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Abstract

We develop a model studying how financing frictions affect a firm’s carbon foot-

print and its transition to sustainable technologies while allowing for multiple types

of green investment: abatement of carbon emissions, adoption of available technolo-

gies, and green innovation. Financing frictions impact each type of green investment

differently—with abatement unaffected, a negative effect on adoption, and an am-

biguous impact on green innovation. Financing frictions reduce current emissions by

contracting production, but have a negative impact on the transition to greener tech-

nologies in firms relying mainly on adoption. We further show that tilting strategies

need not boost green innovation, exclusion strategies mainly curb current emissions,

and subsidies to adoption also help incentivize green innovation.
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1 Introduction

The global need to reduce carbon emissions requires a massive amount of financial resources.

In the remarkable effort to meet the Paris agreement’s goal of limiting global warming,

fiscal policies and private investors alike are contemplating programs aimed at channeling

resources to the corporate sector. However, a preliminary question lies at the forefront of

the global rush to green the economy: How do financial constraints (and the relaxation

of such constraints) affect the firm’s incentives to reduce their carbon emissions and to

transition to more sustainable industrial processes? To date, works attempting to answer

this question have overlooked that firms’ carbon emission management is both dynamic

and multifaceted: Firms have several tools at their disposal to best manage their carbon

footprint over time and become technologically sustainable. This paper seeks to fill this

gap.

Indeed, an assessment of the effects of financing frictions on corporate policies needs

to take into account that: (1) a firm’s carbon management policy is dynamic in nature

and is affected by the availability of financial slack, which is itself an endogenous outcome;

(2) a firm’s current carbon emissions and its long-term carbon footprint depend on both

production and green investment choices; and (3) green investment is heterogeneous: Firms

can target emission reduction in the short term without changing the firm’s production

technology (by simply offsetting their current emissions) or instead promote a long-term

transition by investing in sustainable technologies and, thus, greening their production

process. Our framework takes all of these aspects into account.

Specifically, we develop a model to investigate how financing frictions affect the different

margins through which firms can simultaneously reduce their carbon emissions and make

their technology more sustainable. Financing frictions are modeled as costs incurred when

raising outside financing, which make it optimal for the firm to accumulate cash reserves as

in Décamps, Mariotti, Rochet, and Villeneuve (2011) or Bolton, Chen, and Wang (2011).

We assume that the firm operates in a jurisdiction where carbon emissions are priced and

customers value a firm’s sustainability (see, e.g. Derrien, Krueger, Landier, and Yao, 2023;
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Meier, Servaes, Wei, and Xiao, 2023). In this setting, we study the real and financial

policies that maximize shareholder value.

A notable feature of our setting is that we discriminate among different types of green

investment by their impact on the firm’s technological sustainability. At one extreme

of the spectrum, we can think of abatement, which aims at offsetting current emissions

but has no impact on the firm’s production technology.1 At the other extreme, we can

think of green innovation, which aims at making the firm’s production technology more

sustainable but has a delayed outcome—thus, it has no impact on current emissions. An

intermediate type between the two extremes is the adoption of existing green technologies—

in the following, simply referred to as adoption. The impact of adoption on sustainability is

less path-breaking than green innovation but, differently from green innovation, makes an

immediate dent on current carbon emissions. At the same time, adoption is more expensive

than abatement but, differently from abatement, its impact is not entirely transient.

As a first prediction, our analysis reveals that tighter financing frictions dampen a firm’s

sensitivity to its own technological sustainability—or, as we call it, the firm’s marginal value

of sustainability. From the shareholders’ perspective, we show that the marginal benefit

of making technology more sustainable is strictly greater in the case of a firm subject to

no financing frictions compared to a financially constrained firm. The result holds as fi-

nancing frictions decrease firm value and increase the marginal value of cash, which both

make shareholders undervalue sustainability. Relatedly, in a financially constrained firm,

higher costs of external funding as well as lower financial slack (i.e., lower cash reserves)

decreases the marginal value of sustainability from the firm’s perspective. In other words,

the firm’s engagement in becoming more sustainable is subordinated to the firm’s finan-

cial strength. This result is consistent with the evidence in Hartzmark and Shue (2023),

who show that polluting firms exhibit greater engagement in becoming greener when their

financing conditions also improve.

Our analysis further shows that financing frictions have a non-monotonic effect on green

1Some examples of this type of projects are afforestation and reforestation projects, or investment in
international carbon offset projects.
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investment as sorted by the extent of its impact on sustainability. Namely, our model shows

that financing frictions have (1) no impact on abatement, (2) a strictly negative impact on

adoption, and (3) an ambiguous impact on green innovation. First, abatement does not

affect the firm’s technological sustainability but only impacts current emissions. Because

the firm chooses its abatement rate to reduce its carbon tax liability while minimizing

the associated abatement costs, the resulting optimal policy is independent of the firm’s

financial slack. Second, adoption unambiguously declines in the presence of financing fric-

tions. In particular, financing frictions erode the benefit of adoption—which is driven by

the marginal value of sustainability—and increase its cost—because cash is more valuable

in the presence of financing constraints. Third, the ambiguous effect on green innovation

results from two opposing strengths. On one hand, financing frictions increase the effective

cost of investing in R&D, as financial slack becomes more valuable. On the other hand,

technological breakthroughs also become more valuable as they relax financing constraints,

consistent with the empirical evidence (see, e.g., Farre-Mensa, Hegde, and Ljungqvist, 2020;

Hall, 2019).

To the extent that the impact of financing frictions on innovation is ambiguous, we

further characterize which firms should exhibit a greater engagement in green innovation.

Whereas firms with stable cash flows decrease their engagement in green innovation as

financing frictions tighten, we show that firms with sufficiently volatile cash flows exhibit

the opposite behavior. In particular, as financial slack decreases, firms with highly volatile

cash flows are relatively insensitive to the associated costs of innovation, and instead be-

come more keen on attaining a green breakthrough that will ultimately relax financing

constraints. Interestingly, as the oil and gas sector is characterized by highly volatile cash

flows, our model is then capable of explaining this sector’s substantial engagement in green

innovation—as documented by Cohen, Gurun, and Nguyen (2025); Chiu, Hsu, Li, and

Tong (2024); Kruse, Mohnen, Pope, and Sato (2020)—despite the increasing challenges in

raising outside financing given the sector’s high carbon emissions’ profile.

Our framework allows to study both the immediate impact of financing frictions on a
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firm’s current emissions as well as their effect on the firm’s engagement to transition to more

sustainable technologies—two complementary dimensions. Namely, we show that financing

frictions lead to a reduction in current carbon emissions, as financially constrained firms

subject to carbon taxes seek to limit their carbon tax liability by cutting on production.

This is environmentally good but has a short-term impact. At the same time, financing

frictions have an ambiguous impact on the speed of transition to sustainable technologies

(or, more simply, the “transition rate”), stemming from the negative impact on adoption

and the ambiguous impact on green innovation. Under the realistic assumption that firms

put a greater emphasis on adoption than on innovation (for instance, as the former is signif-

icantly cheaper), financing frictions slow down the transition rate. This is environmentally

bad, and even more so because it has a long-lasting impact. These results appear to be con-

sistent with the available evidence, whereby financing frictions lower a firm’s net emissions

because they lead to a reduction in its scale of production (see Sheldon, 2017), but they also

induce the firm to deprioritize green investment (see Peters, Marland, Le Quere, Boden,

Canadell, and Raupach, 2012). Consistent with our model, Pacca, Antonarakis, Schroder,

and Antoniades (2020) emphasize the differential short-term versus long-term effect of a

tightening in financing frictions on firm’s carbon footprint: While financing frictions may

lead to lower current emissions in the short term due to a contraction in production, firms’

engagement in building sustainable industrial processes also slows down.

Given our focus on financial constraints, our setting is particularly well-suited to study

the impact of socially responsible investment on the different tools through which firms

can become less polluting. Namely, we study policies such as exclusion (i.e., denying

financing to polluting firms) and tilting (i.e., making financing gradually cheaper as firm

take steps to becoming sustainable). Our analysis illustrates that exclusion strategies

are particularly effective at reducing current carbon emissions by inducing polluting firms

to reduce their production rates. Yet, exclusion strategies fail to sustain the investment

in cleaner technologies and, thus, slow down firms’ transition rate. Conversely, tilting

strategies have the potential to ensure a faster transition to cleaner technologies, although
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this is mostly adoption-driven (as opposed to innovation-driven). Specifically, although

tilting does not result in greater engagement in green innovation unconditionally—whereby

the outcome depends on the firm’s specific cash position, its cash flow volatility, and the

price of carbon emissions, among other aspects—it unambiguously sustains the adoption

of existing green technologies.

As an alternative way of channeling resources to firms to ease their green transition,

subsidies have also been heatedly discussed. In particular, regulators have contemplated

two types of subsidies: those encouraging green innovation and those incentivizing the

adoption of existing sustainable technologies (as those described, for instance, by Accetturo,

Barboni, Cascarano, Garcia-Appendini, and Tomasi, 2023). We find that the latter type has

the potential to “kill two birds with one stone”: While its main goal is easing investment in

adoption, it also reduces financial constraints, boosts firm value, and increases the marginal

value of sustainability from the firm’s perspective. Hence, subsidies to adoption also spur

investment in green innovation—a novel prediction that our model delivers.

Last, our analysis shows that carbon pricing induces firms to put more emphasis on

short-term, transient measures to combat pollution—such as abatement—than on long-

term measures—such as green innovation. Whereas Bustamante and Zucchi (2024a) show

this in a setting with no financial constraints, our paper shows that this result continues

to hold when allowing for financing frictions. Moreover, even if both financing frictions

and carbon taxes impose a financial burden on polluting firms, our analysis illustrates that

they have a distinct impact on the firm’s optimal carbon emission management. Namely,

an increase in carbon taxes leads to an increase in abatement and a drop in both adoption

and green innovation. In turn, tighter financing frictions have no impact on abatement, a

negative effect on adoption, and an ambiguous impact on green innovation.

