare utility formally at optimal
consumer choices. Because the taste shocks are i.i.d. Gumbel, the expected maximized

utility has the well-known closed form solution described by Small and Rosen (1981), up to

32Notice that we are abstracting from learning-by-doing effects for tractability. Introducing dynamic effects
requires formally modeling the marginal cost function, for example, using Wright’s rule (Wright, 1936), and
transforming the supply side into a dynamic model, since firms have an incentive to lower the price today
to accelerate learning and increase profits in the future. Since learning-by-doing is not a central feature of
our applications, we ignore its contribution to the MVPF. See Hahn et al. (2026), who derive a sufficient
statistic for society’s willingness to pay for these dynamic effects, combining the slope of the learning curve
with the demand elasticity, and show how to incorporate it into the MVPF of production subsidies for green
technologies.
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an additive constant -,

Vi (6,0) = B maxVi(..6.9).

J
= ln (Z exXp (5” + >\7, Yi — dz)) + 7, (28)

Jj=0

=XN(1—-7)s1(q) +1n (1 + ZGXP (5@')) — di(q) + 7,

j=1

where the last equality factors the income term and the externality, common to all alterna-
tives, out of the log-sum (the term \; m; is absorbed by the additive constant v; = v+ \; m;).
Notice that income and the externality, which drop out of the computation of the choice prob-
abilities (hence are irrelevant for consumers’ decisions) reappear in the welfare calculation
through the expected maximum, mirroring the organizing principle of Section 2.1. We define

the total social welfare as

W) = 3w v, = 3 e, 29

where the social weights are 1); = 1/\; as previously. The total cost of implementing policy

0 is

C(6) = > a7 — 7. [1(a(6) — 1(q(0))]. (30)

Willingness-to-pay for a marginal reform. We now consider a reform that moves the
status quo subsidy schedule 6, along a direction #; = 7;. Differentiating (29) with respect

to 7; yields the willingness-to-pay along direction 7;, that is,

o Opy, gk o Opr Ok
WTP; = (1 Tc)S; {Qk o7, + (px — cx) 87]} +q; ;Qk o7, ng(ek) or;’ (31)

- /

Vv Vv Vv
Shareholders’ net benefits Savings by Externality
inframarginals
where s = ). s; is the aggregate firm ownership share and D; = > . d;;/\i = re; is the
monetary value of the environmental externality from product j, over all consumers (e.g.,
present value of lifetime emissions e; times the social cost of carbon x). The full derivation

is relegated to Appendix B.1.
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Equation (31) is the discrete choice counterpart of (7). Consumers’ willingness to pay for
a small change along 7; depends on the additional profits generated from ownership in the
firms, the mechanical benefit of the reform on inframarginal consumers, and the environ-
mental externality. Notice that the envelope theorem applies here: taking the derivative of
the log-sum term gets rid of behavioral responses and only the incremental gains to infra-
marginal consumers matter. Importantly, equation (31) shows that the willingness-to-pay
depends on two key quantities: the derivative of the market demand, which has a simple
closed form expression, and the passthrough, which typically does not. Nevertheless, it is
straightforward to calculate dpy/07; using numerical derivatives. This means that, given
structural parameters (;, our approach allows for evaluating the willingness-to-pay at any
alternative policy, say 5, by recomputing the market equilibrium at 6 and re-evaluating the

derivative of the market demand and the passthrough at 0.

The impact of the reform on government’s finances is

oC Opy, (9qk
%: q; + ZTka Z Qka—‘f‘(Pk—Ck)a (32)
J ~— Tj B Tj TJ
Transfer to ~
inframarginals Addmonal Additional corporate
subsidy take-up tax revenues

which includes the mechanical transfer to inframarginal consumers and two fiscal external-
ities: the additional subsidy payments induced by behavioral responses, and the change in

corporate tax revenues collected on firms’ profits.®?

Willingness-to-pay for a non-marginal reform. We now consider a non-marginal pol-
icy change from the status quo 6y to some counterfactual policy 6, along the direction ;.3
Since we are now considering a discrete change in the policy environment, the envelope
theorem no longer applies: consumers who adjust their behavior in response to the reform
may experience utility gains that are first-order. As mentioned in Section 2.3, an agent’s

willingness to pay for a non-marginal reform is measured by the equivalent variation, that

33Notice that incomplete passthrough drives a wedge between the two sides of the ledger: the government
spends the full transfer ¢; on inframarginal consumers, while these consumers only save ¢; — >, qx 5 ap k. The
difference, being the share of the subsidy captured by producers through higher equilibrium prices, reappears
in firms’ profits and is redistributed to consumers and to the government through ownership shares and the
corporate tax.

34We focus on a non-marginal policy change along 0; for comparability with the marginal change described
above. Our results on the MVPF of non-marginal policies hold more generally for any policy path between
0y and 0.
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is,

Gi, 0h) — V" (G, bo)

V*
EV;(QI) = — ( s

. (33)

Replacing V;* by its closed form expression and summing over all consumers, the willingness-

to-pay for the reform is

WTP; = Z)\% lln (1 + kz:;exp (5ik(01))) —1In (1 + i:exp (5ik(90)))]

% k=1

[\ /

Consumers’ wﬁingness to pa;
y (34)
J
+ (1= 7)s [M(a0) ~(a0)| =D Difan(8) - ail60)|.
~ ~~ - k=
Shareholders’ willingness to pay ~ k ~- -

Society’s willingness to pay

The willingness-to-pay for the reform therefore decomposes into the willingness-to-pay of
three groups: consumers, whose money-metric utility gain is the change in the expected
maximum utility converted into dollars; firm owners, who receive the after-tax share of the
change in profits; and the individuals bearing the environmental damages. Because our
utility specification is quasi-linear in income, the first two terms coincide with the changes in
consumer and producer surplus familiar from welfare analysis in industrial organization; the
log-sum difference is the expected compensating variation of Small and Rosen (1981). We
adopt the public finance labels because welfare weights and the government’s ledger attach
to groups of individuals rather than to sides of the market, which is what allows the incidence
of the reform to be traced consumer by consumer in our applications. The net cost of the

policy is straightforward,

s

AC; — l7j<91> = 75(00)|a3(61) + 3 7(00) [ax(61) — ax(60) | — ™ T1(a(6)) — T(a(60)) |

J/

~
Additional corporate

~
Transfer to inframarginals ~~
Additional subsidy take-up tax revenues

(35)

which is the discrete counterpart of equation (32).

4 Applications to the empirical studies

We now apply the methodology developed in the previous sections to three empirical studies

of environmental policies. We describe each work and its associated policy environment in
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what follows. Our empirical analysis of environmental policies covers the market for electric
vehicles in Quebec (Fournel, 2026), residential solar panels in Connecticut (Gillingham and
Tsvetanov, 2019) and an online experiment on car choice in the United States (Allcott et al.,
2025). These studies span the three types of policy instruments described in the previous sec-
tions: taxes and subsidies (e.g., rebates on electric vehicles, taxes on fuel-inefficient vehicles),

public goods (e.g., public charging stations), and informational nudges (e.g., fuel-economy
labels).

Table 1 describes the policies under consideration in each study. The policy space includes
the set of observed policies that are in place in the data and a set of counterfactual policies
that could have been under consideration by the policymakers at the time the observed
policies were implemented. Unless stated otherwise, the MVPF of each policy is computed
at the observed vector of policy instruments, with the counterfactual policies set to zero.
Our structural approach allows us to evaluate the MVPF at arbitrary policy levels, which

we use to determine optimal policy mixes, whenever it is relevant (see Section 4.6).

Appendix D describes each study’s structural model and the computation of the MVPFs.
We implement our methodology directly on the models and data of Fournel (2026) and
Gillingham and Tsvetanov (2019). Allcott et al. (2025) present a structural model, but their
analysis relies solely on the experimental variation to identify welfare impacts. We chose to
estimate their structural model by maximum likelihood on their experimental data. The full

methodology and the estimation details are available in Appendix D.3.2.

We keep the fiscal environment of each study and only update the social cost of carbon.
We use the recent estimates from the Environmental Protection Agency (2023), expressed
in the year and currency of each study. Our MVPFs therefore remain “in context”, in the
terminology of Hahn et al. (2026), with a valuation of carbon that reflects the most recent

estimates.

4.1 Taxes and subsidies

Two of our studies evaluate price instruments, the electric vehicle subsidies in Quebec (Four-
nel, 2026) and the subsidies to residential solar panels in Connecticut (Gillingham and Tsve-
tanov, 2019). We discuss the tax on the low-MPG car of Allcott et al. (2025) together with

the fuel-economy label in Section 4.3.

Electric vehicles. Fournel (2026) studies electric vehicle incentives in Quebec, Canada,

and the supply of public charging infrastructures, using vehicle registration and charging
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Table 1: Policies under study in our empirical applications

Policy Instrument  Level

Panel A. Electric vehicles, Fournel (2026), Quebec 2020
Observed policies:

Battery electric rebate Subsidy $8,000 prov. + $5,000 fed.

Plug-in hybrid rebate Subsidy $4,000 prov. + $2,500 fed.

Charging stations (public provision) Public good 440 added, $19,000/station
Counterfactual policies:

Hybrid rebate Subsidy Not yet implemented

Tax on gas guzzlers (>210 g/km) Tax Not yet implemented

Panel B. Residential solar, Gillingham and Tsvetanov (2019), Connecticut 2014
Observed policies (at their 2014 levels):

State rebate Subsidy $0.935 per watt ($7,300 per system)

Federal tax credit Subsidy 30% ad valorem ($7,000 per system)
Counterfactual policies (at their 2021 levels):

State rebate Subsidy $0.28 per watt ($2,200 per system)

Federal tax credit Subsidy 26% ad valorem ($7,200 per system)

Panel C. Fuel-economy labels, Allcott et al. (2025), United States 2019 experiment
Observed policies:
Fuel-economy label Nudge Universal, assumed cost $1, $5 or $10

Counterfactual policies:
Fuel-economy label, with $265 corrective tax Nudge As above

Notes: This table lists the observed policies evaluated in each application, in the currency and
year of the source. The electric-vehicle rebates are the amounts for standard models, i.e., battery
electric vehicles and short-range plug-in hybrids; long-range plug-in hybrids receive the battery electric
amounts. The solar rebate is the average of a declining step schedule in 2014, and the federal tax
credit applies to the price net of the rebate; per-system amounts are for the mean installation of 7.82
kW. The fuel-economy label was shown to every participant in the treatment arms of the experiment;
its implementation cost is not observed, so we report results for three assumed values per exposed
consumer and vehicle-year.

station data from 2012 to 2020. The provincial government in Quebec initiated its rebates
program 2012, subsidizing heavily battery electric vehicles and plug-in hybrids by $8,000
and $4,000 respectively.®®> The federal government added its own rebate program in 2019,
providing an additional $5,000 subsidy to battery electric vehicles and $2,500 to plug-in
hybrids. We consider two additional policy instruments for our study of the Quebec car
market. The first one is a subsidy on non-rechargeable hybrids (available in Quebec until
2018). The second one is a tax on fuel-inefficient vehicles, with tailpipe emissions above 210
grams per kilometer (this includes several but not all mass-market sedans and SUVs). To

ensure our welfare analysis is not based on first adopters, we compute all MVPFs on year

35A long-range plug-in hybrid, the Chevrolet Volt, was eligible for the same rebate as battery electric
vehicles. For the purpose of this exercise, we will classify this model as a battery electric vehicle.
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Table 2: MVPF of our empirical studies

Policy

Marginal
MVPF

Non-marginal

MVPF

Trapezoid

approximation

(structural)

Trapezoid
approximation
(extrapolated)

Panel A. Electric vehicles, Fournel (2026), Quebec 2020

Subsidies and taxes:
Battery electric rebate
Plug-in hybrid rebate
Hybrid rebate
Tax on gas guzzlers

Public charging:

Public charging stations

1.018 (0.037)
0.993 (0.046)
1.480 (0.106)
1.047 (0.092)

1.957 (0.190)

1.269 (0.061)
1.225 (0.067)

1.953 (0.180)

1.176 (0.050)
1.159 (0.060)

1.953 (0.180)

1.154 (0.045)
1.133 (0.054)

1.880 (0.169)

Panel B. Residential solar, Gillingham and Tsvetanov (2019), Connecticut 201}

Incentives at their 2014 levels:
State rebate
Federal tax credit
Incentives at their 2021 levels:

State rebate
Federal tax credit

0.912 (0.021)
0.897 (0.021)

1.035 (0.008)
1.030 (0.008)

0.970 (0.011)
0.998 (0.012)

1.055 (0.011)
1.142 (0.027)

0.963 (0.014)
0.975 (0.017)

1.054 (0.011)
1.118 (0.022)

0.961 (0.013)
0.972 (0.015)

1.054 (0.011)
1.115 (0.021)

Panel C. Fuel-economy labels, Allcott et al. (2025), United States 2019 experiment

Fuel-economy label:
Implementation cost of $1
Implementation cost of $5
Implementation cost of $10

Fuel-economy label with corrective tax:
Implementation cost of $1
Implementation cost of $5
Implementation cost of $10

4.482 (0.492)
2.525 (0.345)
1.634 (0.247)

1.496 (0.084)
1.192 (0.082)
0.951 (0.078)

4.347 (0.443)
2.475 (0.318)
1.608 (0.231)

1.486 (0.082)
1.177 (0.079)
0.934 (0.076)

4.347 (0.444)
2.473 (0.318)
1.607 (0.231)

1.486 (0.082)
1.177 (0.079)
0.935 (0.076)

4.361 (0.466)
2.495 (0.334)
1.626 (0.242)

1.492 (0.083)
1.191 (0.081)
0.951 (0.078)

Notes: Marginal MVPF of a small change at the observed policy; non-marginal MVPF of the reform from
no policy to the observed level; trapezoid approximation of Kleven (2021), using the marginal objects
at both ends of the reform, either from the model (structural) or extrapolated from the observed policy
at a constant price elasticity (extrapolated), as in Hahn et al. (2026). Standard errors from parametric
bootstrap draws in parentheses.

2020, the last year of the data.

At the observed policy, an additional dollar of rebate returns $1.02 of benefits for battery
electric vehicles and $0.99 for plug-in hybrids (see Panel A of Table 2).

significant gains can be realized by reallocating government funds from plug-in hybrids to

Essentially, no

battery electric vehicles, that is, the policy is almost at its optimal mix on the budget surface.
The policies generate on average $1.27 and $1.23 in benefits for each dollar spent, because
the first dollars spent are the most effective (i.e., marginal consumers generate the same
environmental benefits at a lower cost). The returns of these instruments diminish with the

level of spending, consistent with the diminishing returns assumed in Section 2.4.
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Figure 3 shows how the marginal MVPF falls over the support of the policy space. As stated
above, each additional buyer receives the full rebate, so the cost of the marginal adoption rises
with the rebate while the benefits do not, leading to diminishing returns. We can decompose
these MVPF's into their sources of funding, e.g., by the effect of the provincial rebate and
the federal rebate top up. Each dollar spent by the provincial government returned on
average $1.4 dollars in benefits, while the federal program, added afterwards, generated $1.1
in benefits for each dollar spent beyond the provincial program (see Table A4).

Figure 3: MVPF of subsidies and taxes over policy space
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Notes: This figure displays MVPF estimates over the policy space of the observed and counterfactual
subsidy programs in Quebec, based on Fournel (2026). The shaded region represents the 90% confidence
interval computed from 199 bootstrap samples.

Finally, we consider two counterfactual policies, a rebate to non-rechargeable hybrids and
a tax on gas guzzlers, defined as any vehicle with an emission rating above 210 grams per
kilometer. The results of Table 2 and Figure 3 suggest that a potential reallocation of funds
from the observed policies to finance hybrid subsidies would be welfare improving (e.g., the
MVPF of hybrid subsidies is 1.48 versus 1.02 and 0.99). However, raising revenues through
a tax on gas guzzlers could be ineffective, unless the funds are used to finance subsidies to
hybrids. The MVPF of the tax is above one, meaning that each dollar raised through the
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tax reduces welfare by more than one dollars (e.g., consumers have a high willingness-to-pay
to avoid the tax). The returns to the tax are also strictly increasing, consistent with the

theory developed in Section 2.4.

Residential solar panels. Gillingham and Tsvetanov (2019) study the demand for resi-
dential solar photovoltaic systems in Connecticut, using the purchased systems installed in
1,534 Census block groups from 2008 to 2014. T'wo separate financial incentives are available
to consumers. The first is a state incentive is a subsidy to the installer, on a per watt basis,
provided through the Residential Solar Investment Program.*® The second incentive is an
ad valorem federal tax credit on the transaction price, net of the state rebate. A higher state

rebate therefore lowers the federal credit paid on every system.

Panel B of Table 1 reports the policy levels in 2014, at the time of the study, and the policy
levels in 2021. The state incentives were substantially reduced, from $0.935 to $0.28 per
watt ($7,300 and $2,200 per system) and the federal tax credits was also reduced from 30%
to 26% ($7,000 and $7,200 per system). We compute all MVPFs on the installations of
2014, the last year of the data, and we consider the impact of both the 2014 and the 2021

policies.

An additional dollar on either subsidy returns about $0.90 in benefits at the 2014 levels, and
about $1.03 at the 2021 levels. Figure 4 traces the MVPF of each policy over their respective
support, with the dashed lines representing the 2014 and the 2021 levels (the other policy is

maintained at the 2014 baseline). In both cases, we observed strict diminishing returns.