Related literature Our paper relates to the literature analyzing the impact of finan-

cial constraints on firm’s green commitments, pioneered by Heinkel, Kraus, and Zechner

(2001). In this strand, Oehmke and Opp (2024) investigate the conditions under which
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socially responsible investors can achieve impact by influencing firms to tilt their produc-

tion technology towards lower carbon emissions in a Holmstrom and Tirole (1997)-type of

model. Heider and Inderst (2022) also use a Holmstrom and Tirole (1997)-type of model

but they focus on environmental regulation in industry equilibrium. Edmans, Levit, and

Schneemeier (2023) show that tilting—i.e., holding a brown stock if the firm has taken a

corrective action—is a more effective strategy than exclusion of brown stocks for external-

ities reduction, as such strategy can encourage action of brown stocks too. Lanteri and

Rampini (2023) focus on the adoption of green technologies by heterogeneous firms subject

to financing constraints. They show that, in equilibrium, cleaner and newer capital requires

a larger down payment and, thus, financially constrained, smaller firms optimally invest

in dirtier and older capital than unconstrained larger firms. Doettling and Rola-Janicka

(2023) model financing frictions as collateral constraints and focus on its interaction with

physical risk. Lastly, Morse and Sastry (2024) review the literature on the role of net zero

commitments of banks. Our framework adds to this literature by allowing a rich charac-

terization of the firm’s green investment policies, which enables us to study the tradeoff

between lowering current emissions vis-a-vis transitioning to more sustainable technologies

when firm’s financial resources are scarce.

As noted by Bowen and Stern (2010), periods of heightened financing frictions can be

opportunities for environmental improvements—immediate reduction in industrial output

might lead countries towards more sustainable resource use. But the effect can also be

negative if balancing budgets takes precedence over social or environmental aids by govern-

ments.” At the firm level, this short- versus long-term impact of financial frictions on green

investment at the heart of our theoretical analysis and sets our model apart from previous

contributions. In fact, by allowing for different types of green investment and for flexible

production rates, we are able to study how financing frictions affect current emissions as

well as the the speed of transition to greener technologies.

Our paper then relates to the emerging literature in empirical corporate finance studying

the drivers and impediments to firms’ commitments to becoming greener. De Hass, Mar-
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tin, Muuls, and Schweiger (2025) show that both financial constraints and deficient firm

management can be impediments to corporate green investment. Accetturo et al. (2023)

report that access to finance significantly increases firms’ likelihood to undertake green

investment, and more so for healthier firms and for firms who have access to government

subsidies. Bartram, Hou, and Kim (2022) investigate the real effects of the introduction of

the cap-and-trade program in California and show that it induced financially constrained

firms to adapt operations, for instance by reallocating production. Hartzmark and Shue

(2023) provide evidence suggesting that starving firms of capital fails to facilitate the green

transition of highly polluting firms, a conclusion supported by the predictions of our model.

Overall, our paper provides theoretical guidance for further empirical work on the topic as

more data becomes available, by illustrating how financing frictions affect different types

of green investment as well as other real and financial choices.

Finally, our paper is related to the strand of corporate finance models with financing

frictions, in which firms have incentives to keep cash reserves and manage such cash reserves

dynamically. Papers in this strand include Bolton, Chen, and Wang (2011, 2013), Décamps

et al. (2011), Hugonnier, Malamud, and Morellec (2015), Malamud and Zucchi (2019), Della

Seta, Morellec, and Zucchi (2020), Décamps, Gryglewicz, Morellec, and Villeneuve (2017),

and Zucchi (2024), among others. Our contribution relies on adding sustainability consid-

erations to this strand of the literature, which is particularly important to understand, at

the firm level, how finance can influence the transition to a green economy.

The paper is structured as follows. Section 2 describes the model. Section 3 solves the

model in the benchmark case with no financing frictions. Section 4 solves the model in the

case with financing frictions. Section 5 analyzes the model results. Section 7 investigates the

impact of innovation subsidies. Section 8 concludes. Technical developments are gathered

in the Appendix.
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2 The model

Time is continuous and uncertainty is modeled by a probability space (Ω,F , P ) equipped

with a filtration (Ft)t≥0 that represents the information available at time t. The economy

admits a constant risk-free rate ρ, and agents are risk neutral.

We design a dynamic model for a financially constrained firm that is intrinsically pollut-

ing and best manages its carbon emissions. Importantly, the firm operates in a jurisdiction

in which carbon emissions are priced. We denote the firm’s degree of technological sus-

tainability (or “greenness”) by Gt. Increasing the firm’s greenness can be attained through

investments of various types but is costly.

Production, Revenues, and Carbon Pricing. The firm’s choice of production Yt

affects its revenues. For simplicity, we consider that the firm is a monopolist, and we

normalize the cost of production to zero. We assume that the firm faces the following

inverse demand function:

p(Yt) = a− b
Yt
Gt

a > 0 , b > 0. (1)

In this expression, the sensitivity of prices to Yt is scaled by the firm’s sustainability Gt to

capture that consumers are sensitive to the firm’s environmental engagement. Thus, the

more sustainable the firm is, the greater the amount of product demanded by consumers for

a given price level. This assumption is consistent with the growing evidence that consumers

reward greener firms (see, e.g., Derrien et al. (2023), Meier et al. (2023)).2 More broadly,

this demand function is consistent with the argument that less sustainable inputs entail

greater cost of production as in Acemoglu, Aghion, Bursztyn, and Hemous (2012), which

in turn delivers pro-sustainability preferences as shown by Bustamante and Zucchi (2024a).

The firm’s production process also generates carbon emissions and, thus, carbon related

2Derrien et al. (2023) show that analysts significantly downgrade earnings forecasts on a firm following
negative ESG news on such firm. They show that the negative revision of earnings forecasts reflects
expectation of lower sales rather than higher future costs. Using barcode-level sales data, Meier et al.
(2023) show that environmental and social ratings positively relate to firm sales.
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expenses. We denote the firm’s gross emissions by νYt per unit of time, where the parameter

ν denotes the firm’s emission intensity and should be thought of as an industry-specific

parameter. Absent any type of green investment, the firm pays a cost κ per tonne of

(gross) carbon emissions. Nonetheless, as we describe next, the firm can also decrease its

carbon tax liability by engaging in green investments of various types. Hence, whereas

a firm’s carbon footprint has an industry-specific component determined by ν, it is also

shaped by the firm-specific green investments.

Sustainability and green investment The model allows for three different types of

green investment: Abatement projects, adoption of (existing) greener technologies (hence-

forth, adoption), and green innovation.

First, abatement projects immediately offset carbon emissions but do not change the

firm’s technology (see, e.g., Kim, Li, and Wu, 2024). That is, these projects simply aim at

cleaning up some of the firm’s emissions ex-post. Examples of abatement are afforestation

or reforestation projects as well as contributions to international carbon offset projects.

Abatement leads to a reduction stGt in the firm’s current carbon emissions and entails a

quadratic cost α
2
s2tGt.

3 Notably, the effect of abatement projects is transient because it only

reduces emissions in the present but does not impact the firm’s technological sustainability

Gt. In other words, if the firm wants to reduce emissions by a given amount in each period

through abatement projects, it has to undertake the associated expenditure in each period.

Second, the firm can improve the sustainability of its production processes by adopting

existing green technologies. In the following, we refer to this type of investment as adoption.

Some examples of adoption are installing solar panels, investing in recycling processes, or

switching to electric vehicles. Adopting greener technologies leads to an increase in the

firm’s stock of technological sustainability. Namely, the firm’s technological sustainability

increases at rate it if the firm spends the cost θ
2
i2Gt.

3For tractability, we assume that both the benefit and cost of abatement scale with Gt. This is without
loss of generality as, because both the benefit and cost scale up with Gt, we can think of the optimal
abatement policy as independent of Gt.
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Third, the firm can invest in green innovation—i.e., it can spend on green R&D to

come up with novel, sustainable technologies. Green innovation leads to a technological

breakthrough at a Poisson rate ϕzt if the firm spends the quadratic cost ζ
2
z2tGt. Innovation

becomes more costly if the firm is already more sustainable (i.e., Gt is higher).4 This

formulation also implies that the more the firm invests in green innovation, the higher

the rate of arrival of a green breakthrough. When such breakthroughs happen, the firm’s

sustainability Gt increases lumpily by a factor λ > 1.

Under these assumptions, the firm’s sustainability (or greenness) exhibits the following

dynamics:

dGt = (it− − δ)Gt−dt+ (λ− 1)Gt−dNt (2)

where δ captures the depreciation rate of firm’s technological sustainability. The first

term implies that, on each time interval, the firm’s sustainability grows incrementally due

to the adoption of available greener technologies. The second term shows that the firm’s

sustainability can also increase lumpily thanks to green technological breakthroughs, where

Nt is a Poisson process with endogenous intensity ϕzt.

Notably, abatement does not affect the firm’s sustainability (as indeed it does not enter

the dynamics of equation (2)) but it immediately affects the firm’s net emissions, which

are given by:5

νYt − stGt − ξGt (3)

That is, the greater the firm’s investment in abatement, the lower the firm’s current carbon

emissions. Moreover, the impact of abatement projects on net emissions is transient, as

the firm has to undertake abatement expenditures every period to indeed offset a given

volume of its carbon emissions. In turn, an increase in Gt leads to a permanent decline

in the firm’s emissions (Gt is a stock variable that accumulates over time). Namely, the

greater the term ξ > 0, the more Gt leads to a decline in sustainability—thus, investment

4This assumption is shared with previous models of innovation and growth, see e.g., Akcigit and Kerr
(2018) or Acemoglu and Cao (2015).

5For the sake of simplicity, we assume that if the firm’s net emissions are negative—i.e., the firm is a
net cleanser—it then receives a subsidy. In our analysis, however, we mostly focus on polluting firms.
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in adoption as well as green innovation breakthroughs permanently improve the firm’s

technological sustainability and decrease emissions for a given scale of production. This

modeling is similar to Bustamante and Zucchi (2024a).

Importantly, the different types of green investment can be sorted by their impact on

sustainability. At one extreme, abatement has no impact at all on sustainability and, thus,

on the firm’s production technology—namely, abatement immediately decreases carbon

emissions but has no effect on Gt. Second, adoption leads to an incremental improvement

in the firm’s technological sustainability, which has a direct impact on the firm’s carbon

emissions. Lastly, green innovation expenditures have a delayed but lumpy (path-breaking)

impact on technological sustainability—thus, it does not impact carbon emissions today,

but has a long-lasting effect on the sustainability of the firm’s production processes.

Cash flows, financing frictions, and cash holdings. Under the assumptions de-

scribed above, the firm’s operating profits satisfy the following dynamics:

dXt =

[
p(Yt)Yt − κ(Ytν − stGt − ξGt)−

(
αs2t
2

+
θi2t
2

+
ζz2t
2

)
Gt

]
dt+ σYtdBt, (4)

The first term suggests that profits increase with sales (the first term in square brackets)

whereas decrease with the carbon tax (the second term) as well as with abatement, adop-

tion, and green innovation expenditures (the last term in square brackets). Nonetheless,

abatement reduces the firm’s carbon tax burden, as the firm gets taxed on net carbon

emissions, defined in (3). The last term captures cash flow volatility. Namely, the greater

the firm’s scale of production, the greater the volatility of its cash flows.6

The specification in equation (4) implies that the firm can make operating profits or

losses on any time interval. Such losses could be covered through external financing if

it was costless. We relax this assumption and acknowledge that firms face costs when

raising external funds. Following previous works (BCW, 2011, 2013; Décamps et al., 2011;

Hennessy and Whited, 2007), we model financing frictions in a reduced-form fashion to

6This modeling is also adopted in Bustamante and Zucchi (2024b) or Malamud and Zucchi (2019).
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capture asymmetric information problems. Namely, we assume that whenever the firm

raises outside financing, it bears a proportional cost χ and a fixed cost, Ft. We assume

that the fixed cost scaled by the firm’s sustainability stays constant over time and denoted

by f , to avoid that the firm ever outgrows its cost of financing.7 In Section 6.2, we relax

this assumption and see how policies would change if the firm outgrows its fixed cost if

it becomes sufficiently sustainable—consistent with observed policies of tilting and, thus,

cheaper financing to greener firms.8

The empirical literature highlights how successful innovation results in enhanced avail-

bility of external financing (see, e.g., Farre-Mensa, Hegde, and Ljungqvist (2020)).9 Whereas

these previous works focus on innovation in general, this should be even more the case in

the green innovation field, where such innovations are craved by both investors and regu-

latory bodies. Indeed, Hege, Pouget, and Zhang (2023) report that climate-related patents

ease the financing conditions of the awarded firm. Similar to the modelling approach in

Clementi and Hopenhayn (2006) and Malamud and Zucchi (2019), we thus acknowledge

that financing frictions loosen up when a firm attains an innovation breakthrough. To

capture this idea, we assume that the firm is waived the fix and variable financing costs

upon a green innovation breakthrough.10

The presence of financing frictions implies that the firm has incentives to accumulate

cash. However, holding cash entails an opportunity cost, as the return on cash—denoted

by r—is strictly lower than the risk free rate, i.e., r < ρ. As in previous cash management

models, the opportunity cost of cash can be motivated by a tax disadvantage (Graham,

2000) or a free cash flow problem (Jensen, 1986). The dynamic of the firm’s cash reserves,

7This assumption is equivalent to assuming the absence of socially-responsible investors—who make
financing cheaper to greener firms—and serves as a useful benchmark.

8In other words, our baseline setup does not embed tilting, though we gauge its effect separately in
Section 6.2.

9Hall (2019) provides a survey and discusses alternative channels through which successful innovation
relaxes financial constraints. Importantly, such achievement likely alleviates the asymmetric information
problem between the firm and outside investors.

10We assume that financing costs go to zero in this case just for simplicity, but one could think of a
model in which routine financing is relatively more expensive than financing upon a breakthrough.
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denoted by Wt, are described by the following equation:

dWt = rWtdt+ dXt + dOt − dΦt − dUt (5)

where Ot is the cumulative process representing outside financing, Φt is the cumulative

issuance costs, and Ut represents cumulative dividends. This equation implies that cash

reserves increase with the return on cash, with operating profits, and with outside financing,

whereas they decrease with operating losses, financing costs, and dividend payments.

As in previous cash management models, the firm should maintain a non-negative cash

reserve as an operating constraint. If the firm depletes its cash reserves and does not

raise outside financing then, it has to liquidate its assets. We denote the firm liquidation

value by L. Furthermore, we assume that the firms’ liquidation value is increasing in its

sustainability, so that L = ℓGt. As the firm becomes more sustainable, it adopts valuable

green technologies, which ultimately allow a higher recovery rate if liquidated.

Optimization Management chooses the firm’s production (Y ), abatement (s), adoption

(i), green innovation (z), payout (U), financing (O), and default (τ) policies to maximize

shareholder value. That is, management solves:

sup
(Y,s,i,z,U,O,τ)

Ew,i
[∫ τ

0

e−rt (dUt − dOt) + e−rτ max {0; ℓ+Wτ}
]

(6)

subject to equation (5). The first term on the right-hand side of equation (6) represents the

flow of dividends accruing to incumbent shareholders, net of the claim of new shareholders.

The second term represents the present value of the cash flow to shareholders in default,

which is given by the liquidation value of assets plus the firm’s cash reserves at that time.
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3 Benchmark case with no financing frictions

We start by solving the model in the benchmark case with no financing frictions. In this

case, the firm has no incentives to keep cash as it can raise external financing when needed

at no cost. Financing and dividend policies are trivial. Moreover, as long as it is expected

to be profitable, the firm never liquidates its assets.

In this setup, firm value is solely a function of its sustainability Gt. The firm has

incentives to become more sustainable to decrease its carbon tax liability as well as to

increase its product demand (see equation (1)). In this setting, the dynamics of firm value

satisfy the following HJB equation:

ρV ∗(G) = max
Y ∗,s∗,i∗,z∗

[
p(Y ∗)Y ∗ − (s∗)2α

2
Gt −

(z∗)2ζ

2
Gt −

(i∗)2θ

2
Gt − κ (Y ∗ν − s∗G− ξG)

]
+ (i∗ − δ)GV ∗

G + ϕz∗ [V ∗(λG)− V ∗(G)] .

The left-hand side of this equation is the return required by shareholders. The right-hand

side is the expected change in firm value on each time interval. Specifically, the first term

on the right-hand side captures the firm’s profits, hereby given by sales net of carbon taxes

and net of its investment in abatement, in adoption, and in green innovation. The second

term represents the effect of infinitesimal changes in the firm’s degree of sustainability. By

contrast, the third term considers the impact of discrete changes in sustainability coming

from green innovation breakthroughs.

To solve for the firm’s problem, we conjecture that V ∗(G) = Gv∗ and Y ∗
t = Gy∗, where

v∗ (respectively, y∗) denotes firm value (production) scaled by sustainability. Differentiating

the resulting scaled HJB equation (see equation (A.1) in Appendix A.1) with respect to

production gives:

y∗ =
a− νκ

2b
. (7)

If there was no carbon pricing (meaning that κ = 0) the firm’s optimal scale of production

would be a
2b
. Thus, the equation suggests that carbon pricing leads firms to reduce their
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optimal scale of production: The greater the cost of carbon κ, the lower the firm’s produc-

tion (see also Bustamante and Zucchi (2024a)). Also, the more polluting the industry in

which the firm operates—captured by a greater ν—the lower the firm’s scale of production.

Next, consider the firm’s optimal engagement in abatement. Differentiating the scaled

HJB equation gives

s∗ =
κ

α
. (8)

This equation suggests that the larger the cost of carbon κ, the greater the firm’s investment

in abatement, consistent with Bustamante and Zucchi (2024a). In turn, the higher the cost

of abatement α, the lower the firm’s optimal abatement rate.

The firm also decides how much to invest in the adoption of existing green technologies.

Differentiating the scaled HJB equation with respect to i∗ gives

i∗ =
v∗

θ
. (9)

The larger v∗ is, the more the firm invests in the adoption of existing greener technologies.

In turn, if the cost of green adoption is higher, then the firm invests less in adoption.

Lastly, differentiating the scaled HJB equation with respect to z∗ gives the firm’s optimal

investment in green innovation

z∗ =
ϕ(λ− 1)v∗

ζ
. (10)

This expression illustrates that the greater the likelihood of a green breakthrough or the

more significant its surplus, the greater the firm’s engagement in green innovation. On the

contrary, the equation suggests that the higher the cost of innovation ζ, the lower the firm’s

incentive to invest in innovation.

Substituting the firm’s optimal policies into the HJB equation gives an explicit solution
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for firm value absent financing frictions

v∗ =

(δ + ρ)−
√

(δ + ρ)2 − 2
(

1
θ
+ ϕ2(λ−1)2

ζ

)(
(a−νκ)2

4b
+ κ2

2α
+ ξκ

)
(

1
θ
+ ϕ2(λ−1)2

ζ

) . (11)

As shown in Appendix A.1, firm value decreases with κ as long as the firm exhibits positive

emissions. Thus, polluting firms have incentives to reduce emissions to increase shareholder

value when subject to carbon pricing.

4 Model solution with financing frictions

Financing frictions lead the firm to accumulate cash reserves. As in previous cash man-

agement models, the benefit of holding cash decreases with cash reserves. In turn, the

opportunity cost of holding cash is constant and equal to ρ − r. We thus conjecture that

there is a target cash level W ∗ at which the costs and benefit of cash are equalized. Above

W ∗, it is optimal to pay excess cash as dividends to shareholders. Below W ∗, shareholders

retain earnings in cash reserves and search for financing. The cash reserves of the firm

always remain nonnegative as an operating constraint—if out of cash, the firm would not

be able to cover any operating losses.

Differently from the case with no financing frictions, the value of the firm is not only a

function of its sustainability, but also of its cash reserves. Firm value is then denoted by

V (G,W ). For any W < W ∗, firm value satisfies:

ρV (G,W ) = max
Y,s,i,z

[rW + p(Y )Y − s2α

2
Gt −

z2ζ

2
Gt −

i2θ

2
Gt − κ(νy − s− ξ)G]VW

+
σ2

2
Y 2VWW + (i− δ)GVG + ϕz [V (λG,W ∗(λG))− V (G,W )− (W ∗(λG)−W )] . (12)

The left-hand side represents the return required by shareholders. The right-hand side is

the expected change in firm value on each time interval. The first term represents the

17



effect of infinitesimal changes in cash reserves on firm value. Cash reserves increase with

the return on cash and with sales, whereas they decrease with the carbon tax and the firm’s

investment in abatement, adoption, and green innovation. The second term captures the

impact of cash flow volatility. The third term represents the impact of an infinitesimal

change in the firm’s degree of sustainability, propelled by the firm’s continuous investment

in adoption. The fourth term captures the impact of a green innovation breakthrough, in

which case the firm’s sustainability increases discretely, and the firm takes advantage of the

associated relaxation of financing frictions by replenishing cash reserves up to the target

level.