Figure 4: MVPF of the solar subsidies over the policy space
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Notes: This figure displays the marginal MVPF of each solar subsidy over the level of the subsidy, with
the other subsidy at the 2014 level. The dashed vertical lines mark the 2014 and 2021 policy levels. The
shaded region represents the 90% confidence interval computed from 199 bootstrap samples.

36The installers keep 16% of the rebate, the rest accrues to the consumers.
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4.2 Public goods

Public charging. Fournel (2026) studies the public provision of charging infrastructures
by local government in Quebec. Local governments provide charging to respond to the
demand for charging services from new and past electric vehicle owners, and the provincial
and federal governments encourage electric vehicle adoption through subsidies. In what
follows, we consider the case where the provincial government in Quebec invest in charging
infrastructures directly, crowding out and replacing local planners.?” Public charging then
becomes a new policy lever that the government can use, jointly with subsidies, to boost

electric vehicle adoption and reduce emissions.

We conduct our welfare analysis on year 2020, similarly to our evaluation of taxes and sub-
sidies. There were 440 new station installations across all counties, at an assumed cost of
$19,000 per station. We emphasize that each dollar spent on public charging generates ad-
ditional electric vehicle adoptions, which in turn generate fiscal externalities at the observed
policy levels which increase costs beyond the mechanical dollars spent on public charging

(e.g., the government needs to pay the electric vehicle subsidy to marginal consumers).

The results of the welfare analysis are available in Table 2, panel A. We compute a sin-
gle MVPF for public charging that expand networks along the direction that preserves the
county-level distribution of the 440 new chargers installed in 2020. We return to distribu-
tional effects at the end of the section. Each dollar spent on public charging yields almost
two dollars in benefits, meaning that investments in public charging are about twice as ef-
fective as electric vehicles subsidies at the observed policy levels. The willingness-to-pay for
charging infrastructures is high, about $8.24 per mechanical dollar spent on charging sta-
tions, and each mechanical dollar spend on charging stations generates $2.96 of additional
costs in the form of subsidy take-up. Without subsidies, the MVPF of public charging would
be significantly higher, around 3.94.

Figure 5 traces the MVPF of installing public charging stations over the policy space. Start-
ing from the 2019 network, we add stations in every county in proportion to the 440 stations
added in 2020. The key observation is that the MVPF does not fall with the policy level.
This is also visible from Table 2, that is, the non-marginal MVPF is slightly lower than the
marginal MVPF, indicating that the first dollars spent on the policy are slightly less efficient

than future dollars. This is the reversal discussed in Section 2.4.

37The crowding out of local planners is a result of the model rather than an assumption. In every
counterfactual where the we let the provincial government install chargers, local governments reduce supply
one for one.
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Figure 5: MVPF of expanding the charging network
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Notes: Marginal MVPF of public charging stations in Quebec, adding stations in every county in pro-
portion to the stations added in 2020. The dashed vertical line marks the 440 stations added in 2020.
The shaded region represents the 90% confidence interval computed from 199 bootstrap samples.

In our application with public charging, the welfare function is convex, but costs increase
almost linearly in the number of stations. For this reason, the budget surface is less convex
than the welfare function and we observe non-decreasing MVPF over the policy space.’®
These types of welfare problems result in corner solutions, where the government either
spends all its resources on the policy instrument in question, or fully divest from that policy

instrument.

Public charging at the county level. Our analysis of public charging assumed that
the policymaker installs chargers in proportion to the observed equilibrium outcome in the
data. In practice, where we install public charging matters: users in cities may have a higher
willingness-to-pay for public charging if home charging is not readily available. In what
follows we break down the network decision into county-level policy instruments, all under

the control of the central government, and we perform local welfare analyses.

Figure 6 represents the MVPF of adding charging capacity in each of the 96 counties in
Quebec, evaluated at the observed policy levels. The counties are ranked by population.

There is significant heterogeneity across country, the MVPF of adding one more station

38We can generate convex budget surfaces by assuming that the cost of the public good, ¢, is increasing
in the level of public good provision. This could happen if, for example, opening new charging sites is
increasingly costly due to the lack of installation teams, the scarcity of good charging locations, or technical
challenges such as connecting a large number of infrastructures to the grid requiring local grid upgrades. We
could not find evidence in the data and the procurement records we had access to that this assumption was
reasonable.
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Figure 6: MVPF of expanding network, by county
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marginal MVPF is calculated from each county’s 2019 network to its 2020 network. Blue bars indicate
diminishing returns and red bars indicate increasing returns.

varies from 0.27 to 2.36, and there is a strong relationship with population. Installing a
station in a dense urban center benefits more consumers for the same cost, and this translates

to stronger welfare effects.

The right panel of Figure 6 shows the difference between the MVPFs of the marginal and
the non-marginal policies, which indicates the counties with diminishing returns (blue) and
increasing returns (red). For the overwhelming majority of counties, we observe diminishing
returns. This could lead to an interior solution of a corner solution, depending on total

spending and how fast the MVPF are falilng in comparison to other policy instruments.

For a few large counties, we instead find increasing returns from more public charging.
Since these counties include some of the most populous regions, the overall effect of adding
public charging in all counties also exhibits increasing returns, as documented in Figure 5.
Because these counties also have among the highest willingness-to-pay per dollar spend,
the optimal network is a corner solution where the government spend the full share of the
budget devoted to public charging in the subset of large counties with increasing returns, and
nothing elsewhere. This raises concerns about equity, which a policymaker could address by

selecting a different set of welfare weights that favor disadvantaged counties.®”

39Gee Appendix C.1 for details on how to specify the welfare function using alternative welfare weights,
similarly to Hahn et al. (2026).
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4.3 Nudges

Fuel-economy label. Allcott et al. (2025) study the effect of a fuel-economy label using
an online experiment on car choice in the United States. In the experiment, participants are
asked to choose, for a three-year lease, between a fuel-inefficient sedan (rated at 23 miles
per gallon) and a fuel-efficient sedan (rated at 30 miles per gallon) with otherwise similar
characteristics. The online experiment is run on 1,267 participants, and 1,002 participants
are exposed to an information label about the fuel efficiency of both options.*® Allcott et al.
(2025) find that consumers overvalue the fuel-inefficient car by $135 per vehicle-year on
average (e.g., because of limited attention to fuel costs) and that the label lowers the relative
valuation of the fuel-inefficient car by $59 on average (e.g., reducing their misperception

about fuel costs).

The policy intervention we evaluate is a fuel-economy label shown to a fraction n of con-
sumers.*! Our baseline estimates of the MVPF are all computed at the full exposure bench-
mark, e.g., n = 1 where all consumers are presented with the label. This is equivalent to
a mandatory fuel-economy label displayed on each car in every showroom in the country.
The cost of showing the label is not observed in the data, so we report the MVPFs for an

implementation cost of $1, $5, and $10 per exposed consumer and vehicle-year.

Our baseline estimates are reported in Table 2, panel C. The informational nudge gener-
ates between $1.63 and $4.48 of benefits per dollar spend on the policy, depending on the
implementation cost. Among the chosen empirical studies, informational nudges are by far
the most efficient from a MVPF point of view. The willingness-to-pay for the label is very
high, around $23 per consumer, mostly driven by bias correction ($11,36) and avoided carbon
damages ($10.73). The cost to the government is split between the cost of the label (between
$1 and $10), forfeited gasoline taxes ($3.11), and lower corporate taxes ($1.05).

Allcott et al. (2025) propose a corrective tax to account for the remaining consumer bias
and the environmental externality. In our setting, this is a $265 tax per vehicle-year on the

fuel-inefficient vehicle.*> We perform the welfare analysis with this corrective tax vehicle in

40Their design includes four different labels, assigned at random and equally among the 1,002 treated
individuals. The first label reports the miles per gallon of each alternative. The second label reports the
average yearly fuel cost of each car, based on the average mileage in the population. The third label is
a personalized cost label, based on each respondents reported yearly mileage. Finally, the last group is
exposed to a SmartWay label, an EPA certification for green vehicles (only the fuel-efficient vehicle has that
certification).

41 As explained previously, Allcott et al. (2025) presents a structural model, and calibrate it from moments
in their experimental data to recover the welfare effects. We instead estimate their model on their data,
using maximum likelihood. Computational details are relegated to Appendix D.3.2.

42 Allcott et al. (2025) use a social cost of carbon of $51 per ton, which leads to a corrective tax of
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place. The MVPF's are much smaller in this context, between 0.95 and 1.50. With the tax in
place, the willingness-to-pay for the label barely changes, but each consumer who switches
to the fuel-efficient car stops paying the tax. The lost tax revenue raises the net cost of the
label, from $5.16 to $15.69 per mechanical dollar paid on the label (see Table A5). Since the
tax already corrects the average distortion, the label mainly adds value by moving the most

biased consumers more than the others.

To better understand the role of bias and the label design on the welfare analysis, we perform
a series of additional counterfactual experiments. The results are presented in Figure 7.
All experiments assume a $1 implementation cost per consumer and vehicle-year. As a
comparison, we report the MVPF of the label with and without the corrective tax (in grey)
and the other experiments change elements of the model described in Appendix D.3.1 one
by one. Implementation details regarding these additional counterfactual experiments are

relegated to Appendix D.3.4.

Figure 7: MVPF of the fuel-economy label in alternative cases
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Baseline
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No bias correction H»{ 2.28
Bias

Unbiased consumers }—E}4 0.22

Other { No repricing (flat supply) I—‘—( 6.01

Notes: Marginal MVPF of showing the fuel-economy label to every consumer, at an implementation cost
of $1 per exposed consumer and vehicle-year. The two baselines are the estimates of Table 2, without
tax and with the $265 corrective tax. Every other case changes one element of the model, without
tax, as described in Appendix D.3.4. The intervals are the 90% confidence interval computed from 999
bootstrap samples.

We propose three experiments that change the design of the label. The debiasing label sets
each consumer’s bias to zero, after seeing the label. The fully targeted label reduces the bias
on average by $59, but levels out difference in biases across consumers (e.g., it has a larger
effect the further away a consumer is from the average bias). The untargeted label reduces

the bias by $59 for all consumers, preserving differences across consumers. The associated

135 4+ 50 — 59 = $126. We use a social cost of carbon at recent estimates, $193 per ton, which gives a
corrective tax of 135+ 189 — 59 = $265.
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MVPFs are 7.02, 5.57, and 1.07, that is, improving targeting significantly increases the

effectiveness of the information label.

In a second set of experiments, we study different assumptions about consumers’ bias. We
evaluate the effect of the label when the policymaker does not value the bias correction
effect, and the willingness-to-pay for the label depends almost exclusively on the associated
reduction in environmental externality. The MVPF is lower in this case, around 2.28. If
instead consumers themselves are unbiased, then the label as only a small effect, statistically

indistinguishable from zero.

In our final experiment, we impose a flat supply schedule, such that shifts in the relative
demand of each car does not entail a change in their relative price. In our main specification,
the relative price of the fuel-efficient car increases when consumer switch from the low-MPG
to the high-MPG sedan, mitigating the effect of the information label. Shutting down the
price channels therefore leads to a MVPF slightly higher, 6.01 versus 4.48, showing that

equilibrium effects have non-negligible impacts on the effectiveness of the label.

4.4 Non-marginal reforms

We now focus on non-marginal reforms. We first evaluate an observed reform, the changes
to the residential solar subsidies in Connecticut. The financial incentives were substantially
reduced between 2014 and 2021, the state subsidy fell from $0.935 to $0.28 per watt and the
federal tax credit from 30% to 26%. Second, we explore what happens when the MVPF of
the marginal reform exceeds the MVPF of the non-marginal reform, as is the case for the
fuel-economy label. In this case, the optimal policy is at either end of the policy space, and

the choice between the two depends on the non-marginal MVPF of the whole program.

Reforming an existing program. The non-marginal MVPFs of Table 2 evaluate each
program against the no-policy counterfactual, but the non-marginal MVPF can also evaluate
any reform between two existing programs. We consider the change in the residential solar
program described in Table 2. As previously, we perform the welfare analysis on year 2014,

the final year of available data.

Both policies are represented in Figure 8. The 2021 reform (red arrow) saves $12.9 million of
public spending and lowers welfare by $12.5 million. The MVPF of that non-marginal reform
is 0.966, that is, saving $1 of government funds costs $0.966 in welfare to society. Because
the non-marginal MVPF is below 1, the 2021 program raises total surplus (i.e., welfare net

of costs) by $0.44 million compared with the 2014 program.
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Figure 8: Non-marginal MVPF for residential solar policies
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Notes: Solar subsidies in Connecticut, in the market of 2014, in the plane of the state rebate per watt
and the federal tax credit rate. The solid curve gives the policies with the net public cost of the 2014
policy ($27.9 million), and the dashed curve the policies with the net public cost of the 2021 policy ($15.0
million). The red arrow goes from the 2014 policy to the 2021 policy, and the blue arrow from the 2014
policy to the policy that maximizes the willingness-to-pay on the 2021 budget. Each arrow reports the
non-marginal MVPF of the move, MV PF, i.e., the change in willingness-to-pay divided by the change
in net public cost. Both moves cut spending, so a lower MV PF means less willingness-to-pay lost per
dollar saved.

We compare these results with an alternative reform (blue arrow), set at the optimum on
the 2021 budget surface. The MVPEF of that non-marginal reform is 0.964, slightly lower
than the observed 2021 reform. Since the reform reduces spending, a lower non-marginal
MVPF indicates a better policy: welfare decreases by less for each dollar of savings. The
total change in welfare is 0.47 million against 0.44, a modest gain over the observed reform.
The policymakers in Connecticut kept the federal tax credit mostly intact while reducing the

per watt subsidy significantly, effectively favoring one policy instrument over the other.

Qualitatively, our analysis of the non-marginal MVPF's reveals that government funds should
have been directed instead towards the other policy instruments, a larger per watt subsidy
with almost no ad valorem tax credit. In practice, the two policy instruments are set by
two different levels of government. Coordination among policymakers in this case leads to a

better outcome for the same total spending.

Implementing a policy with increasing returns. We focus on Allcott et al. (2025)
and their fuel-economy experiment to study what happens when a policy exhibit increasing
returns. Recall that the policy variable is the share of consumers that are exposed to the

label, so the support of the policy goes from no coverage to full coverage. At all points on
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the policy space, the MVPF of a marginal increase in coverage is greater than the MVPF
of the non-marginal policy from the no coverage counterfactual. The solution of the welfare
problem of Section 2.4 is then to expand the budget constraint to its maximum. In this
case, this is a corner solution at the full coverage scenario, since every new dollar of spending

generates more surplus than the last.

We show how we can refine on this equilibrium with a simple rule. We suggest that a
policymaker may not want to implement a reform that, on average, generate surplus at a
rate lower than one dollar of benefits for one dollar of additional cost. Figure 9 shows the
non-marginal MVPF of the label at full coverage, with or without the corrective tax, over a
range of potential implementation costs. In both cases, the non-marginal MVPF decreases
with the implementation cost, as the information label generates roughly the same benefits
over the increasing cost schedule. The figure spans three regions, defined by the points where

the non-marginal MVPF curves drop below one.*?

Figure 9: Implementation thresholds of the fuel-economy label
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Notes: Non-marginal MVPF of showing the fuel-economy label to every consumer, from n =0 ton =1,
against the implementation cost per exposed consumer and vehicle-year, without tax (solid curve) and
with a tax of $265 per vehicle-year on the low-MPG car (dashed curve). The vertical lines mark the
implementation costs at which each non-marginal MVPF equals 1, $8.41 with the tax and $18.69 without.

When the implementation cost is low enough (e.g., this is the first region of Figure 9), the
policymaker would implement the label at full coverage. However, as the implementation
cost increases, one or both policies can become inefficient: the non-marginal MVPF drops
below one, and it is optimal for the policymaker to eliminate the reform. Policies with

increasing returns behave fundamentally differently than policies with decreasing returns.

43The choice of the threshold is arbitrary, some policymarkers may want to set a different threshold, based
for example on the MVPF of the best funding source for the policy.
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Interior solutions are never optimal, and the policymaker alternates between corner solutions

(e.g., full coverage or no coverage).

The same pattern is observed for public charging. Recall from Figure 6 that some large
municipalities exhibit both a high MVPF and increasing returns. The optimal program in
the public charging application shares the same features as the fuel-economy program: it is
optimal to increase public charging in counties with increasing returns, and eliminate public

charging altogether in all other counties.**

4.5 Trapezoidal approximations

As discussed in Section 2.2, the sufficient statistics approach and our structural approach
give comparable measures for the MVPF of marginal policies, evaluated at the observed
policy environment. Computing the MVPF of non-marginal policies from causal estimates
requires an extrapolation from the observed reform and additional assumptions on the policy

elasticities.

We use our framework to assess the quality of the trapezoidal approximation proposed by
Kleven (2021) and described in Section 2.3. In the traditional MVPF framework, we would
approximate the integrals below the willingness-to-pay and the cost curves over the pol-
icy space by extrapolating local policy elasticities linearly and calculating the area of the

resulting trapezoids.

The results are presented in the last two columns of Table 2. We provide two approximations.
The first one uses the structural model to estimate the policy impact both ends of the reform,
and compute the approximation described in Section 2.3 exactly (see column 3). The second
approximation extrapolates from the estimated policy impact at the observed outcome to
the no-policy outcome (see column 4). We assume a constant policy elasticity, in line with

what we would do if we had only access to causal estimates.*

The trapezoidal approximation works remarkably well when it is based on structural esti-

mates at both ends of a reform path. The mean absolute deviation is 1.4% (median: 0.07%)

44The corner solution is a consequence of the absence of congestion effects in the demand model of Fournel
(2026). One more station always raises the utility of electric vehicle owners, and does not depend on the
installed base of electric vehicle owners. In this context, adding one charger in high-population, high-adoption
counties raises the welfare of many consumers too much compared to the fixed cost of adding one charger,
and leads to corner solutions where you invest in some counties without bounds, and divest everywhere else.