To solve the model, we conjecture that firm value satisfies:

V (G,W ) = Gv

(
W

G

)
= Gtv(wt) wt ≡

Wt

Gt

(13)

so scaled cash becomes our state variable.11 We also define scaled production as yt ≡ Yt
Gt
.

Substituting into the above HJB and differentiating it with respect to y gives the optimal

scale of production:

y =
(a− κν)v′

2bv′ − σ2v′′
. (14)

Notably, the denominator implies that the more concave the value function is (i.e., the

more the firm is effectively risk averse), the lower the firm’s production rate. Moreover,

the higher the cost of carbon κ, the lower the firm’s production rate, and more so if the

marginal value of cash v′ is higher.

Differentiating the resulting scaled HJB equation (i.e., equation (33)) with respect to s

gives the firm’s optimal abatement policy:

s =
κ

α
. (15)

As in the case with no financing frictions, the greater the cost of emissions, the more the

11Unscaled cash (and target) is capitalized, whereas scaled is not.
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firm invests in abatement. Because abatement does not change the firm’s technology but

only affects the firm’s cash flows—balancing the abatement costs vis-a-vis the ensuing lower

carbon tax liability stemming from lower net emissions—the optimal abatement policy does

not depend on the firm’s cash holdings.

Differentiating with respect to i gives instead the optimal adoption rate:

i =
1

θv′
[v − wv′] (16)

Differently from the benchmark case with no financing frictions, cash and its marginal value

affect the firm’s investment in adoption.12 Namely, the greater the marginal value of cash

v′, the lower the firm’s investment in adoption. In turn, if adoption is costlier (as embodied

by θ), the lower the firm’s engagement in adoption, and more so if the marginal value of

cash v′ is greater.

Finally, differentiating the scaled HJB equation with respect to z gives the optimal

green innovation rate:

z =
ϕ

ζv′
[λv(w∗)− v(w)− (λw∗ − w)] . (17)

I.e., the greater the surplus from innovation (i.e., the numerator), the greater the firm’s

innovation rate. In turn, if green innovation is costlier (as embodied by ζ), the lower the

firm’s engagement in green innovation, and more so if the marginal value of cash v′ is

greater.

To solve for firm value, we substitute (14), (15), (16), and (17) into (33) and solve the

resulting equation subject to the following boundary conditions. First, if the cash reserves

exceeds its target level w∗, the firm pays out cash to shareholders. Firm value is thus linear

for any w ≥ w∗: v(w) = v(w∗)+w−w∗. Subtracting v(w) from both sides of this equation,

12As in the case without financing frictions, in Section 5 we illustrates that the numerator is the marginal
value of sustainability, i.e., VG = v − wv′ (see the Appendix for calculations). The greater the marginal
value of sustainability, the larger the firm’s engagement in adoption.
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dividing by w − w∗, and taking the limit w → w∗ gives:

v′(w∗) = 1. (18)

That is, it is optimal to start paying out cash when the marginal value of one dollar inside

the firm equals the value of a dollar paid out to shareholders. The target cash level that

maximizes shareholder value is determined by the super-contact condition:

v′′(w∗) = 0. (19)

At w = 0, the firm raises new funds, so the following condition holds

v(0) = v(w∗)− (1 + χ)w∗ − f, (20)

where w∗ denoted the optimal issuance size pinned down by the following condition

v′(w∗) = 1 + χ. (21)

This equation implies that the marginal gain from raising cash (the left-hand side) equalizes

its marginal cost (the right-hand side). Notably, the firm is better off raising external

financing than liquidating its asset at w = 0 if the following inequality holds:

v(w∗)− (1 + χ)w∗ − f > ℓ (22)

i.e., if the continuation value from raising funds (the left-hand side) is greater than the

liquidation value of the assets (the right-hand side). When equation (22) does not hold, in

turn, the firm finds it optimal to liquidate instead of refinancing. In this case, the boundary

condition at w = 0 is

v(0) = ℓ, (23)
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meaning that, at w = 0, firm value equals its liquidation value.

5 Model analysis

5.1 Financing frictions, sustainability, and firm policies

Comparing optimal policies against the frictionless benchmark In our model

embedding both financial and environmental considerations, firm value is driven by two

state variables: The firm’s cash reserves (W ) and the firm’s degree of sustainability (G).

First, cash reserves serve as a buffer that relaxes the firm’s financial constraints. Similar

to previous cash management models, the firm’s sensitivity to cash—i.e., the marginal

value of cash VW = v′—is an important driver of firm’s optimal choices and decreases as

cash reserves increase.13 Second, the firm’s sensitivity to sustainability is given by VG,

representing how much firm value varies in response to a change in G. Henceforth, we will

denote this quantity as the marginal value of sustainability. We have the following result.

Lemma 1 The marginal value of sustainability is V ∗
G = v∗ absent financing frictions and

VG = v(w) − wv′(w) in the presence of financing frictions. As long as financing frictions

are value decreasing, they make the firm less sensitive to sustainability, i.e. V ∗
G > VG.

Absent financing frictions, the marginal value of sustainability is given by scaled firm

value. Conversely, in the presence of financing frictions, the marginal value of sustainability

equals scaled firm value net of cash weighted by its marginal value. Because financing

frictions both reduce shareholder value and increase the marginal value of cash above one,

the marginal value of sustainability is then lower for financially constrained firms vis-a-vis

financially unconstrained firms. Importantly, financing frictions lead the firm to under-

weigh the value of becoming technologically sustainable compared to a benchmark case

with no frictions. The more financially constrained the firm is, the lower its sensitivity to

13That is, as the marginal value of cash decreases with w, v′′ < 0—i.e., the firm is effectively risk averse,
a standard result in cash management models.
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sustainability. It follows that sustainability is subordinated to the firm’s financial health,

which is consistent with the prediction in Hartzmark and Shue (2023) that polluting firms

with high emission intensity are more engaged to becoming greener when their financing

conditions ease.

Comparing the optimal policies in the presence and in the absence of financing frictions,

we have the following result.

Lemma 2 In the presence of financing frictions:

1. The production rate never exceeds that in the benchmark with no frictions, i.e., y(w) ≤

y∗, as long as financing frictions make the firm effectively risk averse;

2. The optimal abatement rate is the same as in the benchmark case with no frictions,

i.e., s(w) = s∗ for any w < w∗;

3. Investment in adoption is lower than in the benchmark with no frictions, i.e., i(w) <

i∗ for any w ≤ w∗ as financing frictions reduce the marginal value of sustainability;

4. At w = w∗, financing frictions have a negative impact on innovation, i.e., z(w∗) < z∗.

Yet, the effect is ambiguous for w < w∗.

Lemma 2 compares firm policies in the presence and in the absence of financing frictions.

First, as long as financing frictions make the firm effectively risk averse (as in previous

dynamic cash management models, v′′ < 0), the presence of financing frictions leads the

firm to produce less in order to limit its cash flow volatility, and more so as w gets closer

to zero. This implies that financing frictions lead to a reduction in a firm’s gross carbon

emissions νy, which are the lowest as w approaches zero.

Second, financing frictions have a non-monotonic effect on green investment when sorted

by its impact on sustainability: no impact on abatement (claim 2), a negative impact on

adoption (claim 3), and an ambiguous impact on green innovation (claim 4). Consider

abatement first. As a distinguishing feature, abatement does not change the firm’s technol-

ogy but simply impacts the firm’s current emissions. Whereas abatement is costly—thus
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eroding the firm’s cash flows—it directly and immediately reduces the firm’s carbon tax

liability—thus increasing the firm’s cash flows. The optimal abatement rate then balances

these two strengths and is independent of the firm’s cash reserves.

In turn, financing frictions have a negative impact on the optimal investment in adop-

tion. This effect is driven by two strengths. First, financing frictions erode the marginal

value of sustainability as illustrated by Lemma 2 (the numerator in the expression of i(w))—

this strength leads to a decrease in the benefit from adoption and should push the adoption

rate down. Second, financial constraints impact the effective cost of adoption (the denom-

inator in the expression of i(w)), as θ is weighted by the marginal value of cash. Because

the marginal value of cash is above one in the presence of financing frictions, the effective

cost of adoption increases compared to the case with no frictions—a strength that should

also push the adoption rate down. Overall, financial frictions unambiguously slow down the

firm’s adoption of green technologies, consistent with many studies, including Accetturo

et al. (2023) and De Hass et al. (2025).14

Lastly, Lemma 2 shows that financing frictions have a negative impact on the firm’s

innovation rate at w = w∗. Nonetheless, financing frictions have an ambiguous effect on

z for w < w∗. The reason is the following. On the one hand, financing frictions raise

the cost of investing in green innovation (i.e., the denominator in equation (17)) as ζ is

weighted by the marginal value of cash, which again is higher than one in the presence of

frictions. On the other hand, however, the benefit from innovation increases in the presence

of financing frictions: Indeed, once attained, technological breakthroughs enable the firm

to access cheaper financing. This benefit is greater if the firm holds smaller cash reserves.

Proposition 4 and our numerical analysis (see Section 5.2) shows that both strengths can

dominate, and clarifies for which firm types the latter strength prevails.

Sensitivity of optimal policies to financial slack So far, we have investigated how

financing frictions affect corporate policies by comparing the case with financing frictions

14This result also resonates Kaldorf and Shi (2024) who points to financial barriers in the adoption of
green technologies.
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against the benchmark environment with no frictions. Next, we focus on another important

dimension: How cash reserves—i.e., the firm’s financial slack—affect the firm’s sensitivity

to sustainability and then optimal policies. We have the following result.

Lemma 3 If financing frictions make the firm effectively risk averse (v′′ < 0 for any

w < w∗), then:

� The firm’s sensitivity to sustainability VG increases with cash reserves w;

� The optimal abatement rate s is insensitive to cash reserves w;

� The optimal adoption rate i increases with cash reserves w;

� The optimal green innovation rate z exhibits an ambiguous sensitivity to cash reserves.

Lemma 3 shows that the firm becomes less sensitive to sustainability as its cash reserves

decrease. The reason is that the marginal value of cash increases as w decreases, then

eroding the marginal value of sustainability. In other words, a larger stock of cash makes

the firm more financially flexible (equivalently, less financially constrained), which in turn

increases the marginal value of sustainability. Therefore, financial slack increases the firm’s

sensitivity to sustainability and, thus, its optimal investment in adoption.

In turn, cash reserves have no impact on abatement (as discussed in the context of

Lemma 2) and have an ambiguous effect on green innovation. On the one hand, because

a technological breakthrough can relax the firm’s financial constraints, the benefit from

innovation decreases with the level of cash reserves—the reason being that a successful

breakthrough allows the firm to access cheap financing, which is more beneficial when the

cash reserves is low. At the same time, the marginal cost of investing in innovation (i.e.,

the denominator of z(c) in equation (17)) also decreases, as cash is less valuable as cash

reserves grow larger. Thus, the optimal innovation rate can both increase or decrease with

cash reserves.15 We investigate which firm characteristics trigger one pattern over the other

in the next proposition.

15This stems from the fact that the marginal value of cash v′ should be greater than 1 and firm value
should be concave for any w < w∗.
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Proposition 4 The optimal innovation rate z increases with cash reserves if σ is suffi-

ciently small . When this is the case, z(w) < z∗ for any w ≤ w∗.

Proposition 4 suggests that firms with low cash flow volatility find it optimal to gradually

cut their green innovation expenditures as cash reserves decrease. When cash flow volatility

is low, a small reduction in cash reserves leads to a notable increase in the probability

of costly refinancing (i.e., hitting the financing boundary w = 0).16 In these cases, the

marginal value of cash v′ is highly sensitive to w when w approaches zero, and so is the

effective cost of innovation (i.e., the denominator in equation (17)). Hence, when cash flow

volatility is low and cash reserves decrease, the firm becomes relatively more cautious in

safeguarding its financial slack and invests in innovation at a higher rate as long as its

cash reserves increase. Technically, the cost of innovation (the denominator in equation

(17)) increases at a higher rate than the gain (the numerator in equation (17)), so that

z(w) increases with w. By contrast, firms with sufficiently volatile cash flows can increase

their engagement in green innovation as cash reserves fall. When volatility is high, cash

reserves can be replenished or wiped out quickly by cash flow shocks. As a result, when cash

holdings are close to zero, the firm becomes relatively insensitive to reducing the costs of

innovation, as any saving made in terms of R&D costs can be easily wiped out by cash flow

shocks. Instead, the firm becomes relatively more keen on attaining a green breakthrough

in an effort to ultimately relax its financing constraints. Technically, the effective cost of

innovation (the denominator in equation (17)) increases at a lower pace than the gain as

w decreases (the numerator in equation (17)), so that z(w) decreases with w. Notably, in

this case, z(w) can exceed z∗ for some w < w∗.

Interestingly, fossil energy, oil, and gas firms have typically very volatile cash flows

(see, e.g., Bugshan, 2022). Because these firms belong to highly polluting industries, they

are increasingly excluded from the portfolio of socially-responsible investors—thus, they

are becoming increasingly financially constrained. Nonetheless, and consistent with the

predictions of our model, recent evidence suggests that these firms are largely committed to

16Alternatively, firms can liquidate if optimal, i.e., if condition 22 does not hold.
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green innovation. In particular, Cohen, Gurun, and Nguyen (2025) report that energy firms

are key innovators in the US green patent landscape, producing more and of significantly

higher quality innovations (see also Chiu et al., 2024; Kruse et al., 2020). In section 5.2,

we investigate this pattern further.

Impact of optimal policies on emissions and sustainability An important question

is how the optimal corporate policies described so far affect the firm’s efforts to becoming

greener. That is, when investigating a firm’s engagement to combat climate change, there

are two dimensions to consider. The first is how the firm controls current emissions by

adjusting its production as well as its abatement rates. The second is how much the firm

is committed to improve the sustainability of its technology, then making its emissions

permanently lower for a given level of production (and irrespective of its engagement in

abatement). To investigate the second dimension, we define the firm’s expected increase in

sustainability G as

Γ(w) = ϕz(w) [λ− 1] + i(w)− δ. (24)

In the following, we refer to this quantity as the the green transition rate (or speed of

transition). This equation illustrates that a change in the firm’s sustainability G comes

from: (1) green innovation breakthroughs (the first term); (2) the adoption of available

green technologies (the second term); (3) depreciation (the last term). The next result

stems as an implication of the firm’s optimal policies (Lemma 2 and Lemma 3).

Corollary 5 Financing frictions lead to: (1) a reduction in the firm’s emissions, νy(w∗)−

s(w∗)−ξ < νy∗−s∗−ξ; (2) a reduction in the green transition rate Γ(w) at least at w = w∗.

If z(w) increases with w, then Γ(w) < Γ∗ for any w ≤ w∗. However, if z(w) > z∗ for some

w < w∗, then Γ(w) can exceed Γ∗ for some w < w∗.

The above corollary illustrates that financing frictions have both a good or a bad en-

vironmental impact depending on whether we look at current emissions or the speed of

transition to greener technologies. Because financing frictions lower the firm’s optimal pro-

duction rate and leave abatement unchanged, a financially constrained firm exhibits lower
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carbon emissions compared to an identical unconstrained firm. This is environmentally

good. At the same time, Corollary 5 also suggests that financing frictions have a negative

impact on the firm’s engagement in becoming more sustainable at least at w = w∗ (i.e.,

when the firm has its optimal level of cash reserves). In fact, at w = w∗, the firm invests

less in adoption and in green innovation compared to the unconstrained benchmark, which

translates into an unambiguously negative impact on the transition rate Γ(w). This is

environmentally bad. Nonetheless, if z is higher than z∗ for some w < w∗, then the im-

pact of financing frictions on the transition rate Γ(w) can be ambiguous. In the following,

we further investigate these patterns as well as provide more implications by numerically

implementing the model.

5.2 Quantitative analysis

Baseline parameterization We start by describing the baseline parameterization used

throughout the analysis. We assume that the risk free rate is equal to 0.055 and the

opportunity cost of cash is 1% as in Bolton, Chen, and Wang (2011) and Décamps et al.

(2011). We assume that the emission intensity ν is equal to 0.3, to match the average

emissions around the world per purchasing power parity of GDP as reported by the World

Bank. We assume that the carbon tax κ is equal to 10%, so that the firm’s expected net

emission flow is positive under our baseline parameterization.17 We assume that σ = 0.45

which implies that cash flow volatility is equal to 12% at the target cash level, which is

consistent with the values reported by Graham, Leary, and Roberts (2015). Moreover, we

set a = 0.1 and b = 0.13, which gives a cash flow to assets that lies in the range of values

reported by Opler, Pinkowitz, Stulz, and Williamson (1999). We set the liquidation value

to 0.1, which implies that the enterprise value recovered in liquidation is consistent with the

range reported by Glover (2016). We set the variable issuance cost to 5% in our baseline,

which is consistent with the values reported by Hennessy and Whited (2007), and the fixed

17We acknowledge that the price of carbon varies widely across jurisdictions, as well as within jurisdictions
over time. As a result, we assess the robustness of our results extensively through comparative statics.
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Figure 1: Marginal value of cash and marginal value of sustainability. The
left panel illustrates the marginal value of cash as a function of cash reserves w. The right
panel illustrates the marginal value of sustainability, again as a function of w. We consider
the frictionless case with no financing frictions (black dashed line) against the financially
constrained case when assuming relatively lower (solid blue line) and higher (light-blue
dashed) financing costs.

cost is equal to 0.003 similar to Décamps et al. (2017). We acknowledge that abatement

is cheaper than adoption, which in turn is cheaper than innovation—namely, we assume

that the cost coefficient for abatement is α = 3, for adoption is θ = 5, and for innovation is

ζ = 10. Moreover, we assume that sustainability depreciates at rate δ = 0.015. We assume

that λ is equal to 1.1, which is higher than the innovation step size estimated by Acemoglu,

Akcigit, Hanley, and Kerr (2016) as they allow for a breakthrough to lead to multiple steps

advancements. In turn, we set ϕ = 3 to attain an R&D expenditures-to-sales ratio that

is consistent with (actually, lower than) those of Compustat firms, to account for the fact

that green innovation is just a component of R&D in reality. As Bustamante and Zucchi

(2024a), we set the reduction in emissions thanks to technological breakthroughs ξ equal

to 0.001.
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Financing frictions and firm’s engagement in combating pollution Figure 1 shows

the marginal value of cash and the marginal value of sustainability in the absence and in

the presence of financing frictions. For the case with financing frictions, we consider two

parameterizations, respectively characterized by lower (solid blue line, in which χ = 5%)

or higher financing cost (large-dashed light-blue line, in which χ = 11%). As documented

by Hennessy and Whited (2007), financing costs are heterogeneous across firms.

As in previous cash management models, the left panel of Figure 1 shows that the

marginal value of cash decreases with w and shifts up if financing costs are larger. The

higher marginal value of cash associated with tighter financing frictions erodes the marginal

value of sustainability, as illustrated in the right panel. Indeed, the marginal value of sus-

tainability is higher in the benchmark case with no frictions, and the lowest when financing

frictions are the largest. This analysis then confirms that the firm’s financial health precedes

sustainability improvements, as concluded in Section 5.1.

Figure 2 shows the firm’s optimal policies—production, abatement, adoption, and green

innovation—in the same cases considered in Figure 1. Confirming our analytical results

(see Section 5.1), the top left panel shows that the optimal size of production increases

with cash reserves. Because effective risk aversion decreases as cash reserves increase, the

firm increases its optimal scale of production, which then coincides with the unconstrained

benchmark at w = w∗ (at which effective risk aversion is zero).

Visually illustrating Proposition 2, the top right chart of Figure 2 highlights that fi-

nancing frictions have no impact on abatement. Abatement only serves to limit the cost of

carbon regulation but does not change the firm technology—i.e., it only affects the firm’s

cash flows. That is, a higher abatement rate leads to an immediate decrease in the car-

bon tax, but also generates higher abatement costs. The optimal balance between the two

strengths is therefore independent of the level of cash reserves as well as of the severity of

financial constraints.