45The policy elasticities at the observed outcome are the same in both cases, only the policy elasticities
at the counterfactual outcome differs. We use the structural model to recover the policy elasticities at both
ends of the reform. In the sufficient statistics approach, we would use instead an estimated causal effect at
the policy and extrapolate from a constant elasticity.
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and the maximum absolute deviation is 7.3% for battery electric vehicle subsidies. The
extrapolation also provides a good approximation of the non-marginal MVPF in all appli-
cations. For the residential solar and the fuel-economy label cases, the constant elasticity
assumption matches the specification of the structural model. The same is not true for
the application to electric vehicles: the utility function is linear in prices and has the Box-
Cox functional form in public charging stations, and thus, the associated elasticities are not
constant over the policy space. Nevertheless, the approximation based on an extrapolation
performs only slightly worse: the mean absolute deviation is 2.5% (median: 1.2%) and the

maximum absolute deviation is 9.1% (for battery electric vehicle subsidies).

We test the quality of the trapezoidal approximation under different structural assumptions
when extrapolating from the observed reform. When assuming a constant semi-elasticity
rather than a constant elasticity (e.g., the utility is linear in prices rather than log-linear), we
reduce the maximum absolute deviation from 9.1 to 7.5% of the non-marginal MVPF, which
is similar to the approximation that uses the structural model at both ends of the reform
(7.3%). Therefore, we highlight that extrapolating away from the observed outcomes using
causal estimates, while not entirely assumption-free, may be quite robust to misspecification

in our chosen empirical applications.

4.6 Optimal policy and the expansion path

We have established so far that, for policies with increasing returns, the optimal program is
a corner solution at either end of the policy space (see Section 4.4). Among the empirical
settings under study, this occurred for public goods (i.e., public charging) and informational
nudges (i.e., fuel-economy label). For price instruments, we find instead evidence of dimin-

ishing returns, and an interior solution to the welfare problem may exist.

In what follows, we study an optimal program in the two empirical settings that include
subsidies and taxes, that is, Gillingham and Tsvetanov (2019) on residential solar, and
Fournel (2026) on electric vehicles. In both cases, we solve for two different types of optimum:
the first preserves the observed government spending, so we are essentially solving for a more
efficient policy mix, and the second finds both the optimal policy and the optimal government

spending jointly.

Residential solar panels. We begin with the empirical application on residential solar
subsidies, based on Gillingham and Tsvetanov (2019). There are two policy instruments:
a state rebate per watt of installed capacity, and a federal tax credit applied to the net

price of the system. We will assume throughout that a single policymaker decides on both
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Figure 10: Optimal solar subsidies under a fixed budget
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Notes: Solar subsidies in Connecticut, in the market of 2014. The grey curves are iso-MVPF curves, the
blue curve is the budget of the observed policy, and the dashed red curve is the iso-MVPF curve through
the best policy on that budget.

policies. While this is not an exact representation of the true policy state, it is still useful to
understand what would be optimal under perfect coordination between the state and federal

governments (and pooled government resources).

Since there are only two policy instruments, a clean graphical representation of the optimal
policies is possible. Figure 10 presents the optimal policy mixes given the 2014 budget
(panel (a)) and the 2021 budget (panel (b)). We represent the budget surface in blue,
and the iso-MVPF curves in gray. The iso-MVPF curve of the optimum is the dashed red
line. We find that the federal tax credit should be significantly lower on the 2021 budget,
around 8%, and completely eliminated on the 2014 budget. The savings from the federal
tax credit are reinvested in flat subsidies per watt ($1.92 and $1.03 per watt, respectively).
Since both policies are price interventions on the same product, and only the delivery differs
(e.g., flat versus ad valorem) the state program crowds out part of the federal program, and
a slight advantage in targeting from either program (e.g., price versus size) can translate
in one policy instrument dominating the other over a range of government spending, as is
the case at the 2014 budget. Under the 2021 budget, the iso-MVPF curve at the optimum
almost coincides with the budget surface, both policy are essentially equivalent, and we get

an interior solution.

We now consider the problem of finding both the optimal policy mix and the optimal gov-
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Figure 11: Optimal solar subsidies under a free budget
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Notes: Solar subsidies in Connecticut, in the market of 2014. Panel (a) shows the expansion path 6(C),
with the budgets of the 2014 and 2021 policies (dashed) and the budget at the optimal scale C* (blue).
Panel (b) shows the shadow value of public funds p(C') along the path.

ernment spending, described in Section 2.4. We construct the expansion path, that is, the
set of optimal reforms 6(C') over all possible total costs C, as the set tangency point be-
tween the iso-MVPF curves and the budget surfaces spanned by C. The result is presented
in Figure 11, panel (a). We uncover an interesting pattern. Essentially, we can split the
set of potential budgets in three sections, low budget (below $11.5M), intermediate budget
($11.5M to $19.2M), and high budget (above $19.2M). On the low budget segment, the ad
valorem tax credit dominates and there is no per watt rebate, on the high budget segment,
there is no ad valorem tax credit and the per watt rebate dominates, and we get an interior
solution with both incentives in between. The best policy instrument changes as we increase

the budget, and we move from one corner solution to the other.

Panel (b) of Figure 11 shows the shadow value of public funds, against the net public cost of
the reform. This is the direct counterpart of the expansion path of panel (a). We depict the
shadow value and the net public cost of the best policy achievable under the 2014 and the
2021 budgets, as well as the point where the shadow value is equal to one. We select this
point to represent the best policy achievable under any budget constraint, e.g., the point at
which one dollar spent generates one dollar of welfare. The associated policy sits at the kink
where the ad valorem tax credit becomes inefficient. The total government spending reaches
$19.2M and the associated best policy is a $1.52 per watt subsidy. Since installers keep
about 16% of the rebate, this lowers the price paid by consumers by $1.28 per watt, which
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is the environmental damage avoided per watt installed. The optimal policy is therefore
the Pigouvian subsidy discussed in Section 2.4. The federal credit is not used, because it is
proportional to the price of each system, while the damage avoided per watt is the same for

every system.

Electric vehicles. We repeat the same experiment for the empirical setting in Fournel
(2026). We consider the two subsidies already in place, and two alternative policy instru-
ments, a subsidy on non-rechargeable hybrids and a tax on gas guzzlers.* The results are
presented in Table 3. The first column is the observed policy, the second column is the best
policy on the same budget, and the third column is the best policy with the shadow value

of public funds equal to one.

Table 3: Optimal policy mix and scale for electric vehicles

Observed  Best policy, Best
policy same budget policy

Panel A. Policy instruments

Battery electric rebate 13,000 12,221 13,566
Plug-in hybrid rebate 6,500 5,778 6,505
Hybrid rebate 0 4,440 5,280
Tax on gas guzzlers 0 14 0
Panel B. MVPF and cost

MVPF 1.013 1.050 1.000
Non-marginal MVPF 1.257 1.281 1.234
Total cost (million) 264.5 264.5 323.1

Notes: Electric vehicles in Quebec in 2020, based on Fournel
(2026). The best policy at the same budget keeps the total cost
of the observed policy, and the best policy sets the MVPF of
every instrument in use to one. Abated emissions are the lifetime
emissions of the 2020 vehicles relative to no policy.

We want to highlight a few findings. Under the observed budget, the government should cut
the rebates on battery electric vehicles and plug-in hybrids by about $750 each and introduce
a hybrid rebate of $4,440 per vehicle. The reallocation equalizes the marginal MVPFs of
the three rebates at 1.05 and raises total surplus by $6.2 million. The tax on gas guzzlers is
never implemented. Raising a dollar with the tax costs about $1.05 of in benefits to , so the

optimal tax under the observed budget is negligible, around $14 per vehicle.*”

46We keep public charging endogenous, following the network supply model described in Appendix D.1.1.
WIth public charging as an additional instrument, the optimal policy would be trivial: remove all subsidies
and invest on network without bounds.

4TUnder lower government spending, it becomes efficient to tax gas guzzlers to raise additional funds and
reinvest in subsidies.
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We next evaluate the best policy jointly with the optimal government budget. The govern-
ment should spend $323 million, 22% more than in 2020, with all three rebates above their
levels at the observed budget. The additional spending raises total surplus further by $1.4
million, so most of the gain from the best policy comes from the hybrid rebate rather than

from the level of spending.

5 Conclusion

In this paper, we propose a method to estimate the marginal value of public funds in struc-
tural models of demand. At the cost of additional assumptions on consumers’ utility, our
framework addresses several limitations of the sufficient-statistics approach. The structural
model allows us to measure the MVPF at any point of the policy space, including policies
that have never been implemented, to evaluate non-marginal reforms, and to find the optimal
mix and scale of several policy instruments under a budget constraint. For marginal reforms,
our estimates are consistent with, and comparable to, those of the sufficient-statistics ap-
proach, which remains the natural tool for small policy changes. Our method therefore
extends the MVPF framework to any study based on a structural model, and we view this

work as complementary to program-evaluation methods.

We apply the methodology to three studies of environmental policies: electric vehicles and
public charging in Quebec, residential solar panels in Connecticut, and fuel-economy labels
in the United States. For price instruments, such as subsidies to electric vehicles and solar
panels, returns diminish with spending, and the welfare problem allows for an interior solu-
tion. For public goods and informational nudges, such as public charging and fuel-economy
labels, returns do not diminish, and the optimal policy is a corner (e.g., a label with full
coverage or no coverage). The decision to implement these policies then depends on the

non-marginal MVPF of the whole program, rather than on the marginal MVPF.

Our study highlights the potential of structural demand models for studying a broader set of
policies under the MVPF framework. However, this approach comes at the cost of structural
assumptions on the economic problem, and conclusions about policies far from the status
quo depend on these assumptions. Developing intermediate approaches that preserve the

benefits of causal inference methods is an important direction for future research.
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Table Al: Calibrated parameters, Fournel (2026)

A Appendix Tables and Figures

Parameter Value Source
PANEL A: Environmental externality
Social cost of carbon, in 2020 $245/t ECCC (2023)
Discount rate (damages and fiscal flows) 2% ECCC (2023)
Expected vehicle lifetime 12.02 years Fournel (2026)
Average yearly mileage 22,053 km  Fournel (2026)
Present-value lifetime mileage 238,230 km  Computed
Social cost of carbon, present value over vehicle’s life $269/t  Computed
Tailpipe CO5 rating, sales-weighted mean
Internal combustion vehicle 215 g/km  Fournel (2026)
Battery electric vehicles 0 g/km Fournel (2026)
Plug-in hybrid vehicles 72 g/km  Fournel (2026)
Hybrid vehicles 134 g/km  Fournel (2026)
Lifetime damages per vehicle, sales-weighted
Internal combustion vehicle $13,792 Computed
Battery electric vehicles $0 Computed
Plug-in hybrid vehicles $4,597 Computed
Hybrid vehicles $8,5657  Computed
PANEL B: Fiscal externalities
Corporate tax rate (7.) 27%  Fournel (2026)

Gasoline tax

$0.192/litre

Fournel (2026)

Gasoline CO4 content 2,345 g/litre  Computed
Lifetime gas-tax revenue per vehicle, sales-weighted
Internal combustion vehicle $4,197 Computed
Battery electric vehicles $0 Computed
Plug-in hybrid vehicles $1,399 Computed
Hybrid vehicles $2,605 Computed

Federal levy on fuel-inefficient vehicles

$1,000 — $4,000

Fournel (2026)

PANEL C: Policy instruments, in 2020

Battery electric rebate $13,000 Fournel (2026)
Plug-in hybrid rebate $6,500 Fournel (2026)
Government spending $248.5M  Fournel (2026)
Charging stations installed 440 Fournel (2026)
Charging stations stock (end of 2019) 2,371  Fournel (2026)
Cost of a charging station $19,000 Assumption

PANEL D: Estimated parameters
Marginal utility of income ();), mean (std.dev.)

0.769 (0.148)

Fournel (2026)

Notes: Inputs of the MVPF calculations for the Quebec application, evaluated in 2020.
All monetary values are reported in 2020 Canadian dollars. The social cost of carbon
is the Environment and Climate Change Canada (ECCC) path, and damages and fiscal
flows over the expected vehicle life are discounted at 2%. The externality covers tailpipe
CO3 only (i.e., excluding other pollutants and emissions from production), valued at
the product level. The vehicle-type figures are sales-weighted averages over the 2020
registrations, and are reported as a reference.
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Table A2: Calibrated parameters, Gillingham and Tsvetanov (2019)

Parameter Value Source

PANEL A: Environmental externality

Social cost of carbon, in 2014 $156/t EPA (2023)

Social cost of carbon, present value over the system’s lifetime $193/t Computed

Discount rate (damages) 2% EPA (2023)

System lifetime 25 years  Gillingham and Tsvetanov (2019)

Lifetime generation per watt installed

Marginal emission rate of displaced electricity
Lifetime avoided emissions per kilowatt installed
Present-value avoided damages per watt installed

32.26 kWh

258 g CO2/kWh

8.32¢
$1.282

Gillingham and Tsvetanov (2019)
Gillingham and Tsvetanov (2019)
Computed
Computed

PANEL B: Fiscal externalities
Corporate tax rate, federal and state ()
Federal tax credit, share of the post-rebate price

39.9%
30%

Statutory rates
Gillingham and Tsvetanov (2019)

Lost electricity-tax revenue per watt installed $0.00 Assumption

PANEL C: Policy instruments and market, in 2014

State rebate, average per watt $0.935 Gillingham and Tsvetanov (2019)
Post-rebate price per watt, installation-weighted mean $2.98 Gillingham and Tsvetanov (2019)
System size, mean 7.82 kW  Gillingham and Tsvetanov (2019)
Installations (model; observed 1,974) 2,012 Computed

Installed capacity (model; observed 15,429 kW) 15,733 kW  Computed

State rebate spending $14.7M  Computed

Federal tax credit spending $14.1M  Computed

PANEL D: Estimated parameters

Passthrough of the rebate to households (p)

Price coefficient, any installation in the block group
Price coefficient, number of installations

Price elasticity of installed capacity

0.844 (0.045)
—0.201 (0.109)
—0.428 (0.133)

—0.95

Gillingham and Tsvetanov (2019)
Estimated
Estimated
Computed

Notes: Inputs of the MVPF calculations for the Connecticut application, evaluated in 2014, the last year of the estimation
sample of Gillingham and Tsvetanov (2019). All monetary values are reported in 2014 U.S. dollars. The externality covers the
CO4 emissions avoided by displacing grid electricity over the 25-year life of a system, valued at the social cost of carbon used
by Gillingham and Tsvetanov (2019) and discounted at 2%); the lifetime generation per watt and the marginal emission rate
of displaced electricity are taken from their Section 7.3. The state rebate is the average rebate per watt paid in 2014 (their
Table 9). The federal tax credit is 30% of the price net of the state rebate. Rebates are passed through to households at the
rate estimated in their Table 8, and we assume that the federal credit accrues entirely to households. Installations, installed
capacity, and spending on both instruments are model predictions at the observed 2014 policy, and are reported as a reference
next to the observed values. The price coefficients are our estimates of the two parts of the hurdle demand model of Gillingham
and Tsvetanov (2019), the probability that a block group has any installation and the number of installations, estimated with
correlated random effects at the block-group level, with standard errors clustered at the town level in parentheses. The price
elasticity of installed capacity is the corresponding model elasticity in 2014.
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Table A3: Calibrated parameters, Allcott et al. (2025)

Parameter Value Source
PANEL A: Environmental externality
Social cost of carbon $193/t EPA (2023)

Gasoline CO9 content
Fuel economy, low-MPG and high-MPG car
Average yearly mileage

8.87 kg/gallon
23 and 30 MPG
10,803 miles

Allcott et al. (2025)
Allcott et al. (2025)
Allcott et al. (2025)

Additional gasoline of the low-MPG car, per year 110 gallons Computed
Carbon damages of the low-MPG car, per vehicle-year $187.6 Computed
PANEL B: Fiscal externalities

Corporate tax rate, federal and state (7.) 25.8% Statutory rates

Federal gasoline tax
State gasoline tax, sample mean

$0.184/gallon
$0.318/gallon

Statutory rate
FHWA (2020)

Gasoline-tax revenue of the low-MPG car, per vehicle-year $54.6 Computed

PANEL C: Policy instrument and market

Exposure to the label 0 to 100% Policy experiment
Implementation cost per exposed consumer, per vehicle-year $0 — $10  Assumption
Passthrough of a tax on the low-MPG car (p) 0.8 Allcott et al. (2025)
Markup 0 Allcott et al. (2025)
Market share of the low-MPG car without the label 20.9% Computed

Change in the market share under the label —5.4 p.p. Computed

Participants (choice observations)

1,267 (2,534)

Allcott et al. (2025)

PANEL D: Estimated parameters

Bias in the valuation of the low-MPG car (vy;), mean 134.0 (16.9) Estimated
Bias, standard deviation 381.6 (18.4) Estimated
Share of consumers who respond to the label 0.549 (0.038) Estimated
Effect of the label on responders (7;), mean —59.9 (16.4) Estimated
Effect of the label, slope on the bias —0.382 (0.074) Estimated
Effect of the label, slope on the participant taste (5y) —0.447 (0.057) Estimated
Effect of the label, residual standard deviation 149.9 (19.4) Estimated
Slope of demand for the low-MPG car, per dollar —0.00052 Computed