In turn, the bottom left chart shows that financing frictions uniformly lead to lower

investment in adoption compared to the frictionless case, then quantitatively illustrating
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Figure 2: Optimal policies. The figure shows the optimal production y, abatement
s, adoption i, and green innovation z as a function of cash reserves w. We consider the
frictionless case with no financing frictions (black dashed line) against the financially con-
strained case when assuming relatively lower (solid blue line) and higher (light-blue dashed)
financing costs.

Lemma 2. Moreover, the larger the cash reserves, the larger the firm’s investment in adop-

tion. As explained, financing frictions erode the marginal value of sustainability (then

decreasing the benefit from adoption) and increase the value of cash (then increasing the

effective cost of adoption), overall unambiguously reducing the optimal investment in adop-

tion. I.e., all else equal, adoption is largely considered by the least financially constrained

firms in the cross section, consistent with Accetturo et al. (2023) and De Hass et al. (2025).

30



0.0 0.1 0.2 0.3

0.00

0.01

0.02

0.03

0.04

Cash (w)

Net Emissions: ν y(w) - s - ξ

0.0 0.1 0.2 0.3

0.01

0.02

0.03

0.04

Cash (w)

Speed of Transition: Γ(w)

No Frictions Baseline Tighter Frictions

Figure 3: Carbon emissions and Sustainability. The figure shows the firm’s net
carbon emissions and the expected increase in sustainability as a function of cash reserves
w. We consider the frictionless case with no financing frictions (black dashed line) against
the financially constrained case when assuming relatively lower (solid blue line) and higher
(light-blue dashed) financing costs.

Finally, the bottom right panel of Figure 2 shows the firm’s optimal investment in green

innovation. As discussed in Section 5, financing frictions increase both the effective benefit

and cost of green innovation.18 As a result, the impact on the optimal innovation rate is

ambiguous. Under our baseline parameterization, the innovation rate decreases with cash

reserves and always lies below z∗. However, the relative magnitude of the solid and dashed

blue lines illustrate that financing frictions have a non-monotonic impact on the optimal

innovation rate, which can become larger than in the benchmark case with no frictions.

Below we investigate in more detail the sensitivity of green innovation to cash reserves (see

Figure 4 and the associated discussion).

Mapping optimal policies to green outcomes Figure 3 shows the outcomes associ-

ated with these optimal choices by studying both current carbon emissions as well as the

firm’s green transition rate (equivalently, the speed at which the firm shifts to greener tech-

nologies). The left panel shows that the firm exhibits the lowest carbon emissions in the

18Differently, recall that which financing frictions decrease the benefit of adoption and increase the cost.
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case in which financing frictions are the highest, consistent with the result in Corollary 5.

This is environmentally good. In turn, the right panel shows that financing frictions bear a

negative impact on the speed of transition under our baseline parameterization, being the

lowest in the case in which financing frictions are the largest. This is environmentally bad.

In fact, the possibility of a pickup in the firm’s innovation engagement in the presence of

financing frictions is not enough to offset the decreased engagement in adoption.

Interestingly, our analysis reveals three notable points. First, different types of green

investment exhibit a different exposure to financing frictions. Sorting green investment by

its impact on the firm’s sustainability Gt from the least to the most path-breaking, the

model shows that financing frictions have a non-monotonic impact on green investment. In

fact, the type of investment that is unambiguously negatively affected is adoption, i.e., the

intermediate type. Second, financing frictions lead to an immediate reduction in the firm’s

current emissions, largely driven by a decline in the firm’s production rate—and, thus,

gross emissions. Third, the impact on financing frictions on the green transition rate is

potentially ambiguous. In fact, it depends on whether the decrease in the firm’s adoption

rate is more than offset by the increase in the firm’s engagement in green innovation.

Under our benchmark parameterization—in which adoption is realistically cheaper than

green innovation—we find that the negative impact dominates.

The drivers of firm’s green investment under financing frictions. The analysis

in the previous paragraph illustrates that financing frictions have an ambiguous effect

on green innovation, which has direct implications for the speed of transition Γ(w) (see

equation 24). In this section, we further investigate the effect of cash flow volatility as

analyzed in Proposition 4.

Confirming our analytical results, Figure 4 shows that green innovation exhibits a pos-

itive sensitivity to cash reserves if σ is sufficiently low. In that case, the firm holds sig-

nificantly less cash, and green innovation increases with cash reserves. In turn, if σ is

sufficiently high (in which case the firm increases its cash reserves substantially), the green
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Figure 4: Green Investment and Cash flow Volatility The figure shows the firm’s
optimal green innovation, adoption, the marginal value of sustainability, and the transition
rate as a function of cash reserves w and for different levels of cash flow volatility.

innovation rate becomes decreasing with cash reserves. As explained in the context of

Proposition 4, the positive or negative sensitivity of innovation to cash is driven by how

cash flow volatility differently affects the sensitivity of the benefit (the numerator of equa-

tion (17)) and of the effective cost of innovation (the denominator of equation (17)) to

cash.

The top right panel shows that firms with more volatile cash flows invest less in adoption.

Indeed, in the presence of financing frictions, the firm is effectively risk averse as firm value

is concave in cash reserves. As a result, higher cash flow volatility reduces firm value. In
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Figure 5: Carbon pricing and carbon emission management. The figure shows the
firm’s optimal abatement (s(w)), adoption (i(w)), the innovation share and the marginal
value of sustainability as a function of the firm’s cash reserves w and for different levels of
carbon pricing κ.

turn, lower firm value depresses the marginal value of sustainability (as illustrated in the

bottom left panel) and so the firm’s engagement in adoption.

On net, the drop in the adoption rate exhibited by firms with volatile cash flows largely

drives the green transition rate to be slower for these firms (see the bottom right panel).

Thus, even if financing frictions can incentivize firms to engage more in green innovation

thanks to the upside that green breakthroughs bring along, we find that it does not speed

up the firm’s transition rate for realistic parameterizations.

Carbon pricing, green investment, and financing frictions Figure 5 looks at the

impact of carbon pricing κ on the firm’s optimal green investment mix. A greater carbon
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tax increases the benefit from abatement while leaving the associated cost unchanged. In

fact, abatement enables the firm to immediately reduce carbon emissions and, thus, curtails

the firm’s carbon tax liability. Thus, a higher carbon price κ leads the firm to increases its

investment in abatement (top left chart).

At the same time, Figure 5 also shows that a greater κ leads to a reduction in the

firm’s engagement in adoption and in green innovation (top right and bottom left chart).

Indeed, carbon pricing reduces the value of polluting firms (i.e., firms exhibiting positive net

emissions) by imposing a larger tax liability on firms. This drop leads to a reduction in the

marginal value of sustainability (see bottom middle panel). That is, perhaps surprisingly,

carbon pricing decreases the firm’s incentives to improve its degree of sustainability.

As illustrated in the bottom right chart, carbon pricing then leads to a reduction in

the innovation share, defined as the weight of green innovation over the total engagement

in green investment (defined as the sum of abatement, adoption, and green innovation).

This result implies that firms shift to abatement and away from green innovation as carbon

pricing becomes more costly. That is, firms tap green investments to reduce their emis-

sions immediately rather than those that effective change the firms’ technology and, thus,

improve its sustainability. This result is consistent with Bustamante and Zucchi (2024a),

who derive it as a setting in which firms are financially unconstrained.

While both imposing a financial burden on the firm, it is worth noting that financing

frictions and carbon pricing have a distinct impact on the firm’s optimal carbon emission

management. Namely, an increase in carbon pricing leads to an increase in abatement and

a drop in both adoption and green innovation—i.e., a higher κ leads to an unambiguous

shift towards short-term measures (and away from green innovation), as predicted by Bus-

tamante and Zucchi (2024a). In turn, an increase in financing frictions has no impact on

abatement, a drop in adoption, and an ambiguous (potentially positive) impact on green

innovation.
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6 The impact of socially responsible capital

A key virtue of our model is that it studies the impact of financing frictions on green out-

comes by capturing the real-world richness of policies that firms can undertake to reduce

their carbon emissions and improve their sustainability. Thus, our model provides a suit-

able framework to investigate how firms respond to socially responsible investment—i.e.,

investment aimed at combating climate change. In this context, two prevalent strategies

are exclusion and tilting, which we analyze next.

6.1 Exclusion

We start by investigating the impact of a common strategy adopted by socially responsible

investors: Exclusion, which involves starving polluting firms of funding. If firms are indeed

excluded by investors, they need to rely on their internally-generated financial resources

that they store in the cash reserves. Whenever they deplete their cash reserves, they

are forced into liquidation. Through the lens of our model, we investigate the impact of

exclusion at the firm level by studying the difference in optimal policies when the firm is

perspectively forced into liquidation at w = 0 as opposed to being able to refinance.19

Figure 6 plots such differences when looking at selected optimal choices and outcomes.

Because internally-generated resources are the main source of funding for the firm under

an exclusion strategy, such a strategy gives rise to a sharp increase in the marginal value

of cash, which erodes the marginal value of sustainability. In turn, the reduction in the

marginal value of sustainability disincentivizes the firm to invest in adoption, which sharply

declines too.20

At the same time, the exclusion strategy has an ambiguous impact on green innovation—

consistent with the result in our baseline analysis that financing frictions have an ambiguous

impact on this type of green investment. Because a green breakthrough signals the firm’s

19Recall that if the firm liquidates at zero, then the relevant boundary condition is equation (23).
20Because the optimal abatement rate is not affected by the severity of financial constraints, it is not

affected by exclusion strategies (then, it is not shown in the figure).
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Figure 6: The impact of exclusion strategies on green investment and the
environment. The red solid line captures the effect of an exclusion strategy on the
firm’s engagement in adoption and green innovation (top panels), as well as the associated
environmental impact in terms of carbon emissions and the transition rate (bottom panels).
All quantities are expressed as absolute changes as a function of cash reserves.

commitment to becoming more sustainable, it provides the firm with an opportunity to

access fresh financing. As a result, the benefit associated with green innovation is greater

under an exclusion strategy. Yet, because the associated cost is also greater under an

exclusion strategy (as so does the marginal value of cash), the impact of exclusion strategy

on green innovation is ambiguous. Under our baseline parameterization, Figure 6 shows

that the firm’s engagement in green innovation might increase if cash reserves are sufficiently

low, and decreases otherwise.
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The bottom panels of Figure 6 show the environmental outcomes associated with ex-

clusion strategies, captured by current emissions and the speed of transition. Exclusion

strategies block access to external funds and, thus, increase the severity of financial con-

straints and the firm’s effective risk aversion. Thus, the firm then finds it optimal to reduce

its optimal scale of production to reduce its cash flow volatility. The lower scale of pro-

duction, in turn, translates into lower carbon emissions, as illustrated in the bottom left

panel. At the same time, however, exclusion strategies slow down the transition to greener

technologies due to the sharp negative impact on green adoption. Indeed, the reduced

engagement in adoption more than offsets the greater engagement in green innovation.