Notes: Inputs of the MVPF calculations for the fuel-economy label application, based on the cars experiment
of Allcott et al. (2025). All monetary values are in US dollars per vehicle-year, and valuations are those of
the low-MPG car relative to the high-MPG car, as elicited in the experiment. The externality covers tailpipe
COs only, valued at the social cost of carbon used by the authors; it is respondent-specific in the model (i.e.,
it depends on self-reported mileage), and the table reports sample means. The corporate tax rate combines
the federal statutory rate of 21% with the average state rate. Gasoline taxes combine the federal rate with
the rate of each respondent’s state of residence, taken from the Federal Highway Administration’s Highway
Statistics (Table MF-205, rates as of December 31, 2019); these exclude general sales taxes that some states
apply to gasoline. The policy is the share of the market exposed to the label, and the MVPF is evaluated at full
exposure. The implementation cost is per consumer exposed to the label (i.e., not per consumer whose choice
changes); since it is not observed, we report the MVPF over a range of values. The supply side follows the
authors: a linear relative supply curve calibrated so that the passthrough of a tax on the low-MPG car is 0.8,
with no markup. The estimated parameters come from our structural model of the experiment’s multiple price
list responses, estimated by maximum likelihood, with standard errors clustered by participant in parentheses.
The bias is the wedge between the decision and the experienced valuation of the low-MPG car, and the label
shifts the decision valuation of the consumers who respond to it; the slope on the bias indicates how much of a
respondent’s bias the label undoes. The slope of demand is the one implied by the model at the baseline price
(Allcott et al. (2025) report —0.00060).
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Table A4: MVPF decomposition (part 1)

Willingness-to-pay Net cost
Internality Environmental Transfer to Additional ~ Public-good or  Additional Other tax
Policy instrument Consumers  correction  Shareholders externality Total inframarginals take-up nudge spending tax revenues revenues  Total MVPF
Panel A. Electric vehicles, Fournel (2026), Quebec 2020
Marginal reforms:
Battery electric rebate 1.085 0.284 0.670 2.040 1.000 0.887 0.014 0.105 -0.207 2.003 1.018
Plug-in hybrid rebate 1.071 0.274 0.299 1.643 1.000 0.648 0.014 0.101 -0.094 1.654 0.993
Hybrid rebate 1.003 0.274 -0.019 1.258 1.000 -0.045 -0.001 0.101 0.003 0.850 1.480
Tax on gas guzzlers -1.039 -0.252 0.579 -0.712 -1.000 0.042 0.001 -0.093 -0.184 -0.680 1.047
Public charging stations 4.768 1.192 2.211 8.171 0.000 2.927 1.000 0.441 -0.688 4.174 1.957
Non-marginal reforms (individual reforms):
Battery electric rebate 0.742 0.187 0.448 1.376 1.000 0.003 0.012 0.069 -0.138 1.085 1.269
Plug-in hybrid rebate 0.800 0.205 0.230 1.235 1.000 0.000 0.012 0.076 -0.072 1.008 1.225
Public charging stations 4.798 1.196 2.241 8.235 0.000 2.962 1.000 0.442 -0.697 4.216 1.953
Non-marginal reforms (full program):
Provincial and federal rebates 0.753 0.191 0.394 1.338 1.000 0.000 0.013 0.071 -0.122 1.065 1.257
Provincial rebates alone 0.870 0.205 0.446 1.522 1.000 0.000 0.017 0.076 -0.138 1.079 1.410
Federal top-up given provincial rebates 0.885 0.252 0.481 1.618 1.000 0.460 0.012 0.093 -0.149 1.527 1.059
Panel B. Residential solar, Gillingham and Tsvetanov (2019), Connecticut 2014
Marginal reforms:
State rebate, 2014 level 0.591 0.117 0.332 1.039 1.000 0.470 0.077 0.253 1.139 0.912
Federal tax credit, 2014 level 1.000 0.038 0.552 1.590 1.000 0.799 0.025 0.000 1.773 0.897
State rebate, 2021 level 0.625 0.100 0.304 1.029 1.000 0.280 0.066 0.219 0.994 1.035
Federal tax credit, 2021 level 1.000 0.010 0.478 1.487 1.000 0.450 0.006 0.000 1.444 1.030
Non-marginal reforms (individual reforms):
State rebate, 2014 level 0.527 0.094 0.277 0.898 1.000 0.214 0.062 0.226 0.925 0.970
Federal tax credit, 2014 level 0.839 0.028 0.412 1.280 1.000 0.301 0.019 0.000 1.282 0.998
State rebate, 2021 level 0.605 0.094 0.288 0.986 1.000 0.209 0.062 0.213 0.935 1.055
Federal tax credit, 2021 level 0.857 0.007 0.361 1.225 1.000 0.078 0.005 0.000 1.073 1.142
Non-marginal reforms (full program):
2014 program (rebate and credit) 0.682 0.048 0.310 1.039 1.000 0.000 0.032 0.000 0.968 1.073
2021 program (rebate and credit) 0.799 0.022 0.329 1.149 1.000 0.000 0.014 0.000 0.986 1.166
2014 program to 2021 program -0.738 -0.104 -0.387 -1.228 -1.000 -0.549 -0.069 -0.208 -1.272 0.966

Notes: Each entry is expressed in dollars of the mechanical term of the reform, that is, the transfer to inframarginal buyers for a price instrument and the spending for a public good or a nudge. Non-marginal reforms start from
the no-policy counterfactual and are normalized by their full outlay. Consumers collects what accrues to households given their choices: the incidence of the transfer and of equilibrium price changes, the benefits from public
goods (e.g., in Panel A, the value of the charging stations that local planners add in response to the rebates), and any direct experience effect of a nudge, which is set to zero in the label application. Internality correction is
the wedge between decision and experienced utility times the behavioural response, and is therefore carried only by consumers whose choice changes. Shareholders are after-tax profits, and the corporate tax on profits appears
under additional tax revenues. Additional take-up is the subsidy paid on induced purchases, and public-good or nudge spending includes, in Panel A, the stations induced by the rebates. Other taz revenues are gasoline taxes
and, in Panel B, the interaction between the state rebate and the federal tax credit. A column is left empty when the application does not feature the channel. The MVPF is total willingness-to-pay over total net cost.
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Table A5: MVPF decomposition (part 2)

Willingness-to-pay

Net cost

Internality Environmental Transfer to  Additional ~Public-good or  Aqditional  Other tax
Policy instrument Consumers  correction  Shareholders externality Total inframarginals  take-up nudge spending tax revenues revenues  Total MVPF
Panel C. Fuel-economy labels, Allcott et al. (2025), United States 2019 experiment
Marginal reforms:
Fuel-economy label, cost of $1 4.077 11.364 -3.025 10.726 23.142 0.000 1.000 -1.052 -3.112 5.164 4.482
Fuel-economy label, cost of $5 0.815 2.273 -0.605 2.145 4.628 0.000 1.000 -0.210 -0.622 1.833 2.525
Fuel-economy label, cost of $10 0.408 1.136 -0.303 1.073 2.314 0.000 1.000 -0.105 -0.311 1.416 1.634
Fuel-economy label with $265 tax, cost of $1 1.525 14.529 -1.131 8.547 23.470 11.810 1.000 -0.393 -2.483 15.687 1.496
Fuel-economy label with $265 tax, cost of $5 0.305 2.906 -0.226 1.709 4.694 2.362 1.000 -0.079 -0.497 3.937 1.192
Fuel-economy label with $265 tax, cost of $10 0.152 1.453 -0.113 0.855 2.347 1.181 1.000 -0.039 -0.248 2.469 0.951
Non-marginal reforms (individual reforms):
Fuel-economy label, cost of $1 4.731 11.193 -3.511 10.566 22.980 0.000 1.000 -1.221 -3.066 5.287 4.347
Fuel-economy label, cost of $5 0.946 2.239 -0.702 2.113 4.596 0.000 1.000 -0.244 -0.613 1.857 2.475
Fuel-economy label, cost of $10 0.473 1.119 -0.351 1.057 2.298 0.000 1.000 -0.122 -0.307 1.429 1.608
Fuel-economy label with $265 tax, cost of $1 1.909 13.942 -1.416 8.210 22.644 11.359 1.000 -0.492 -2.385 15.237 1.486
Fuel-economy label with $265 tax, cost of $5 0.382 2.788 -0.283 1.642 4.529 2.272 1.000 -0.098 -0.477 3.847 1.177
Fuel-economy label with $265 tax, cost of $10 0.191 1.394 -0.142 0.821 2.264 1.136 1.000 -0.049 -0.239 2.424 0.934

Notes: Each entry is expressed in dollars of the mechanical term of the reform, that is, the transfer to inframarginal buyers for a price instrument and the spending for a public good or a nudge. Non-marginal reforms start from
the no-policy counterfactual and are normalized by their full outlay. Consumers collects what accrues to households given their choices: the incidence of the transfer and of equilibrium price changes, the benefits from public goods
(e.g., in Panel A, the value of the charging stations that local planners add in response to the rebates), and any direct experience effect of a nudge, which is set to zero in the label application. Internality correction is the wedge
between decision and experienced utility times the behavioural response, and is therefore carried only by consumers whose choice changes. Shareholders are after-tax profits, and the corporate tax on profits appears under additional
tax revenues. Additional take-up is the subsidy paid on induced purchases, and public-good or nudge spending includes, in Panel A, the stations induced by the rebates. Other taz revenues are gasoline taxes and, in Panel B, the
interaction between the state rebate and the federal tax credit. A column is left empty when the application does not feature the channel. The MVPF is total willingness-to-pay over total net cost.



B Proofs

The initial version of the proofs in Section B.2 to B.8 were obtained from a combination of
the authors” work and prompts on Claude Code (model: Fable 5.1; effort level: Ultracode).
The final version was verified and streamlined using Aristotle (version 2.1) and Claude Code
(model: Opus 5.5; effort level: Max).

B.1 Derivation of equations (31) and (32)

In the discrete choice model of Section 3, the money-metric utility of consumer 7 is

J
(G 0) 1 di(q) | i
> =(1-7,)s1(q) + x In (1 + ;exp(&k)> DY + N

where 0 = zx8; — Ni(pr — Tk) + & The policy moves this expression through the mean
utilities d;, through profits and through the externality. Prices p(f) and demand q(6) are
the equilibrium objects, which we assume locally unique and differentiable in 6, and 0/07;
lets all prices adjust. The derivation holds for any form of conduct. Conduct matters only

for the passthrough rates Opy/07;.

Consumers. The mean utilities respond as 09;;,/01; = A\;(1{k = j} —Opx/07;): consumers
gain the subsidy on product j and bear the change in every price. The derivative of the log-

sum with respect to d;; is the choice probability Pj; (Small and Rosen, 1981), so

J
Opy,
/\_3_7_]1“(1+26Xp zk)ZPij_;Pika_Tj' (36)

This is the envelope theorem of Section 2.1: the reallocation of consumers across products
has no first-order effect on their utility.** Summing over consumers, with ¢, = >, Py, gives

the savings of inframarginal consumers, ¢; — >, qx Opi/0T;.

Shareholders and externality. With constant marginal costs,

a%

oIl . 8pk
|:qk 87’ j

3_7.],— a_J+(pk_Ck)

48The result does not need the Gumbel distribution. For any distribution of taste shocks with a density
that does not depend on the policy, the derivative of the expected maximum utility with respect to d;; is
Pii, (the Williams—Daly—Zachary theorem, see McFadden, 1981). Income, including profits, enters utility
linearly with a marginal utility A; that does not depend on the policy, so there are no income effects and
demand does not depend on II.
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and consumers receive the share (1 — 7.)s of this change, s = ) .s;. Since d;(q) =
> 1w qk dir(ex), the money-metric change in the externality is ), Dy Oqx/0T;, with D) =
>; dir/Ni. The envelope theorem does not apply to these two terms, because consumers do
not internalize the effect of their choices on profits or on the externality. Adding the three

terms gives equation (31).

Demand responses. Since 0P;;/00; = Py (1{k = {} — Py),

J
g : Ipe
S P (R =g} = Py) = Y (1 = 0} = Pa) 5. 37
9 = SN B[ (k =) = Py) - 2 1k = ) - R (37)
The first term is the response at fixed prices and the second the response to the price changes.
We compute the passthrough rates numerically, by solving the pricing equilibrium at 7; £ h.

This is the only step that uses the firms’ conduct.

Net cost. Differentiating the cost function (30), in which II(q(0)) is a constant, gives
equation (32): the mechanical transfer ¢;, the subsidies paid on the demand responses, and

the change in corporate tax revenue. |

B.2 Preliminaries for the optimal policy results

Notation. Without loss of generality, we normalize WW(0) = 0 and C(0) = 0 in what
follows, to simplify the exposition. Under this normalization, the non-marginal MVPF
is MVPF(0) = W(0)/C(f) and the marginal MVPF of instrument j is MV PF; =
(OW/09,)/(0C/06;). The value of public spending is the welfare of an optimally spent
budget,

V(C) = max {w():c) <C}, 0<C < Cpax = Iéléi@XC(@), (38)

and we write 0*(C) for a policy that attains the optimum at C. At the budget C, this is the
welfare problem (19). Its constraint C(#) < C has a multiplier z > 0, and stationarity reads
VW = uVC. The constraint C(§) > C of the MVPF problem (20) has a multiplier v > 0,
and stationarity reads VMV PF + v VC = 0. We say that welfare is satiated below C when

no solution of the welfare problem costs exactly C.

Assumptions. We maintain the assumptions of Section 2.4: (1) © is convex and compact
and contains § = 0, (2) W and C are continuously differentiable, (3) the welfare weights are
¥; = 1/);, and (4) C > 0. Some results also use the following assumption, and we say when
they do.
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Assumption D (diminishing returns). The value of public spending V is concave on

[07 Cmax] .

Lemma 1 (Gradient of the non-marginal MVPF). At any policy with C(0) # 0,

VW(0) — MV PE(6) VC(6)

VMVPFE(0) = 50

Proof. This is the quotient rule applied to W/C. [

Component by component, OMV PF/00; = (0C/00;) [MV PF;—MV PF|/C. When costs are
positive, expanding instrument j raises the non-marginal MVPF if and only if the marginal

dollar returns more than the average dollar.

Lemma 2 (Value of public spending).
(i) V is non-decreasing, and V(0) > 0.

(i7) (Envelope.) Let 6*(C') be an interior solution at which the constraint binds and VC # 0.
Then VW = p(C) VC at 0*(C) for a unique 1(C) >0, so MV PF;(6*(C)) = u(C) for
every instrument with a non-zero marginal cost. Moreover, p(C) lies between the left
and right derivatives of V at C,

lim sup V(C+h) = VIC) < w(C) < liminf VC+h) - V(C>.

4
h—s0— h h—0t h ( 0)

If V is concave near C, as under Assumption D, then V 1is differentiable at C' and

V'(C) = u(C).

(iii) If V is concave on [0,C], the average return V(C)/C is non-increasing on (0,C), and
V'(C) <V(C)/C wherever V is differentiable.

(iv) (Curvature along a path.) Let 6(t) be a twice differentiable path along which W' > 0
and C' > 0. The marginal MVPF along the path, W'/C', is non-increasing at t if and
only if W' /W' < C"/C" at t. If this holds along the whole path, welfare is a concave
function of cost along the path.

Proof.
(i) A larger budget enlarges the feasible set, and 6 = 0 is feasible at C' = 0.

(ii) Since 0*(C) is interior and VC # 0, the Kuhn—Tucker conditions hold, with a multiplier
that is unique because VC # 0. Dividing by dC/00; # 0 gives MV PF; = p(C). For (40),
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move along the line 0(t) = 6*(C) + t VC/||VC||?. Tts cost is ¢(t) = C +t + o(t) and its
welfare V(C') + u(C) t + o(t). Since 0(t) is feasible at the budget c(t), its welfare is at most
V(e(t)). For t > 0, dividing by ¢(t) —C' > 0 and letting t — 0 gives the right-hand inequality.
For t < 0, the division by ¢(f) — C' < 0 reverses the inequality and gives the left-hand one.
A concave function has a left derivative at least as large as its right derivative, so under

concavity (40) forces both to equal p(C).

(iii) For 0 < C, < (4, < C, concavity and V(0) > 0 give V(C,) > (Co/Cy) V(Cy) + (1 —
C./Cy) V(0) > (C,/Cy) V(Cy). Similarly, concavity gives V(0) < V(C)—CV'(C), so V'(C) <
V(C)/C.

(iv) The derivative of W'/C' is (W"C' — W'C")/C"*, which is non-positive if and only if
W' /W' < C"/C'. Since C is strictly increasing along the path, welfare along the path is a
differentiable function of cost, with derivative YW’ /C'. If this derivative is non-increasing in

t, it is non-increasing in cost, and the function is concave. [ |

On Assumption D. In our applications, welfare and costs are both convex in the policy.
The log-sum is convex in the subsidies at given producer prices, and a subsidy is paid on
a base that grows with the subsidy. Concave welfare and convex costs are sufficient for
Assumption D, but too strong for our purposes.? What matters is the curvature of welfare
relative to costs along the expansion path, the path of 8*(C') as C' grows. Along that path,
welfare as a function of cost is V itself. By part (iv), when the expansion path is smooth with
rising costs, Assumption D holds on a range of budgets if and only if the marginal MVPF
falls as spending rises along the path in that range. The same condition along another path,
e.g., one instrument moving from zero to its observed level, describes the returns along that

path only.