This result resonates with the findings in the theoretical study by Edmans, Levit, and

Schneemeier (2023), who also question the effectiveness of exclusion strategies.

Overall, our analysis suggests that exclusion strategies can indeed lower emissions in

the short term thanks to a lower production rate. This is environmentally good. However,

and worringly, these strategies slow down the speed of green transition by reducing firms’

marginal value of sustainability. This is environmentally bad. If limiting climate change

can only be attained by developing greener technologies—as emphasized by the United

Nations’ Intergovernmental Panel on Climate Change (see IPCC, 2022)—our analysis then

suggests that exclusion strategies may backfire.

6.2 Tilting

Tilting is a strategy in which investors ease the terms of financing to a polluting firm as

long as it exhibits some engagement to becoming greener. Through the lens of our model,

this means that financing becomes cheaper for firms that exhibit a commitment to increase

their degree of sustainability, Gt.

To capture tilting in a parsimonious fashion, we then assume that the fixed cost of

financing is constant as opposed to scaling with Gt. This means that equity issuance

costs gradually decrease as the firm’s degree of sustainability improves. As the firm’s

sustainability increases, the firm would effectively outgrow the fixed issuance cost and its
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Figure 7: The impact of tilting on innovation and the transition rate. The
dashed blue line captures the effect of a tilting strategy on the firm’s adoption of green
technologies (left panel), engagement in innovation (middle panel) and its transition rate
to sustainable technologies (right panel). All quantities are expressed as absolute changes
as a function of cash reserves.

optimal policy would converge to the one of a firm facing proportional issuance costs only.

In this case, the dynamics of firm value continue to satisfy equation (33) for any w < W ∗.

Thus, the optimal policies derived in Section 4 continue to have the same functional form,

and so the boundary conditions at w∗ (i.e., see equation (18) and (19)). Yet, the boundary

conditions at zero is different and given by:

v′(0) = 1 + χ, (25)

which means that when cash reserves are depleted, the marginal value of cash (the left-hand

side) equals the marginal cost of funding (the right-hand side). That is, the firm refinances

every time the cash reserves are depleted by issuing an infinitesimal amount that reflects

the cash process back into the cash retention region.

Consider first the impact of tilting on the firm’s incentives to invest in adoption. Be-

cause tilting implies a lower financing cost as long as the firm’s sustainability increases,

it makes sustainability more valuable. As a direct implication of the increased marginal

value of sustainability, tilting thus leads the firm to invest more in the adoption of greener
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Figure 8: Tilting and Innovation: Comparative Statics. The figure shows the
impact of tilting strategies on green innovation for firms with various degrees of either cash
flow volatility (σ left panel) or carbon prices (κ, right panel). All quantities are expressed
in percentage changes, and as a function of cash reserves.

technologies.21

Consider now the impact of tilting on innovation. Consistent with the prediction that

financing frictions have an ambiguous impact on innovation, the impact of tilting on green

innovation is ambiguous, as illustrated in the middle panel of Figure 7. Figure 8 further

zooms on innovation and shows that the effect of tilting is positive for firms with low

cash flow volatility. Recall that low-volatility firms are those reducing their engagement in

green innovation in the presence of financing frictions, and more so when holding low cash

reserves. Thus, these firms invest more in green innovation when financing frictions loosen

thanks to tilting strategies. Moreover, as a higher carbon tax discourages innovation (as

discussed in previous sections and consistent with Bustamante and Zucchi (2024a)), the

right panel of Figure 8 shows that tilting has a positive effect on green innovation if firms

operate in a jurisdiction where carbon prices are sufficiently low.

Driven by the positive impact on adoption and despite the potentially-ambiguous effect

21As for exclusion, the optimal abatement rate is not affected by tilting (not shown in the figure).
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on innovation, tilting strategies lead to an increase in the speed of transition under our

baseline parameterization, as shown in the right panel of Figure 7. More generally, this

is the case when the transition is mainly adoption-based as opposed to innovation-based,

which is the case when adoption is sufficiently cheaper than green innovation (as is the case

in reality). Overall, our analysis then illustrates that tilting accelerates the firm’s transition

to more sustainable production processes, although it may do so mostly through adoption

as opposed to green innovation. The ambiguous and potentially negative impact of tilting

on green innovation is consistent with the findings of Atta-Darkua, Glossner, Krueger, and

Matos (2022), who fail to find evidence that climate conscious investors seek companies

active in the development of green patents.22

7 The impact of subsidies

To foster the green transition, regulators around the world have discussed (or implemented)

subsidies to mitigate financial barriers that could discourage green investment. Subsidies

can be broadly classified into two categories. The first represents subsidies to incentivize

firms to adopt existing greener technologies (like switching the truck fleet to electric). The

second represents subsidies that support firms’ investment in green innovation—i.e., into

major breakthroughs that can effectively lead to a decarbonized economy. In this section,

we investigate the impact of such subsidies through the lens of our model.

Subsidies to adoption Subsidies to the adoption of green technologies have been en-

dorsed by several countries around the world.23 For a given adoption rate, subsidies reduce

the associated cost to
θ(1−ψ)i2t

2
Gt, where ψ represents the magnitude of the subsidy. As a

22Relatedly, Noh, Oh, and Song (2023) show that equity investors do not seem to care about the pro-
duction of green patents.

23For instance, Accetturo et al. (2023) report the case of Italy.
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result, the optimal investment in adoption satisfies:

i(w) =
1

θ(1− ψ)v′(w,ψ)
[v(w,ψ)− wv′(w,ψ)] (26)

The direct impact of the subsidy is to reduce the cost associated with adoption. At the

same time, however, the subsidy also impacts firm value and the marginal value of cash.

Thus, it should also affect the marginal value of sustainability and the firm’s incentives to

invest in innovation.

Figure 9 shows indeed the impact of such subsidy. Not surprisingly, it leads firms to

increase their investment in adoption. At the same time, it also leads to an increase in the

firm’s engagement in green innovation. Indeed, these subsidies increase firm value and, thus,

the marginal value of sustainability too (see Lemma 1). Thus, these subsidies also increase

the benefit from green innovation, which also increase in the presence of such subsidies.

Whereas current carbon emissions do not decrease much (not shown in the figure), the

expected increase in sustainability (Γ(w)) unambiguously increases in the presence of such

subsidies. As adoption increases by more, however, the innovation share decreases following

the introduction of the subsidy.

Overall, our results suggest that subsidies can “kill two birds with one stone”: By boost-

ing the marginal value of sustainability, they not only effectively increase adoption (i.e.,

the investment that they effectively target) but they also increase the firm’s engagement

in green innovation.

Subsidies to green innovation We now consider another type of subsidy, namely, those

targeting green innovation. Similar to those targeting adoption, they work as a rebate in

the effective cost of innovation. That is, an ex-ante subsidy abates the cost of innovation to

ζ
2
(1 − ι)z2Gt, where ι represents the magnitude of the subsidy. Under these assumptions,

the optimal innovation policy boils down to:

z(c) =
ϕ

ζ(1− ι)v′(w, , ι)
[λv(w∗, ι)− v(w, ι)− (λw∗(ι)− w)] . (27)
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Figure 9: The impact of subsidies to adoption. The figure shows the impact of sub-
sidies to adoption on the firm’s investment in adoption, green innovation, on the marginal
value of sustainability, and on the speed of transition Γ(w). The solid line represents the
case with no subsidy, the dashed line represents the case with low subsidy (8%), whereas
the dotted line represents the cash with high subsidy (15%).

By effectively decreasing the cost of innovation, the firm’s optimal innovation rate should

increase. However, as the subsidy also affects firm value, the firm’s incentives to invest in

adoption, and the optimal cash hoarding choices, the impact on the firm’s innovation share

is not a priori obvious.

Figure 10 shows the impact of green subsidies. On top of the case with no subsidies

(solid line), it considers subsidies to green innovation ι of the same magnitude as those

43



0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.004

0.005

0.006

0.007

0.008

Cash (w)

Innovation: z(w)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.024

0.025

0.026

0.027

0.028

0.029

0.030

Cash (w)

Adoption: i(w)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.138

0.140

0.142

0.144

0.146

0.148

0.150

Cash (w)

Marginal Value of Sustainability

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.011

0.012

0.013

0.014

0.015

0.016

Cash (w)

Speed of Transition: Γ(w)

No subsidy Low ι High ι

Figure 10: The impact of subsidies to green innovation. The figure shows the
impact of subsidies to green innovation on the firm’s investment in green innovation, adop-
tion, the marginal value of sustainability, and the speed of transition Γ(w). The solid line
represents the case with no subsidy, the dashed line represents the case with low subsidy
(8%), whereas the dotted line represents the cash with high subsidy (15%).

considered in Figure 9 (in that figure, however, we explore the impact of subsidies to

adoption). Obviously, this type of subsidy leads the firm to increase its engagement in green

innovation. The top right panel also shows that subsidies to innovation stimulate adoption

albeit only by a little, due to a slight increase in the marginal value of sustainability.24

24Note that the relative impact of subsidies to adoption and innovation on the opposite quantity relies
on the idea that adoption is cheaper than innovation.
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8 Concluding remarks

We develop a novel theoretical framework to investigate how financing frictions affect the

firm’s carbon emissions as well as the transition rate to more sustainable technologies. As

a novelty compared to previous contributions, we allow for a realistically rich description

of green investment types, which allows us to capture the dual dimension of combating

climate change: The reduction in carbon emissions in the short run and the transition

to greener technologies in the medium to long-term. Our model predicts that financing

frictions lead to a contraction in the firm’s scale of production, and impact each type

of green investment differently—namely, when sorting these investments by their effect

on technological sustainability, the impact is non-monotonic. Our analysis shows that

financing frictions have no impact on the abatement of current emissions, a negative impact

on the adoption of existing technologies, and an ambiguous impact on green innovation.