B.3 Proof of Proposition 1

The condition of part (b) is that no larger budget, spent optimally, has a higher average

return,

< for every C € [C, Ciax]. (41)

It holds under Assumption D, by part (iii) of Lemma 2. It also holds for an S-shaped V at
any budget beyond the one at which the average return peaks.

Let 0, and 0, attain V(C,) and V(C}). For « € [0,1], convexity of C makes a6, + (1 — «) 0, feasible at
the budget a C, + (1 — a) Cp, and concavity of W gives it a welfare of at least a V(Cy,) + (1 — a) V(Ch).
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Proposition 1 (restated).

(a) Let 0 be an interior solution of (20) at which the spending constraint binds,
C(6*) = C, and at which every instrument has a non-zero marginal cost.
Suppose that welfare is not satiated below C. Then 0* solves the welfare
problem (19) and satisfies (18), with

p=MVPF(@®*)—vC > 0,

where v > 0 is the multiplier of the spending constraint of (20). Under

Assumption D, u=V'(C).

(b) Conversely, let 0 be a solution of (19) at which the budget constraint binds,
and suppose that (41) holds. Then 6 solves (20), and (41) is also necessary

for this. ]fg is in addition interior with non-zero marginal costs, it satisfies

(18).

Part (a). The idea is that Lemma 1 turns the first-order condition of the MVPF prob-
lem into that of the welfare problem, and that the absence of satiation turns stationarity
into optimality. Since VC(6*) # 0, the first-order condition of the MVPF problem holds,

VMVPF(0*) 4+ vVC(6*) = 0. With Lemma 1 and C(0*) = C, it reads
VW(0*) = [MVPF(¢*) — vC] VC(6"). (42)

Dividing by 9C/90; # 0 gives MV PF;(0*) = p for every j, with u = MV PF(6*) — vC.
It remains to show that 6* solves the welfare problem. Since welfare is not satiated below
C, some policy 0 attains V(C) at a cost of exactly C. This policy is feasible in the MVPF
problem, so W(6*)/C > W(0)/C = V(C)/C. Hence §* attains V(C) and solves the welfare
problem. Its Kuhn—Tucker multiplier is non-negative and, by (42), equal to p, so u > 0.

Under Assumption D, p = V'(C) by part (ii) of Lemma 2.

Remark 1. The two hypotheses of part (a) are needed, and p > 0 is not a substitute for the

absence of satiation.

(1) Let W(0) = >_._, 5(20; — 63) on [0,2]*, C(0) = 61 + 0, and C = 3. The MVPF problem
is solved at 0* = (1.5,1.5), where MV PF; = —1. The welfare problem is solved at
(1,1), which costs 2 and gives a welfare of 2 against 1.5. Welfare is satiated below the

budget, and 0* only mazimizes welfare on the budget surface (part (i) of Proposition

2).
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(2) Let C(0) = 0 and W(0) = 60 —4.50> +63 on [0,2.3], with C = 2.1. The MVPF problem
is solved at 0* = 2.1, where up = W'(2.1) = 0.33 > 0. The welfare problem is solved at
0 = 1, with a welfare of 2.5 against 2.016. Here V is concave, so Assumption D holds

as well. What fails is the absence of satiation.

Remark 2 (Satiation and the spending constraint). Let an interior 0 mazimize welfare on

-~ ~ ~

the budget surface, with VC(0) # 0 and VW(0) = pVC(0). If u < 0, welfare is satiated below
the budget: moving along —VC lowers the cost and raises welfare. If i > 0, W is concave
and C s convez, 0 solves the welfare problem (as in the proof of Corollary 1). Conversely,
the spending constraint of the MVPF problem binds when V(C) is attained at a cost of C and
the average return falls strictly beyond C, since a policy of cost C > C has a non-marginal
MVPF of at most V(C)/C < V(C)/C. Under Assumption D and without satiation, it is slack
only under constant returns from the first dollar, V(C) =k C on [0,C}] for some C; > C.%°

Then v =0, and a solution solves the welfare problem at its own cost.

Part (b). Let § solve the welfare problem at a cost of exactly C. It is feasible in the MVPF
problem. For any feasible policy 6, with cost C' > C,

v(©)
C

MVPF(©) Wg’)

<
by the definition of V and by (41). Hence 6 solves the MVPF problem, and part (ii) of Lemma
2 gives (18) when 6 is interior with non-zero marginal costs. Condition (41) is also necessary.
If it fails at some C' > C, a policy f¢ that attains V(C') has a higher non-marginal MVPF

than 6. It is feasible in the MVPF problem, since a cost below C would imply V(C) < V(C)
and hence V(C)/C < V(C)/C, contradicting the failure of (41). [ |

B.4 Marginal and non-marginal MVPF at the optimum

In part (a) of Proposition 1, MV PF;(6*) = MV PF(0*)—vC < MV PF(#*), since v > 0 and
C > 0. The value of public spending gives the inequality its meaning. Under Assumption
D, u = V'(C) is the return on the marginal dollar and MV PF(6*) = V(C)/C the return
on the average dollar, and part (iii) of Lemma 2 states that the first is at most the second.
The multiplier of the MVPF problem is the rate at which the average return falls with the
budget, v = —d[V(C)/C]/dC at C = C.

50If V(C)/C = k at C and at C; > C, the average return, which is non-increasing, is constant on [C, (1],
so V is linear there. A concave function lies below the extension of any of its linear pieces, so V(C) < kC

on (0,C], while V(C)/C > k there. Hence V(C) =k C on (0,C}], and V(0) = 0.
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The inequality is strict if V(0) > 0, e.g., when a budget-neutral combination of taxes and

subsidies raises welfare, or if V is strictly concave on [0,C]. An interior solution is not

enough.®! [ |

When the inequality reverses. Since the derivative of the average return is [V'(C) —
V(C)/C]/C, the marginal MVPF exceeds the non-marginal MVPF at a budget C' if and
only if the average return is still rising at C'. This requires V to be non-concave on [0, C].
For instance, with an S-shaped V and V(0) = 0, the reversal holds from the first dollar up
to the budget at which a ray from the origin is tangent to V), beyond the inflection point. At
an optimal mix, Lemma 1 gives VMV PF -v = (VC-v) [u— MV PF]/C, so the non-marginal

MVPF then rises along any direction v that raises costs.

B.5 Proof of Proposition 2

Let € = {6 € © : C(f) = C} be the budget surface. At a point of ¢ where VC # 0, the
level curve of a function f is tangent to ¥ when f is stationary along %, i.e., when Vf is

proportional to VC.
Proposition 2 (restated).

(i) On €, the non-marginal MVPF is an increasing affine transformation of
welfare, MV PF(0) = W(0)/C. The two objectives therefore have the same

mazimizers on 6.

(ii) At any point of € where VC # 0, the iso-MVPF curve is tangent to € if

and only if the iso-welfare curve through the same point is tangent to € .

(111) With at least two instruments, the non-marginal MVPF is a transformation
of W on an open set of policies with non-zero costs only if the marginal
MVPFs are equalized at every point of that set where YW £ 0 and VC # 0.

Part (i). On the budget surface ¢, MV PF() = W(0)/C, an increasing affine function of

welfare, so the two have the same maximizers on % .

Part (ii). At 6 € € with VC(0) # 0, tangency of the level curve of f means Vf(0)-v =0
for every direction v with VC(0)-v = 0. For such directions, Lemma 1 gives VMV PF(0)-v =
VW(#) - v/C, so one vanishes for all of them if and only if the other does.

SIWith W(0) = 20102 and C(0) = 01 + 02, the optimum is interior at every budget, V(C) = C, and
MVPF; = MVPF = 1.
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Part (iii). Let U be an open set of policies with non-zero costs, and let § € U with
W(0) # 0, VC(6) # 0, and VIW(0) not proportional to VC(#). Then VW(#) # 0, and
there is a direction v with VW(#) - v = 0 and VC(#) - v # 0. By the implicit function
theorem, the iso-welfare surface through 6 contains a curve with tangent v at 8, along which
the cost strictly changes. Two nearby points on this curve have the same welfare, different
costs and therefore different non-marginal MVPFs, so MV PF is not a function of YW on U.
Hence, if MV PF is a transformation of W on U, the gradients of YW and C are proportional
wherever W # 0 and VC # 0, i.e., the marginal MVPFs are equalized. For instance, with
W(0) = 2/0, + V0, and C(#) = 6; + 0, the marginal MVPFs are 1/1/0; and 1/(2/0).
They are equal only on the ray 6; = 465, and the iso-welfare and iso-MVPF curves cross

everywhere else. |

B.6 Derivation of equation (22), and averages along a path

Marginal reforms. Let v be a direction with VC - v # 0, and let 9C/06; # 0 for every
instrument with v; # 0. Writing OW/06; = MV PF; 0C/06;,

VW'U - Z]MVPFJ (8(3/@9])1)] B
NI _Zj:“j MVPE;,

with the weights of (22), which sum to one. If VW = ' VC, the MVPF of the reform is u

in every direction with a non-zero cost.

Non-marginal reforms. Let 6(t), t € [0, 1], be a continuously differentiable path with
C'(t) # 0 and AC =C(1) —C(0) # 0, and let w(t) = C'(t)/AC, which integrates to one. Since
wH)W')/C'(t) = W'(t)/AC,

W) - W) 1 W)
ROl /O W(t) dt. (43)

The non-marginal MVPF is the average of the marginal MVPFs along the path, weighted
by the share of the cost incurred at each point. It does not depend on the path, because its

numerator and denominator do not.

Trapezoid rule. If f(t) = a+bt+ ct? then f(1) — f(0) =b+c=[f'(0) + f'(1)]/2. The
trapezoid rule of Section 2.3 is therefore exact when welfare and costs are quadratic along
the path. [
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B.7 Proof of Corollary 1

Corollary 1 (restated). Let the expansion path & be the set of interior solu-
tions 6*(C) of the welfare problem (19) at budgets C > 0. Let 6 be an interior
policy at which OW/00; and OC/06; are non-zero and of the same sign for every
j, with MVPF(0) # 0 and C(6) # 0.

(a) If 0 lies on the expansion path, the iso-MVPF curve and the iso-welfare

curve through 0 are tangent at 6.

(b) Conversely, if the two curves are tangent at 0, then 0 satisfies (18) at the
budget C(g), with a positive shadow value of public funds. Whenever this
condition is sufficient, e.g., if W is concave and C is convez, 0 lies on the

expansion path.

The expansion path is therefore contained in the locus of tangency points between
the two families of level curves, and it coincides with that locus under the suffi-

ciency condition of part (b).

Let C' = C(6). The two level curves through 6 are tangent when VMV PF(8) = o VW(F)

for some scalar o.

Part (a). On the expansion path, VW(0) = u VC(0), with u # 0 because marginal welfare

is non-zero. By Lemma 1,

virvpE@) = LM ZPF@ ved) =1 %EPF(% vW(0),

so the curves are tangent.*?

Part (b). If the curves are tangent, Lemma 1 gives (1 —oC) VW(0) = MV PF(0) VC(6).

The right-hand side is non-zero, so 1 — oC # 0 and VW = uVC with u = MVPF(0)/(1 —
oC'). Component by component, MV PF; (5) = u, which is positive because marginal welfare
and marginal cost have the same sign. This is condition (18) at the budget C'. The condition
is sufficient when W is concave and C is convex. The function L = W — uC is then concave

and stationary at 6, so any 6 with C(0) < C satisfies W(#) < L(0)+uC < L(0)+uC = W(8),

and 6 lies on the expansion path.

52If y = MV PF (), the gradient of the non-marginal MVPF vanishes and tangency holds trivially. Under
Assumption D, this requires constant returns from the first dollar. Otherwise, it occurs where the average
return peaks (Section B.9).
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Remark 3. Without such a condition, tangency does not imply optimality. With W(0) =
02 + 02, C(0) = 0, + 6y and 6 = (1,1), every hypothesis of the corollary holds and
VMVPF(0) = (1/2,1/2) = VW()/4. Yet (2,0) has the same cost and a welfare of 4
against 2. Welfare is conver, and 0 is a minimum of welfare on the budget surface. In
general, tangency points are the critical points of welfare on the budget surface, of which the
expansion path is the set of maxima. The same-sign condition is needed too, since a tangency

point with < 0 lies beyond the satiation point of welfare.

The tangency condition involves only the gradients of W and MV PF" at 0. The expansion
path can therefore be traced without the budget surfaces, and the budget of each point is

recovered as C' = C(6). [ |

B.8 The shadow value of public funds along the expansion
path

Under Assumption D, u(C) = V'(C) at every budget with an interior solution, a binding
constraint and VC # 0 (Lemma 2, part (ii)). The derivative of a concave function is non-
increasing, so u(C) falls as the budget grows. When V is strictly concave, the optimal scale
C* with u(C*) = 1is unique, u(C) > 1 below it and p(C') < 1 above it, so the rule “expand as
long as the marginal dollar returns more than a dollar” is valid. The non-marginal MVPF,
V(C)/C, also falls with the budget and stays above u(C) (part (iii)), with a gap of v C.
Neither statement holds without Assumption D. |

B.9 Increasing returns to public spending

Assumption D can fail. The diagnostic compares the marginal and the non-marginal MVPF
along a policy path. With v(c) the welfare along the path as a function of its cost c,
the marginal MVPF at the end of the path is v'(c), the non-marginal MVPF is v(c) /¢, and
d[v(c)/c]/de = [V'(c)—v(c)/c]/c. A marginal MVPF above the non-marginal MVPF therefore
means that the return per dollar is still rising at the observed scale. This describes returns
along that path, and it bears on Assumption D only along the expansion path. The two
MVPFs must be computed along the same path. In our applications, the price instruments
have diminishing returns at the observed policy, while the returns to charging stations and to
the fuel-economy label are rising (Sections 4 and 4.4). Public goods are natural candidates
for increasing returns. Their benefits accrue to every user, so the willingness-to-pay for a

marginal unit grows with the number of users that earlier units attracted, while its cost does
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not.??

What survives. Lemma 1, parts (i), (ii) and (iv) of Lemma 2, part (a) of Proposition 1,
Proposition 2, Section B.6 and part (a) of Corollary 1 do not use Assumption D. An interior
solution of the welfare problem still equalizes the marginal MVPFs, at u = V'(C') wherever
V is differentiable. The MVPF is still direction-independent there, and the iso-welfare and

iso-MVPF curves are still tangent along the expansion path.

What fails when V is convex. Three results change. First, the marginal MVPF exceeds
the non-marginal MVPF, and p(C) = V/'(C) rises along the expansion path. Second, the
optimal mix is a corner. Suppose that welfare is separable across J projects, e.g., the charging
networks of J regions, with W = 3", V;(C};) and each V; convex in the spending C;. A convex
function reaches its maximum on the budget set {C; > 0,3, C; = C} at a vertex, so some
projects are funded fully and the others not at all. An interior allocation with equalized
marginal MVPFs is a minimum of welfare on the budget surface. The complementary
slackness condition of Section 2.4 still holds at the optimum but does not single it out, and
the marginal MVPFs can point to the wrong corner. With V;(C) = 2C?, V,(C) = C? and
a budget of 4, the allocation (1,3) has marginal MVPFs of 4 and 6. Following them leads
to the corner (0,4), with a welfare of 16, while the optimum is (4,0), with a welfare of 32.
Third, there is no interior optimal scale. The problem maxc V(C') — C' maximizes a convex
function, so its solution is no policy or the largest budget, and the rule u(C*) = 1 selects a
minimum. The MVPF problem is then solved at the budget that maximizes V(C)/C over
[C, Cmax]- A strictly convex V with V(0) = 0 violates (41), so the spending constraint is slack

and v = 0.

The S-shaped case. If V is convex at a small scale and concave at a large scale, the rule
1(C*) = 1 has no solution or, generically, two, a local minimum on the convex part and a
local maximum on the concave part. The global optimum is either no policy or the larger
solution, and the choice between them is a non-marginal comparison: the policy should be
implemented at the scale C* if and only if V(C*) —V(0) > C*. When V(0) = 0, this requires
the non-marginal MVPF of the whole policy to exceed one. At that scale, the marginal
MVPF is below the non-marginal MVPF, since V'(C*) = 1 < V(C*)/C*. The average

53 An S-shaped adoption curve does not produce increasing returns for a subsidy, because the inframarginal
transfers grow with the adoption that earlier dollars induced. With given producer prices, the marginal
MVPF of a subsidy first falls and then rises back toward one as the market saturates, since the subsidy
becomes a pure transfer. The reversal then occurs with both MVPFs below one, and it is no sign of a policy
worth expanding.
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return peaks where a ray from the origin is tangent to V, beyond the inflection point, and
(41) holds at every larger budget. Proposition 1 therefore applies beyond that point even
though Assumption D fails.

A marginal MVPF computed at a small scale says little about this comparison. A policy
with increasing returns can have a marginal MVPF below one at a small scale and be worth
implementing at a large one. Conversely, the first dollars of a policy with sharply diminishing
returns can return much more than the policy as a whole. When welfare is more convex than

costs, a policy must be evaluated as a whole, with the non-marginal MVPF.

C Welfare weights and income effects

Throughout the paper, we make two important assumptions on the welfare weights and the
marginal utility of income. First, we assume that the Pareto weights equal the inverse of
the marginal utility of income, 1); = 1/);, so that the change in social welfare equals the
aggregate willingness-to-pay. Second, we assume that the marginal utility of income does

not depend on the policy instruments #. We discuss both assumptions in what follows.

C.1 Arbitrary welfare weights

As in Hahn et al. (2026), the weights do not enter the willingness-to-pay or the MVPF, and

they are applied only when comparing policies.

Marginal reforms. Let WTP;; denote the willingness-to-pay of individual ¢ for a small
change in the policy along 6;, so that WT'P; =) . WTP;;. Under arbitrary weights 1;, the

change in social welfare is
aw av; _
@, EZ ﬂ%de = EZ ni WI'P;; =1,; WI'P;,

where 7; = 9;)\; is the social value of one dollar given to individual i, and

—_ Zz n: WTPy;
=S W

is the average weight of the beneficiaries of the policy, weighted by their willingness-to-pay.
With v; = 1/A;, we have n; = 1 for all 4 and 7j; = 1. Notice that the willingness-to-pay, the
net cost and the MVPF are measured in dollars and do not depend on the weights. Under

arbitrary weights, one dollar of net spending on policy j delivers 17; MV PFj in social welfare
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instead of MV PF;.

Comparing policies. A budget-neutral reform that raises spending on policy j and fi-

nances it with policy £ increases social welfare if and only if
n; MV PF; >, MV PFy,

which is equation (2) of Hahn et al. (2026). The ranking of two policies by their MVPFs
therefore holds under any weights that give their beneficiaries the same average weight.
Similarly, the optimal policy of Section 2.4 sets 7; MV PF; = p for every instrument in use,
where p is now the social value of a dollar of public funds. Proposition 1 holds as stated with
the welfare function W defined by the weights 1);, that is, with ; MV PF; and ij MV PF in
place of MV PF; and MV PF.

Non-marginal reforms. With a constant marginal utility of income, the same results
hold for non-marginal reforms, with the equivalent variation EV; in place of WT'Pj;. The
change in social welfare is then Y, n; EV; = 1 WTP(0y — 0;), where 7 is the average weight
of the beneficiaries weighted by their equivalent variation, and one dollar of net spending on

the reform delivers 7 MV PF(6y — 61) in social welfare.

Weights by group. In our applications, the willingness-to-pay splits into components that
accrue to distinct groups, namely consumers (including the internality correction), sharehold-
ers and the individuals who bear the environmental externality (see Table A4 and Table A5).

If all individuals in group g share a common weight 7,, the average weight is

_ WTP;
=D e
g

WTP;’

where WT'P;, is the willingness-to-pay of group ¢ in the decomposition tables. The social
welfare of each policy can thus be computed from our tables for any choice of group weights.
For instance, a lower weight on shareholders than on consumers (e.g., because shareholders
have higher incomes) lowers 7); for policies that raise profits, such as electric-vehicle rebates,
and raises it for policies that lower profits, such as the fuel-economy label. Since some
components are negative, 7; need not lie between the smallest and the largest weight. Weights
on future generations or on residents of other countries apply to the externality column only.
As in Hahn et al. (2026), the social cost of carbon we use is not equity-weighted, so this

column measures a willingness-to-pay.
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C.2 DMarginal utility of income and income effects

The results for non-marginal reforms in Appendix C.1 assume that the marginal utility
of income \; does not depend on the policy. The assumption plays no role for marginal
reforms. The willingness-to-pay for a small change around 6, converts utility into dollars at
the marginal utility of income \;(6p), so the marginal MVPF is the same whether or not \;
varies with the policy. A non-marginal reform, however, can induce a change from \;(6y)
to \;(61), for example, when a large subsidy raises the income of the subsidized households.

We discuss the implications in what follows.

Welfare change. In our four applications, the models are linear in income, so \; varies
across individuals but not with the policy. In general, the change in social welfare along a
path 6(t) from 6, to 6, is

W(6:) — W(b,) = /0 Zm(Q(t))ZWTPﬁ(H(t)) 0/(t) dt, 0:(0) = 1b; Xi(6).

With a constant marginal utility of income, the weights do not move along the path, and
the integral reduces to ), n; EV;, where EV; = [V;(61) — Vi(6y)]/\; is also the compensating
variation. The result is the same along any path, which is what the trapezoid approxima-
tions of Section 2.3 rely on. With a diminishing marginal utility of income, instead, the
weight 7; falls along the reform for the individuals who gain and rises for the individuals
who lose. Holding the weights constant then overstates the welfare gain of a large transfer
and understates the welfare loss of a large tax. The bias grows with the transfer to each
beneficiary, and matters most for the rebates on electric vehicles and the solar subsidies,

which pay several thousand dollars to each buyer.

When income effects matter. A second issue concerns the measurement of the
willingness-to-pay. With income effects as described above, the difference in log-sums is
no longer equal to the equivalent variation or the compensating variation (see McFadden,
1999). Willig (1976) gives the size of the error. As a share of the gains of household i, the
error is about ¢; EV;/(2y;), where ¢; is the income elasticity of the demand for the good
and y; is the household’s income. The error is small when the gain of each household is
small relative to income, as for the fuel-economy label of Allcott et al. (2025) and the audit
subsidies of Allcott and Greenstone (2024). With discrete choices, the error concerns only
the marginal consumers who change their choice. For inframarginal consumers, the subsidy

is a transfer of money. The error is therefore largest for the non-marginal reforms that move
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many consumers, such as the rebates on electric vehicles.

D Computational details

We provide an overview of the structural model and the computational details behind our
MVPF calculations for each of our empirical applications. We want to disclose that the
description of each application was streamlined using Claude Code (model: Opus 5.5; effort
level: Max), to ensure that they are consistent with each other and with the model of Section
2.1.

Our application based on Allcott et al. (2025) construct all MVPF estimates from the struc-
tural model described in Section 1 of their paper. Their analysis uses instead causal esti-
mates, and the structural model is never estimated. Since our methodology requires deep
preference parameters, we went ahead and estimated their model by maximum likelihood.
We provide our parameter estimates and a comparative table to assess the fit against their

welfare estimates.

The applications based on Fournel (2026) and Gillingham and Tsvetanov (2019) are direct
implementation of our methodology, because a fully specified model and data were readily

available or in the public domain.

D.1 Electric vehicles — Fournel (2026)
D.1.1 Model

Fournel (2026) estimates a structural model of the market for new cars in Quebec and of
the supply of public charging stations, with data at the county-year level for the 96 counties
of Quebec from 2012 to 2020. The provincial and the federal government give rebates on
electric vehicles at the point of sale. County governments, the local planners, install the
public charging stations. We follow the notation of Fournel (2026), except for the taste for
the network, written a,; here, since # denotes the policy. We compute the MVPFs on the
last year of the data, 2020.

Demand. In year ¢, consumer ¢ in county m chooses one of the available products or the

outside option. The utility of product j is

Uijme = Tt — N (Dje — Tje) + F(Gmt) + Ejmt + €ijme,
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where pj; is the price, 7;; the rebate, £+ the unobserved quality and €;;,,,+ an extreme value
shock. The tastes ; and the marginal utility of income \; vary with the demographics of
the county and with random coefficients. Battery electric vehicles and plug-in hybrids give

utility from the county’s network of GG,,,; stations,

¢

where the “1”7 is charging at home and the county’s taste for the network «,,; depends on

fi(Gmt) = Qe

for electric vehicles, [i(Gmi) =0 otherwise,

the demographics of the county. The estimated curvature is ( = 0.21, so each additional

station adds less utility than the previous station.

Firms. In each year, the firms compete in prices as multiproduct Bertrand competitors,
and each firm sets one price per product for the whole province. The marginal costs are

recovered from the firms’ first-order conditions at the observed prices.

Local planners. The planner of county m installs public stations to maximize the value of
the network to the current and future owners of electric vehicles in the county, net of the cost
of the stations. Fournel (2026) derives the network supply of these forward-looking planners.
The network of county m in year t is the expected network given the fleet of electric vehicles,

plus a residual,
Gmt - E(Gmt | f;ztv '7) + Emt,

with

E(Gui | Qii7) =Y ® (% InAfine(g) + 72 In ( mi(9) + ﬁ Aqfé%(Q))) :
g=1

where ® is the cumulative distribution function of the standard normal. The fleet of electric

vehicles given a network of size g evolve according to the law of motion

mi(9) = (1 —d) %},t—1 + @i (9),

where d is the depreciation rate of the fleet and ¢2%(g) are the sales of electric vehicles in
county m and year t. The marginal sales due to station g are A¢5%(g9) = ¢5%(9) — ¢5% (g — 1),
so network supply depends on the future benefits to these marginal owners. The average
value of station g, in dollars, to the owners of electric vehicles is A f,,,;(g), and is constructed
from the indirect utility of charging services f(gm,¢). The parameters of the planner are =,

9, and p is a composite discount factor equal to 0.871. Finally, the residual €, is estimated
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from the baseline, €,,; = G — E(Gpy | QF,,7) and held fixed in counterfactuals.

Equilibrium. At a given policy, the prices of the firms and the networks of the planners
solve a joint fixed point, with the fleet of the previous year held fixed. In our counterfactuals,
the derivative of the expected network with respect to the fleet enters the firms’ first-order
conditions, so the firms set prices knowing that sales of electric vehicles bring stations. At
the observed policy, the model reproduces the observed prices, sales and networks. When
the network is the policy, the province replaces the planners, since public stations fully crowd

out the planners’ stations.

Externality. The externality of a vehicle is the damage from the tailpipe CO, that the
vehicle emits over an expected life of 12.02 years, at 22,053 km per year. The emissions are
valued at $245 per ton in 2020, and discounted at 2 percent. The emission profile of vehicles

only account for their lifetime tailpipe emissions.

D.1.2 Computation of the MVPFs

This section describes how we compute the MVPFs of the electric vehicle policies (see Panel A
of Table 2 and Table A4). All welfare objects are computed on the sales of the last year
of the data, with the lifetime flows of the vehicles discounted at 2 percent. Amounts are in
2020 dollars.

Policies. The policy is the rebate 7; on each product, the sum of the provincial and the
federal rebates. The observed rebates vary across models. The standard rebate is $13,000
for a battery electric vehicle ($8,000 provincial and $5,000 federal) and $6,500 for a plug-in
hybrid ($4,000 and $2,500). A reform of the rebates on battery electric vehicles moves the
rebate on every battery electric vehicle in proportion to the observed rebate, and likewise
for plug-in hybrids. The two counterfactual instruments are a rebate on every hybrid and
a tax on every vehicle that emits more than 210 grams of COy per km, both introduced at

zZero.
Willingness-to-pay and net cost. As in Section 3,
W(0) = CS(0) + (1= ) IL(0) = Y D;q;(0),
J

C(6) = > 75(6) am(0) + ¢y 9(0) — 7:[11(9) = T1(0)] — [R(6) — R(0)],
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where C'S is the log-sum of Section 3 in dollars, summed over the households of the 96
counties, II is the firms’ variable profit, D, is the externality of vehicle j of Appendix D.1.1,
g(0) is the number of stations installed in the year, summed over the counties, and ¢, =
$19,000 is the one-time cost of a station. R is the lifetime revenue of the provincial gasoline
tax ($0.192 per litre) and of the federal levy on fuel-inefficient vehicles, and 7. = 0.27 is the
combined federal and Quebec corporate tax rate. Consumer surplus includes the utility of

the network.

Charging stations. The stations enter the MVPFs in two ways, depending on the policy

instrument.

e Rebates and taxes. The local planners choose the stations, as in Appendix D.1.1. A
rebate raises the sales of electric vehicles, and the local planners respond by installing
more stations, e.g., these are positive network effects. The observed rebate schedule
induces 171 of the 440 stations installed in 2020. Without the rebates, the local
planners would install 269 stations. The value of these stations to the buyers is part

of consumer surplus. The cost of these stations is part of the net cost.

e Stations as the policy instrument. Public stations installed by the province crowd
out the stations of the planners one for one. When the network is the policy, we
therefore remove the planners, and the network becomes one more instrument of the
province. The province installs g stations, allocated across the counties as the observed

installations, and g = 440 is the observed policy.

Decomposition. Table A4 splits the willingness-to-pay into consumers AC'S, shareholders
(1 —7) AIl and the externality — >, D; Ag;. The table splits the net cost into the transfer,
the take-up, the spending on stations ¢, Ag, the additional tax revenues 7, AIl and the other
tax revenues AR. For a rebate, the transfer is the rebate paid to the buyers who would
have bought the vehicle anyway, and the take-up is the rebate paid to the additional buyers.
Every term is divided by the mechanical term of the reform: the transfer for a rebate, the

tax revenue at fixed sales for the tax, and the spending on stations for the stations.

Reforms. The marginal MVPF of each rebate is computed at the observed policy, and the
marginal MVPF of the stations at ¢ = 440. The hybrid rebate and the tax do not have a
non-marginal MVPF as they are zero at baseline. The non-marginal MVPF of each rebate
is the MVPF of the reform that raises the rebate from zero to the observed level, with the
other rebate at the observed level. The non-marginal MVPF of the stations is the MVPF
of the reform from g = 0 to g = 440. Table A4 adds three reforms of the rebate program:
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both rebates from zero, the provincial rebates alone, and the federal rebates added to the
provincial rebates (the federal rebate was added as a top-up in 2019). The marginal objects
use the formulas of Section 3, with the responses of prices and stations computed by central
differences of the equilibrium (analytical derivatives are possible for the charging networks).

The non-marginal objects are differences in levels between the two equilibria.

Trapezoidal approximations. The structural trapezoid uses the marginal objects of the
model at both ends of the reform. The extrapolated trapezoid replaces the objects at zero
by values extrapolated from the observed policy, as if only the observed policy were known.
For the rebates, the extrapolation holds constant the price elasticity of the vehicles that
receive the rebate. For the stations, the extrapolation holds constant the responses to the

network.

Standard errors. We compute standard errors by parametric bootstrap with 199 repli-
cations. In each replication, we draw the parameters from the estimated joint distribution
of the parameters and recompute the MVPFs. The standard error is the standard deviation

of the MVPF's across replications.

D.2 Residential solar — Gillingham and Tsvetanov (2019)
D.2.1 Model

Gillingham and Tsvetanov (2019) (GT hereafter) model the demand for residential solar
photovoltaic (PV) systems in Connecticut. Two subsidies lower the price of a purchased
system: a state rebate per watt, paid to the installer, and a federal tax credit of 30 percent of
the price net of the rebate. We follow their notation. In particular, \;; denotes the parameter

of a Poisson distribution, not the marginal utility of income as in Section 2.1.

Demand. Let Y, be the number of systems installed in block group ¢ and year ¢, and p;
the price per watt after the rebate and before the credit. GT uses a hurdle model for Y;;. A
logit model gives the probability of at least one installation, and, conditional on having at

least one installation, a zero-truncated Poisson gives the number of installations :

Pr(Yy > 0) = A(ya pie + Xabs + o),
it

Pr(Ya =y [Yu>0) = S 2y

Ait = exp (V2 pi + Xiuba + %P)7
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where A is the logistic function, X; contains demand shifters (a Solarize campaign, demo-
L P

graphics and party registration) and year effects, and «; and «; are block-group effects.

The two parts form one model of installations, with expected value

Ait

EYy] = A(’h pit + Xitd1 + O‘z‘L) 1— e it

The price affects both parts of the model, and the price elasticity of installations is the sum

of the elasticities of the two parts.

Prices. The rebate is paid to the installer, who keeps 15.6 percent of it (GT, Table 8).
The price thus falls by p = 0.844 per dollar of rebate. Asin GT’s counterfactual simulations,
we hold installers’ costs and the passthrough fixed across policies, and apply it to the 2014
average rebate, Ry = $0.935 per watt. We assume that the federal credit passes through
fully to households. At rebate R and credit rate f, a household in block group 7 pays

(1=FHp(R),  pi(R)=pi+p(lo— R),

per watt, where p; is its price in 2014. Demand depends on the two instruments only through

this net price.

Externality. A watt of capacity generates 32.26 kWh over a lifetime of 25 years, and
displaced generation emits 258 grams of COy per kWh (GT, Section 7.3), so a watt avoids
8.3 kilograms of COy. We count carbon dioxide only. We value the emissions of each year
with the social cost of carbon of Environmental Protection Agency (2023) at a 2 percent
discount rate, in 2014 dollars, from $156 per ton in 2014 to $237 per ton in 2038. Values
before 2020 are extrapolated linearly, as in Hahn et al. (2026). With generation spread
evenly over the 25 years and discounted at 2 percent, the avoided damage is D = $1.28 per

watt.

D.2.2 Estimation

GT estimate the model on a panel of block groups. Their estimators identify the price coeffi-
cients but not the level of demand at other prices, which are needed to identify willingness-to-
pay and net costs. We therefore re-estimate the model on their data, with a slight improve-
ment that allows for recovering the demand levels. This section describes our methodology,

the data, and compares our estimated parameters to the published estimates of GT.
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Data. The panel covers the purchased systems installed in 1,534 Census block groups from
2008 to 2014, or 10,738 block-group-years. Yj; is zero in 70 percent of them. The price is the
average price per watt in the block group and year, in 2014 dollars. When a block group has
no installation, it is the average price in its town, or in its county when the town has none.
The controls are an indicator for a Solarize campaign, population density, median household
income, median age, two education shares and the shares of registered Republicans and

Democrats in the town.

GT’s estimator. GT estimates the model in a two-part procedure. First, they estimate
the logit model by conditional maximum likelihood. Prices are endogenous, and GT ad-
dresses the endogeneity issue with a control function approach. The instruments include the
state rebate and the county wage of roofing contractors. Second, they estimate the zero-
truncated Poisson by generalized methods of moments (the instruments enter the moment

conditions). Both parts include block group and year fixed effects.