As an important take-away, our model then implies that financing frictions reduce cur-

rent emissions—which is good for the environment—but have a negative impact on the

speed of green transition as long as this is mainly adoption-based. Our model also pro-

vides a tool to understand the impact of initiatives aimed at supporting green investment,

such as socially-responsible investment and public subsidies. Our analysis shows that that

exclusion strategies curb emissions but slow down the transition to greener technologies,

whereas tilting strategies speed up the green transition if it is adoption-based although

have ambiguous impact on green innovation. Moreover, subsidies aimed at supporting the

adoption of greener technology may boost green innovation too, potentially killing two

birds with one stone.
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A Appendix

A.1 Proof of the results in section 3

In this Appendix, we prove the result regarding the benchmark with no financing frictions

(i.e., χ = 0 and f = 0). Using the conjecture that firm value scaled with sustainability

gives the following scaled HJB:

ρ v∗ = max
y∗,s∗,i∗,z∗

p(y∗)y∗ − (s∗)2α

2
− (z∗)2ζ

2
− (i∗)2θ

2
− κ (y∗ν − s∗ − ξ) + (i∗ − δ)v∗

+ ϕz∗ [λ− 1] v∗ (28)

Substituting the optimal policies into the above equation gives

1

2

(
1

θ
+
ϕ2(λ− 1)2

ζ

)
(v∗)2 − (δ + ρ)v∗ +

(a− νκ)2

4b
+
κ2

2α
+ ξκ = 0 (29)

so we have that firm value absent frictions solves equation (11). Differentiating with respect

to κ gives

dv∗

dκ
=

ξ + κ
α
− ν(a−νκ)

2b√
(δ + ρ)2 − 2

(
1
θ
+ ϕ2(λ−1)2

ζ

)(
(a−νκ)2

4b
+ κ2

2α
+ ξκ

)
which is negative as long as the firm exhibits negative emissions (i.e., note that the numer-

ator is simply negative emissions).
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A.2 Proof of the results in section 4

Consider now the model with financing constraints in Section 4. Using our conjecture that

firm value scales with sustainability gives:

VG = v −Gv′(w)
C

G2
= v − wv′ (30)

VW = v′ (31)

VWW =
v′′

G
. (32)

Thus, the scaled HJB equation satisfies:

ρv(w) = max
y,s,i,z

[rw + p(y)y − s2α

2
− z2ζ

2
− i2θ

2
− κ(νy − s− ξ)]v′ +

σ2

2
y2v′′

+ (i− δ)(v − wv′) + ϕz [λv(w∗)− v(w)− (λw∗ − c)] (33)

Differentiating the above equation with respect to y, s, i, and z gives the optimal policies

reported in the main text. Substituting the optimal policies into the above HJB gives the

following equation

(ρ+ δ)v(w) =
ϕ2

2ζv′
[λv(w∗)− v(w) + w − λw∗]2 +

[v(w)− wv′(w)]2

2θv′
+

[a− νκ]2 (v′)2

2(2bv′ − σ2v′′)

+
κ2

2α
v′ + (r + δ)wv′ + ξκv′

which can be rewritten as

(ρ+ δ) [v − wv′] =
ϕ2

2ζv′
[λv(w∗)− v(w) + w − λw∗]2 +

[v(w)− wv′(w)]2

2θv′
+

[a− νκ]2 (v′)2

2(2bv′ − σ2v′′)

− (ρ− r)wv′ +
κ2

2α
v′ + ξκv′
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Now, we define Ω ≡ v(w∗)−w∗—i.e., the enterprise value at the target cash level w∗ in the

presence of financing frictions. By calculations, we get:

1

2

(
1

θ
+
ϕ2 (λ− 1)2

ζ

)
Ω2 − (δ + ρ)Ω +

(a− νκ)2

4b
+
κ2

2α
+ ξκ− (ρ− r)w∗.

so

Ω =

(δ + ρ)−
√

(δ + ρ)2 − 2
(

1
θ
+ ϕ2(λ−1)2

ζ

)(
(a−νκ)2

4b
+ κ2

2α
+ ξκ− (ρ− r)w∗

)
(

1
θ
+ ϕ2(λ−1)2

ζ

)
and then we have

v(w∗) = w∗ +

(δ + ρ)−
√

(δ + ρ)2 − 2
(

1
θ
+ ϕ2(λ−1)2

ζ

)(
(a−νκ)2

4b
+ κ2

2α
+ ξκ− (ρ− r)w∗

)
(

1
θ
+ ϕ2(λ−1)2

ζ

)
(34)

Note that this expression is very similar to equation (11) absent financing frictions but for

the presence of the term w∗—i.e., the optimal amount of cash held by the firm.

Proof of Lemma 1 As just derived in the above calculations, the marginal value of

sustainability is VG = v − wv′ in the case with financing frictions, whereas it is V ∗
G = v∗ in

the benchmark case with no frictions case. Thus, if financing frictions erode firm value, i.e.

v(w) < v∗, then indeed VG < V ∗
G as the marginal value of cash v′ should always be greater

than one—a standard result in cash management models. ■

Proof of Lemma 2 Consider claim (1) about the optimal production rate. Note that

the production rates with and without financing frictions coincide at w = w∗—i.e., y(w∗) =

y∗—due to the boundary conditions at the target cash level. Dividing the numerator and

the denominator of y(w) by v′ then illustrates that y∗ ≥ y(w) for any w as long as financing

frictions make the firm effectively risk averse as −v′′/v′ > 0—a standard result in dynamic

cash management models.

Claim (2) about the optimal abatement rate is straightforward given that the opti-
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mal abatement rate exhibits the same expression irrespective of the presence of financing

frictions.

Claim (3) about adoption is straightforward given claim (1) and v′ ≥ 1—a standard

result in cash management models. That is, in the presence of financing frictions, the

numerator of i(w) decreases whereas its denominator increases—leading to an unambiguous

decrease in adoption.

Lastly, consider claim (4). At w = w∗, the optimal innovation rate z(w∗) is lower than

z∗ if v∗ > v(w∗)− w∗ ≡ Ω (as defined above). Using equation (11) and equation (34), this

inequality boils down to (ρ− r)w∗ > 0. By assumption, ρ− r > 0 to make sure that there

is a cost associated with holding cash (so that the firm has no incentive to accumulate

an infinite cash reserves). Moreover, if the firm faces financing costs, w∗ > 0. Thus,

z(w∗) < z∗. Consider now the optimal innovation rate at lower levels of cash reserves.

Consider the denominator of the optimal innovation rate, representing the effective cost of

green innovation. In the presence of financing frictions, this is given by ζv′(w) which, as

long as cash is more valuable inside the firm than if paid out (v′ > 1, which is standard

in cash management models), is greater than the denominator absent financing frictions

(which is simply equal to ζ). The numerator of z(w) (representing the effective benefit from

green innovation) is given by ϕ [λv(w∗)− v(w)− (λw∗ − w)] at a given cash level in the

presence of financing frictions (whereas it is equal to ϕ [λ− 1] v∗ absent financing frictions).

Notably, the numerator of z(w) is decreasing with cash reserves—i.e., the first derivative

of the numerator is ϕ(1− v′), which is negative whenever cash is more valuable inside the

firm than if paid out, v′ > 1. Thus, the benefit from green innovation is bigger for lower

level of cash reserves, as a green breakthrough allows the firm to access fresh financing at

no cost. At w = 0, the benefit from green innovation boils down to ϕ [λΩ− ℓ] if the firm

liquidates.25 If ℓ is sufficiently smaller than v∗, then the benefit from green innovation is

greater than in the benchmark case with no frictions.26 This greater benefit can more than

25Note that we focus on the liquidation case as it represents the case in which financing frictions are the
tightest.

26As discussed above, Ω < v∗ as long as the opportunity cost of cash is strictly positive.
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offset the greater cost, in which case the optimal innovation rate is greater in the presence

of financing frictions. (We also investigate this pattern numerically, see section 5.2. ■

Proof of Lemma 3 To prove claim (1), we simply differentiate d(v−wv′)
dw

= −wv′′, which

is positive if the firm is effectively risk averse.

Claim (2) follows from the fact that the abatement policy is independent of w.

Claim (3) stems by differentiating i(w) with respect to w, which gives

d

dw
i(w) = −v(m)v′′(m)

θ(v′)2
(35)

Claim (4) about green innovation builds on the result that both the effective benefit

(the numerator) of z(c) as well as its effective cost (the denominator) decrease with the

level of cash reserves. In fact, the first derivative of the numerator is negative as long as

cash is more valuable inside the firm than outside (i.e., v′ ≥ 1), and the first derivative of

the denominator is negative as the firm is effectively risk averse. (Proposition 4 clarifies

when one pattern or the other can dominate.) ■

Proof of Proposition 4 The ODE describing the dynamics of firm value can be rewritten

as

(ρ+ δ)v =
ζ

2
z2v′ +

θ

2
i2v′ +

α

2
s2v′ +

(a− νκ)

2
yv′ + wv′(r + δ) + ξκv′

Differentiating the expression with respect to w, and rewriting it:

2ζzz′ = 2λ− 2θii′ − (a− νκ)y′ +
v′′

v′

[
−2w(r + δ)− κ2

α
− 2κξ − θi2 − (a− νκ)y − ζz2

]

which by replacing i′(w) and y′(w) can be re-written as

2ζzz′ =2λ+ 2
vv′′(v − wv′)

θ(v′)3
− σ2(a− νκ)2(−(v′′)2 + v′v′′′)

(2bv′ − σ2v′′)2
(36)

+
v′′

v′

[
−2w(r + δ)− κ2

α
− 2κξ − θi2 − (a− νκ)y − ζz2

]
(37)

50



So, as λ > 0, z′ > 0 if σ → 0, in which case v′′ → 0. This proves the first part of the claim.

Given the claim 4 in Lemma 2, then if z is increasing, then z always lies below z∗.

In turn, if z is decreasing, then we can only verify that the inequality holds in a left

neighborhood of w∗. ■
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