Identifying demand levels. With (at most) seven years of data per block group, the block
group fixed effects are not identified which would bias the price coefficients (the incidental
parameters problem in nonlinear models). To circumvent this issue, GT use conditional esti-
mators which difference out the fixed effects. These estimators identify the price coefficients
but not the level of demand, because in a nonlinear model the response of installations to
the price depends on the fixed effect. In the logit, for example, the effect of a price change
on the probability of an installation is 43 A(1 — A), which depends on af through A.

Estimating MVPF, however, requires demand levels. To identify them, we replace the fixed
effects with correlated random effects, whose distribution we estimate. Demand at any price

is then obtained by integrating over this distribution.>*

Our estimator. We keep GT’s data, controls, instruments, and first stage. Following
Mundlak (1978) and Chamberlain (1980), the random effects depend on the block-group

averages of the regressors,
h _ = h h
Q; = T;Wp +op€;, EiNN(Oal)v hG{L,P},

where T; contains a constant and the averages of the price and the controls of block group

i over 2008-2014. The random effects of the two parts are independent (the correlation

54We integrate over the distribution of the random effects conditional on the observed installations of each
block group. Integrating over the unconditional distribution changes the MVPFs by less than 0.001.
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is within part), so we can estimate the logit and the truncated Poisson separately. We
estimate both by maximum likelihood, using the first-stage residual as a control function,
and integrate over the random effects with 24-node Gauss—Hermite quadrature. Standard
errors are clustered by town and do not account for the estimation of the first stage. As
a check, we also replicate GT’s estimates, and reproduce the price coefficients of all four
columns of their Table 6 to within 0.002.

Estimates. Table D1 compares the estimates from our augmented model with GT’s main
specification. We reproduce GT’s estimate reasonably well, with the exception of the price
sensitivity parameter in the truncated Poisson model, which are about one standard error
apart (-0.43 vs. -0.29).

Table D1: Demand for solar PV, estimates from GT and ours

At least one installation Number of installations
(logit) (truncated Poisson)

GT Ours GT Ours

(1) 2 3) (4)
Price ($ per watt) —0.201 (0.0999)  —0.201 (0.109)  —0.292 (0.132)  —0.428 (0.133)
Solarize campaign 0.863 (0.204) 0.902 (0.185) 0.877 (0.161) 0.800 (0.158)
Population density —0.0002 (0.00009) —0.00026 (0.00008) 0.0004 (0.0005)  0.00021 (0.00039)
Median household income —0.0014 (0.00152)  —0.0013 (0.0014)  0.0013 (0.00267)  0.0026 (0.0025)
Median age —0.0096 (0.0053) —0.0104 (0.0048)  —0.008 (0.012) —0.0109 (0.0113)
Share with some college 0.002 (0.004) 0.003 (0.004) 0.005 (0.007) 0.003 (0.006)
Share with a graduate degree 0.006 (0.005) 0.005 (0.004) —0.005 (0.008) —0.005 (0.007)
Share of registered Republicans 0.036 (0.041) 0.035 (0.033) 0.153 (0.059) 0.173 (0.059)
Share of registered Democrats 0.011 (0.0248) 0.013 (0.019) 0.102 (0 0384) 0.101 (0.034)
Control-function residual - 0.867 (0.145) 0.325 (0.122)
SD of the block-group effect 0.171 (0.113) 0.685 (0.035)
Price endogeneity Control function Control function GMM Control function
Block-group effects Fixed Correlated random Fixed Correlated random
Observations 10,738 10,738 3,238 3,238

Notes: Columns (1) and (3) are columns (3) and (4) of Table 6 of GT, with block-group fixed effects. Columns
(2) and (4) are our estimates with correlated random effects, which also include the block-group averages of the
price and the controls. All columns include year effects. The dependent variable is the number of installations of
purchased systems in a block group and year. The truncated Poisson uses the 3,238 observations with at least one
installation. Standard errors are in parentheses. GT bootstrap them in column (1) and cluster them by town in
column (3). Ours are clustered by town and treat the first-stage residual as known.

Fit. In 2014, the model predicts 2,012 installations and 15.7 MW of capacity, against 1,974
installations and 15.4 MW in the data. In 2008-2013, it underpredicts installations by 2 to 6

percent per year. The average price elasticity of installations over 2008-2014 is -0.95.%°

55GT report a hurdle elasticity of -0.65, the sum of -0.53 for the logit and -0.12 for the truncated Poisson.
Their Proposition 2 multiplies the price coefficient of the truncated Poisson by the average price. Applied
to their estimates, it gives -0.48 for the truncated Poisson and -1.00 for the hurdle.
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D.2.3 Computation of the MVPFs

This section describes how we compute the MVPFs of the solar subsidies (see Panel B of
Table 2 and Table A4).

Policies. We define the policy space as 6 = (k, f), where k scales the 2014 average rebate,
R = kRy, and f is the credit rate. The observed policy is § = (1,0.30). All welfare objects
are computed on the installations of 2014, the last year of GT’s data. Amounts are in 2014
dollars. Installed capacity at policy 6 is

Q(O) = > ai EY](0),

where a; is the average system size in block group 7 in 2014 and E[Y;](0) is its expected

number of installations at the net price (1 — f) p;(R) of Appendix D.2.1.

Consumer surplus. The hurdle model has no utility function, so we cannot compute con-
sumer surplus from preferences as in Section 2.1. Instead, we treat the expected installations
in block group ¢ as the demand of the households of block group 7, without income effects.
Let z;(0) = (1 — f) pi(R) be the price paid per watt in block group ¢ under policy 6, and
y;(z) the expected number of installations in block group i at a price paid of z. The change
in consumer surplus in block group ¢ between policies 6y and 6, is the area under the demand

for capacity between the prices paid z;(6y) and z;(6;):

ACS = —Zai/ yi(z) dz
i zi(00)

z;(01)
- Xz‘:ai /’M(90) Bt
(i) /(e ()}

where a; is the average system size in block group i (in kW), \;(p) = exp(y2 p + Xids + aF),

A<711 ffo + X;01 + aL>

X Eap

dx,

and X; holds the regressors of block group i, including the control function. The price in
A and ); is the price before the federal credit, as in GT. For a price paid of x, this price is
x/(1 = fo), the price before the credit that gives x at the credit rate of fo = 0.30 in GT’s
data. The expectations F,. and E_ r are over the random effects of block group 7. The

integral has no closed form and is computed numerically. Without income effects, AC'S is
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the consumers’ part of the equivalent variation ), EV;(6;) of Section 2.3.

Willingness-to-pay and net cost. As in Section 2.1,

W(0) = CS(0) + (1 — 1) I1(0) + D Q(0),
C(0) = RQO) + fE(0) — 7. 11(0),

where C'S(#) is consumer surplus, I1(6) = (1 — p) RQ(0) is the part of the rebate kept by
installers, D is the avoided damage per watt, £(0) = ). p;(R) a; E[Y;](0) is the base of the
credit, and 7, = 39.9 percent is the corporate tax rate (the federal rate of 35 percent and the
Connecticut rate of 7.5 percent, which is deductible from the federal base). Installers earn
no other margin in the model. The net cost includes the spending and revenues of both the
state and the federal government, but does not include the electricity-tax revenue lost on

the power produced by the households.

For a marginal reform, the change in consumer surplus equals the installed capacity times the
fall in the price paid, because the households at the margin are indifferent between installing
and not installing (Section 2.1). A small increase in the rebate scale raises the rebate by
Ry dk per watt. The posted price falls by pRy dk and the price paid falls by (1 — f)pRo dk,
so consumer surplus rises by (1 — f)pRy Q dk. A small increase in the credit rate leaves the
posted price unchanged and lowers the price paid in block group i by p;(R) df, so consumer
surplus rises by > . pi(R) a; E[Y;](0) df = £(0) df.

Decomposition. Table A4 splits the willingness-to-pay into consumers (AC'S), sharehold-
ers ((1 —7.) AIl) and the externality (D AQ). The table splits the net cost into the transfer,
the take-up, the additional corporate tax revenues (7. AlIl) and the other tax revenues. For
a marginal reform, the transfer is the outlay of the instrument at fixed installations, Ry Q)
per unit of £ and &£ per unit of f. For a non-marginal reform, the transfer is the full outlay
of the instrument at the new installations. The take-up is the outlay of the two subsidies on
the induced capacity. The other tax revenues are the credit saved by the federal government
when the rebate rises. Since the credit is a share of the price net of the rebate, each dollar of
rebate lowers the credit paid on the systems that would be installed anyway by fp = 0.25.
Every term is divided by the transfer.

Reforms. The marginal MVPF of each instrument is computed at the observed 2014

policy. The non-marginal MVPF of each instrument is the MVPF of the reform that raises

the instrument from zero to the 2014 level, with the other instrument at the 2014 level.
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The counterfactual rows set both instruments at the 2021 levels: a rebate of $0.28 per watt
(k = 0.296) and a credit rate of 26 percent (f = 0.26). For these rows, the marginal
MVPF of each instrument is computed at the 2021 policy, and the non-marginal MVPF is
the MVPF of the reform that raises the instrument from zero to the 2021 level, with the
other instrument at the 2021 level. Table A4 adds three reforms of the whole program, in
which both instruments move together: from no policy to the 2014 policy, from no policy
to the 2021 policy, and from the 2014 policy to the 2021 policy. We compute the change
in consumer surplus with the trapezoid rule, on 41 points along the reform (401 points for
the programs). The other terms of the willingness-to-pay and the net cost are differences in

levels.

Trapezoidal approximations. The structural trapezoid uses the marginal objects of the
model at both ends of the reform. The extrapolated trapezoid replaces the objects at zero
by values extrapolated from the marginal objects at the chosen policy and a constant price

elasticity of capacity.

Standard errors. We compute standard errors by parametric bootstrap with 199 repli-
cations. In each replication, we draw the demand parameters from their estimated joint
distribution and the passthrough from a normal distribution with GT’s standard error. The

standard error is the standard deviation of the MVPFs across replications.

D.3 Informational nudge — Allcott et al. (2025)
D.3.1 Model

Allcott et al. (2025) (ACMT hereafter) study fuel-economy labels in an online experiment.
Participants choose, for a hypothetical three-year lease, between a sedan rated at 23 miles
per gallon (MPG), the Ford Fusion, and a similar sedan rated at 30 MPG, the Honda
Accord, Nissan Altima or Subaru Legacy. All valuations and prices are relative, i.e., those
of the low-MPG car minus those of the high-MPG car, in dollars per vehicle-year. We follow
their notation. In particular, 7 denotes the effect of the label, not a price instrument as in

Section 2.1, and ¢ denotes a tax.

Choices. Consumer ¢ values the low-MPG car at v; relative to the high-MPG car. This
experienced valuation includes the true difference in fuel costs. When choosing, consumers
overvalue the low-MPG car by the bias v; (e.g., because they pay little attention to fuel

costs), and the label shifts the valuation of a consumer who sees it by 7,. Let L; = 1 if
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consumer ¢ sees the label. At relative price p, consumer i buys the low-MPG car if
vi + v + 1Ll > p.

The bias and the label change choices but not experienced utility. A consumer who buys
the low-MPG car obtains v; —p. ACMT allow 7; to covary with v; and +; and leave the joint
distribution of (v;,;, 7;) unrestricted. We specify and estimate it in Appendix D.3.2. ACMT
also allow the label to affect utility directly (e.g., the discomfort of seeing a warning). They

set this effect to zero for their car experiment.

Label and tax. ACMT describe the label by an intensity o that scales the effect 7; of
every consumer. We describe it by the share n of consumers who see it, as the nudge of
Section 2.1. The two coincide without the label (¢ = n = 0) and when every consumer sees
it (0 =mn = 1), which is the change that ACMT evaluate. The government can also tax the

low-MPG car by ¢ per vehicle-year, in which case producers receive p — t.

Externality. Driving the low-MPG car instead of the high-MPG car emits more carbon.
As in ACMT, the damage is

1 1
i =m; | = — — | x5CC,
¢ =m (23 30) X
where m; is the consumer’s yearly mileage, x = 8.87 kilograms of CO, per gallon, and
SCC = $193 per ton. This is the value of Environmental Protection Agency (2023) for 2020
emissions at a 2 percent discount rate, in 2020 dollars. The average damage is $188 per

vehicle-year.?%

Market. ACMT model supply as symmetric imperfect competition. Their welfare analysis
needs only the passthrough of a tax to the relative price, p = dp/dt = 0.8, and the relative
markup, p = 0. We close the model with a linear relative supply curve, with price equal to
marginal cost and a slope that gives a passthrough of 0.8 at the equilibrium without label
and tax. We normalize the relative price to zero in that equilibrium, which is the midpoint
of the price lists of the experiment (both cars leased at $2,000 per year). The relative price
p(n,t) clears the market.

56 ACMT uses a social cost of carbon o $51 per ton, a discount rate of 3%, in 2020 dollars, see Interagency
Working Group on Social Cost of Greenhouse Gases (2021). The associated average damage is $50 per
vehicle-year.
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Welfare. Total surplus is experienced consumer surplus, plus producer surplus, plus tax
revenue, minus the externality. Per consumer, experienced consumer surplus and the exter-

nality are
CS(n,t) = E[(Uz —p) Huvi+v + 7L > p}]u d(n,t) = E[@ {v; + v + 7L > p}},

where p = p(n,t), the expectation is over consumers and over who sees the label (L; = 1
with probability n), and surplus is measured relative to leasing the high-MPG car. Let
Q(n,t) be the share of consumers who buy the low-MPG car, and II(n,t) producer surplus,
the area above the supply curve up to the producer price p — t. Total surplus is T'S(n,t) =
CS(n,t)+1(n,t)+tQ(n,t) — P(n,t). Appendix D.3.3 adds the revenue from gasoline taxes,

the corporate tax and the cost of the label.

The welfare formula of ACMT. ACMT evaluate the label with a second-order approx-
imation that uses a few moments of the joint distribution of (v; + ¢;, 7;). Without tax, the

change in total surplus fromn =0ton =11is

1

AW (t =0) =~ §{p[(E[7+¢] —M‘I—E[T])Q — (Ely + ¢ —,u)z} +2cov[y+ ¢, 7] +var[7]} D,

where D) < 0 is the slope of demand and the moments are population moments, which
ACMT use in place of moments among marginal consumers. The covariance of 7; with
v; does not enter the formula, but it changes the moments among marginal consumers.
The first term is the effect of the average change in choices. The last two terms are the
change in the variance of the distortion, from ~; 4+ ¢; to v; + ¢; + 7. With the optimal tax,
t* = E[y 4+ ¢ + 7] — p, the first term is zero. Appendix D.3.2 compares the moments and

welfare numbers of ACMT with those of our model.

D.3.2 Estimation

ACMT estimate only the moments that enter their welfare formula. We estimate the joint
distribution of valuations, biases and label effects by maximum likelihood on their experi-
mental data, so that the model gives welfare at any policy. This section describes the data,

the specification, the estimator, the estimates and the fit.

Data. The sample has the 1,267 participants of ACMT after their exclusions: 1,002 in the
four label arms, which we pool as ACMT do, and 265 in the control group. Each participant
values two pairs of cars, j = 1 (Nissan Altima against Ford Fusion) and j = 2 (Honda Accord

or Subaru Legacy against Ford Fusion), at baseline (s = 1) and at endline (s = 2). Only
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the endline screens show a label, and only to treated participants (7; = 1). The price lists
fix the high-MPG car at $2,000 per year and vary the price of the low-MPG car from $500
to $3,500, so they reveal the relative willingness to pay w;;s within a $100 interval between
—$1,500 and $1,500. We treat the 58 answers outside this range (out of 5,068) as $100
intervals around the reported value. We also observe the benchmark valuation of ACMT,
03 = fij — 9ij, the willingness-to-pay if gasoline were free minus the gasoline cost implied by

the participant’s mileage and gas price.

Specification. The experienced valuation, the elicited willingness to pay and the bench-

mark are

Vij = 5j + Ki + Sij,
Wijs = vij + i + big + 7. T 1{s = 2} + ey,
Uij = Vi + Wij,
where 4, is the mean valuation of pair j, k; ~ N(0,02) and ¢;; ~ N(0,02) are tastes of the
;
and of the pair, and e;;s and u;; ~ N(0,02) are noise in the price lists and in the benchmark.

participant and of the pair, 7; ~ N(u,,02) and b;; ~ N(0,07) are biases of the participant
The consumer of Appendix D.3.1 has valuation v;;, bias 7; +b;; and label effect ;. The label

effect is

i = Ripir + By (i — 11y) + Beki + o — @) + 14, v; ~ N(0,07),

where R; ~ Bernoulli(p,) indicates the participants who respond to the label. Among
responders, p, is the mean effect, and 3,, 5, and «a, are the slopes on the bias, the taste and
the externality. The label effect is the same for both pairs, so it can depend on the taste and
bias of the participant but not on those of the pair. The noise e;;1 is drawn from N (0, 02). At
endline, the participant repeats the baseline noise (e;j2 = e;;1) with probability 7, and draws
new noise otherwise. All components are independent of each other and of T;. The implied

moments of the label effect are E{r] = p, ., cov]y, 7] = pTﬁwa?Y and cov|v, 7] = p,B.0>.

We estimate two specifications. The first sets 8, = 0, so that the label effect does not
depend on the valuation given the bias. The second leaves (3, free, as ACMT leave cov|v, 7]

unrestricted. The welfare estimates of the paper use the second.

Each feature matches a feature of the data. In the control group, 27 percent of endline an-
swers equal the baseline answer for the same pair, far more than independent noise produces,

and 7, captures these repetitions. In the treated group the share is 21 percent. A treated
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participant who repeats the baseline noise changes the answer by exactly 7;, so this share
requires many participants with 7, = 0, and R; captures them. The benchmark measures the
taste without the bias, which separates g, from 3,. Compared with ACMT, the specification
imposes normal layers, a bias independent of the externality, and a label effect linear in the

bias, the taste, and the externality.

Estimator. We estimate the parameters by maximum likelihood, 15 in the first specifi-
cation and 16 in the second. The likelihood of a participant is the probability of the four
observed intervals times the density of the two benchmarks. Given (k;,~;, ;) and the pair-
level taste and bias, the interval probabilities are normal probabilities in closed form, with
repeated or new noise, and for responders or non-responders. The mixture over repeated
noise is taken pair by pair, and the mixture over responders at the level of the participant,
since R; and v; are shared by the two pairs. We integrate over x;, 7; and the pair-level
shock by Gauss-Hermite quadrature, with 13 nodes for x; and v; and 11 for the pair-level
shock.

The integral over v; needs more care. A treated responder who repeats the baseline noise in
pair 5 changes the answer by exactly 7;. The probability of the two observed intervals is then
zero unless 7; lies in a window of $200, between the lower bound of the endline interval minus
the upper bound of the baseline interval and the upper bound of the endline interval minus
the lower bound of the baseline interval, and it has two kinks inside the window. Gauss—
Hermite nodes are too far apart to resolve such a window. With 13 nodes, the log-likelihood
of some treated participants is off by as much as 0.38 compared with a simulation with four
million draws. We therefore split the likelihood of a responder according to whether each
pair repeats the baseline noise. The term in which both pairs draw new noise is smooth in
v; and keeps 13 Gauss—Hermite nodes. The other terms are integrated over the window of
the repeating pair, or the intersection of the two windows, with four Gauss—Legendre nodes
on each piece between kinks, placed in probability space (v = ®(v;/0,)). The largest error
is 0.006.

We maximize with L-BFGS-B and exact gradients (automatic differentiation in JAX), from
four starting values with 9 nodes in each dimension, then with the final nodes. Standard

errors are clustered by participant.
Estimates. Table D2 reports the estimates. The two specifications agree on the valuations,

the bias and the noise. About 55 percent of treated participants respond to the label.
Among responders, the label lowers the relative valuation of the low-MPG car by $60 to
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$65 on average, and by more for participants with a larger bias (8, ~ —0.4). In the second
specification, it also lowers it more for participants with a larger taste for the low-MPG car
(Bx = —0.45). Freeing 5, raises the log-likelihood by 32.6, and a likelihood ratio test rejects
Br = 0 (p < 0.001). The slope on the externality is imprecise in both specifications. The

standard deviation of the pair-level bias converges to zero in both.

Table D2: Estimates of the structural model of the fuel-economy label

(1) (2)
Bk =0 B, free
Panel A: Valuation and bias, $ per vehicle-year
Mean valuation, pair 1, §; —558.4 (16.3 —557.3 (16.3

Mean valuation, pair 2, do

SD of the participant taste, o
SD of the pair taste, o¢

Mean bias, u.

SD of the participant bias, o,

(16.3)
~608.2 (16.2)
353.5 (16.2)
128.2 (17.7)
135.4 (16.9)
370.5 (18.3)

(16.3)
—607.7 (16.1)
377.1 (16.4)
134.5 (16.5)
134.0 (16.9)
381.6 (18.4)

SD of the pair bias, oy 0.0 0.0

Panel B: Label effect

Share of responders, p, 0.539 (0.041) 0.549 (0.038)
Mean effect among responders, fi- —64.5 (18.2) —59.9 (16.4)
Slope on the bias, £, —0.413 (0.085) —0.382 (0.074)
Slope on the participant taste, S, 0 —0.447 (0.057)
Slope on the externality, o 0.158 (0.212) —0.249 (0.196)
SD of the idiosyncratic effect, o, 169.6 (25.8) 149.9 (19.4)
Panel C: Price lists and benchmark

SD of the price-list noise, o, 406.7 (8.3) 405.3 (8.4)
Probability of repeating the baseline noise, 0.277 (0.015) 0.279 (0.015)
SD of the benchmark noise, o, 439.4 (19.5) 420.6 (19.1)
Log-likelihood ~34,601.1 —34,568.5
Number of parameters 15 16
Participants 1,267 1,267

Notes: This table presents the maximum likelihood estimates on the data of ACMT.
Column (1) sets 8, = 0. Column (2) leaves S, free and gives the welfare estimates of
the paper. Valuations and biases are those of the low-MPG car relative to the high-
MPG car, in dollars per vehicle-year. Standard errors in parenthesis are clustered at
the participant-level.

Fit. Table D3 compares the moments and the welfare effects of the label in our model with
the estimates of ACMT. Both specifications match their average bias, and their average label
effect within one of their standard errors. The variance of the label effect is close to theirs
without 5, (29,260 against 30,428) and higher with it (40,696), within one of their standard

eITrors.

The main difference is the covariance of the bias and the label effect, about —30,500 in both
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specifications against —7,744 for ACMT. The two estimates are about one standard error of
ACMT apart. Ours is more precise because the likelihood models the noise in the price lists
and in the benchmark. ACMT recover the covariance from the interaction of the treatment
with a measure of the bias, w;;1 — 0;;, and about 70 percent of the variance of this measure

1S noise in our estimates.

Panel B reports the change in total surplus as defined by ACMT, from no label to the label
for everyone. It excludes the gasoline taxes, the corporate tax and the cost of the label. Our
model gives a gain of $14 per vehicle-year without tax and of $9.5 to $10.4 with the tax,
against losses of $0.07 and $4.43 for ACMT. The covariance explains the difference. With
the moments of the second specification, their formula gives a gain of $7.7 without tax. With
their covariance instead of ours, it gives a loss of $4.1, while replacing any other moment by
theirs leaves a gain. ACMT do not report standard errors for these changes. Propagating
the standard errors of their moments through their formula gives about $13 in both cases,

so our estimates are within about one standard error of theirs.

Table D3: Fit of the structural model to the estimates of ACMT

(1) (2) (3)

Allcott et al. Our model, Our model,
(2025) B.=0 B free

Panel A: Moments of bias and label effects
Average bias, E[y] 135 (17.6) 135 (17) 134 (17)
Average label effect, E[7] —59 (23) —35 (10) —33 (10)
Variance of the label effect, var|[7] 30,428 (11,925) 29,260 (6,045) 40,696 (6,695)
Covariance of bias and label effect, cov[y, 7] —7,744 (21,348) —30,568 (6,769) —30,512 (6,720)
Covariance of externality and label effect, cov|e, 7] —37 (514) 158 (218) —253 (200)
Covariance of valuation and label effect, cov|v, 7] - 0 —34,873 (5,170)
Demand slope, D;) —0.00060 —0.00053 —0.00052
Panel B: Change in total surplus from the label, $ per vehicle-year
Without tax —0.07 14.09 (3.76) 13.99 (3.07)
With the optimal tax of $126 —4.43 10.39 (2.78) 9.50 (2.17)
Panel C: Likelihood
Log-likelihood —34,601.1 —34,568.5
Number of parameters - 15 16

Notes: Column (1) reports the estimates of ACMT for cars, pooling the four labels (their Tables 1 and
2), with their standard errors in parentheses. Columns (2) and (3) report the moments implied by our
estimates and the exact changes in total surplus in our model, with standard errors from 999 draws
of the parameters in parentheses. Moments are in dollars per vehicle-year (squared for variances and
covariances), and D) is the change in the share of low-MPG buyers per dollar. Total surplus follows
ACMT: consumer surplus plus producer surplus plus the revenue of the tax on the low-MPG car, minus
the externality, from no label to the label for everyone. To be comparable with ACMT, this table values
carbon at their $51 per ton and uses their optimal tax of $126. The changes in total surplus of ACMT
come from their second-order formula (Appendix D.3.1) and have no standard errors.
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D.3.3 Computation of the MVPFs

This section describes how we compute the MVPFs of the fuel-economy label (see Panel C
of Table 2 and Table A5).

Market. Each participant and pair of cars is a consumer. The noise terms e;;; and w;;
of Appendix D.3.2 are errors of the experiment and do not enter choices. For a consumer
who does not see the label or does not respond to it, the decision valuation v;; 4+ 7; + b;; is
normal, with mean d; + 1, variance o7 + 02 + 02 4 o3 and covariance o7, + 0?2 with v;;. For a
responder who sees the label, the decision valuation v;; + ~; + b;; + 7; is normal, with mean
8; + iy + e + s — @), variance (14 B,)%0% + 02 + (1 + 3,)%02 + 0} + 07, and covariance
(14 fx)oz+02 with v;;. For a normal decision valuation W with mean m, standard deviation

s and covariance ¢ with v;;, demand and experienced surplus at price p are

Pr(W >p) = 2(z), By —p) LW > p}] = (& = p) () + - (2),

where z = (m — p)/s. Market demand D(p;n), surplus and the externality average these
expressions over consumers, exposure, and responder types. Relative supply is S(p) =
Qo + ss(p — t), where Qo = D(0;0), ss = p|D,|/(1 — p) and D, is the slope of D(p;0)
at p = 0, so that a tax passes through at p = 0.8. The price solves D(p;n) = S(p), and
producer surplus is IT = Qo(p — t) + ss(p — t)?/2.

Welfare and cost. As in Section 2.1,

W(n)=CS(n)+ (1 —71.)(n) — ®(n),
C(n) = cun — [R(n) — R(0)] — 7.[II(n) — 11(0)] — ¢[Q(n) — Q(0)],

where ¢, is the cost of the label per exposed consumer and vehicle-year, R the revenue from
federal and state gasoline taxes on the extra gallons of the low-MPG car, 7. = 25.8 percent
the corporate tax rate, and t the tax on the low-MPG car. The willingness-to-pay and the
fiscal externalities do not depend on ¢,,. We report the MVPF at ¢, = $1, $5 and $10.

Decomposition. The change in experienced surplus splits into the price savings of infra-
marginal buyers, —@) dp (consumers), and the surplus v;; — p of the consumers whose choice
changes (internality correction). The second term is zero without a wedge between decision
and experienced utility. The label pays no transfer. In Table A5, every term is per dollar of

spending on the label. The take-up column holds the lost revenue of the tax on the low-MPG
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car, a negative subsidy in place. The corporate tax is in additional tax revenues and the

gasoline taxes in other tax revenues.

Reforms. The marginal MVPF is evaluated at n = 1, with the price response from the
implicit function theorem. The non-marginal reform raises n from 0 to 1, the change eval-
uated by ACMT. The structural trapezoid uses the marginal objects at n = 0 and n = 1.
The extrapolated trapezoid replaces the objects at n = 0 by values extrapolated from n =1
at constant responses. The terms proportional to sales of the low-MPG car (price savings,
profits and the corporate tax) are scaled by [Q(1) —Q’'(1)]/Q(1), where Q" = dQ/dn, and the
other terms are unchanged. The counterfactual rows keep a tax of $265 on the low-MPG car
at both ends of the reform. This is the optimal tax with the label implied by the estimates
of ACMT, E[y] + E[¢] + E[r] = 135 + 189 — 59.

Specifications. Panel C of Table 2 and Table A5 uses the specification with £, free.
Table D4 compares the MVPFs of the two specifications of Appendix D.3.2. Without tax,
the label moves twice as many buyers away from the low-MPG car when g, is free (5.4
against 2.7 percentage points). With 5, < 0, the label lowers the valuation most for the
consumers who value the low-MPG car most, and these are the one in five who buy it. The
avoided carbon damages and the lost revenue from gasoline taxes and the corporate tax
both double with the number of buyers who switch. The MVPF is lower at a cost of $1, 4.5
against 6.2, but slightly higher at a cost of $10, 1.6 against 1.5. The gap narrows and then

reverses as the cost of the label increases (and takes a larger share of the net cost).
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Table D4: MVPF of the fuel-economy label in the two specifications

Bk =0 B, free

Marginal ~ Non-marginal ~ Marginal =~ Non-marginal

(1) (2) ®3) (4)

Panel A: No tax on the low-MPG car

MVPF, label cost of $1 6.20 (0.81)  6.06 (0.76)  4.48 (0.49)  4.35 (0.44)
MVPF, label cost of $5 2.65 (0.54)  2.60 (0.52)  2.53 (0.34)  2.47 (0.32)
MVPF, label cost of $10 154 (0.36)  1.52(0.34)  1.63 (0.25)  1.61 (0.23)
Willingness to pay, $ 18.46 (4.94) 18.21 (4.82) 23.14 (4.19)  22.98 (4.02)
Fiscal externality without the label cost, $ 1.98 (0.52)  2.00 (0.54)  4.16 (0.54)  4.29 (0.57)
Change in the low-MPG share, percentage points  —2.7 (0.7) —2.7 (0.7) —5.5 (0.7) —5.4 (0.7)
Panel B: Taz of $265 on the low-MPG car

MVPF, label cost of $1 1.93 (0.14) 1.92 (0.14) 1.50 (0.08) 1.49 (0.08)
MVPF, label cost of $5 1.29 (0.18)  1.27 (0.17)  1.19(0.08)  1.18 (0.08)
MVPF, label cost of $10 0.91 (0.16)  0.90 (0.16)  0.95 (0.08)  0.93 (0.08)
Willingness to pay, $ 15.52 (4.13)  15.22 (3.99) 2347 (3.48)  22.64 (3.27)
Fiscal externality without the label cost, $ 7.05 (1.86) 6.95 (1.81)  14.69 (1.92) 14.24 (1.82)
Change in the low-MPG share, percentage points —2.2 (0.6) —2.1 (0.5) —4.5 (0.6) —4.3 (0.5)

Notes: MVPF of the label at a cost ¢ per exposed consumer and vehicle-year, the willingness-to-pay divided by
¢ plus the fiscal externality. Columns (1) and (2) set 8, = 0, and columns (3) and (4) leave it free (Table D2).
The marginal MVPF is at n = 1, and the non-marginal MVPF is for the change from n = 0 to n = 1. The
willingness-to-pay and the fiscal externality are in dollars per exposed consumer and vehicle-year. The fiscal
externality is the lost revenue from gasoline taxes, the corporate tax and, in Panel B, the tax on the low-MPG
car. Standard errors in parenthesis are computed from 999 parametric bootstrap replications.

D.3.4 Counterfactual cases

We now discuss the counterfactuals presented in Figure 7. The details of each case are
available in Table D5. We focus on our main specification, with 3, free and a cost of $1
per consumer exposed per vehicle-year, and we change one element of the model at a time.
In each case, we recalibrate the relative supply as in Appendix D.3.3, by solving the new

equilibrium relative price, and we compute the MVPF at n = 1.

Label design. The three label design experiments change the effect of the label, 7;. The

untargeted label scenario sets 3, = 0, so the label effect does not depend on the bias.

The fully targeted label scenario sets 3, = —1, so the label removes the deviation of each
responder’s bias from the average bias. The debiasing label scenario sets i, = —ji, 8, = —1
and 8, = ayg = 0, = 0, such that 7; = —v;, and responders choose on their experienced

valuation (without bias). In all cases, the label effect does not affect non-responders.
Bias. For the unbiased consumers scenario, we set 11, = 0., = 0 to remove the bias, and we

keeps the label effect at our estimates. Without bias, each consumer already leases the car

that gives the highest experienced utility, so every consumer that switches due to the label is
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worse off. The label induces lower carbon emissions, and the decreased externality more or
less offsets the loss in consumer utility. The no bias correction removes the bias correction

term from the willingness-to-pay.

No-repricing. Without repricing, relative supply is flat (p = 1), so the relative price
between low- and high-MPG cars is fixed for every n. As a result, producer surplus does
not change and has no effect on the MVPF. Compared with the baseline, more consumers
change to the high-MPG car, leading to a higher MVPF, since the repricing reduces the
relative price of low-MPG cars, offsetting the effect of the nudge.

Table D5: MVPF of the fuel-economy label in alternative cases

Willingness Fiscal Change in the

Description Parametrization to pay externality low-MPG share MVPF
Baseline

Our estimates, no tax Table D2, column (2) 23.14 (4.19) 4.16 (0.54) —5.5 (0.7) 4.48 (0.49)

Our estimates, corrective tax Same, t = $265 23.47 (3.48) 14.69 (1.92) —4.5 (0.6) 1.50 (0.08)
Label design

Debiasing label Same, 7; = —; 39.40 (4.43) 4.61 (0.47) —6.3 (0.7) 7.02 (0.22)

Fully targeted label Same, §, = —1 37.54 (4.24) 5.74 (0.56) -7.9(0.8) 5.57 (0.37)

Untargeted label Same, 5, =0 3.56 (2.46)  2.32 (0.37) —2.8 (0.5) 1.07 (0.71)
Bias

No bias correction Same, no bias correction in the WTP 11.78 (1.56) 4.16 (0.54) —5.5 (0.7) 2.28 (0.08)

Unbiased consumers Same, f, =0, =0 0.64 (0.47)  1.92 (0.30) —3.0 (0.5) 0.22 (0.17)
Other

No repricing (flat supply) Same, p =1 28.50 (4.55)  3.74 (0.47) —6.7 (0.8) 6.01 (0.53)

Notes: Marginal MVPF of the label at n = 1 and a cost of $1 per exposed consumer and vehicle-year. The willingness-to-pay and
the fiscal externality are in dollars per exposed consumer and vehicle-year, and the change in the low-MPG share is in percentage
points. The willingness-to-pay includes the bias correction term unless indicated otherwise. The fiscal externality is the lost revenue
from gasoline taxes and the corporate tax, and includes the revenues from the corrective tax whenever applicable. Standard errors
in parenthesis are computed from 999 parametric bootstrap replications.
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