Mobilizing Credit for Climate Tech: De-Risking and

Public Loan Provision Under Learning Spillovers®

Paul Waidelich' Joscha Krug? Bjarne Steffen®
March 13, 2025

Abstract
Policymakers often rely on public financial institutions to provide loans for climate
technology such as clean energy projects. However, it remains unclear what role
they play in a climate policy mix that already internalizes environmental and inno-
vation externalities through first-best instruments. Here, we develop a two-period
model of banks providing loans for clean energy projects that use a novel technol-
ogy. Loans in the first period build up banks’ financing experience, which spills
over to peers and hence is undersupplied by the market. Unlike de-risking instru-
ments, public loans do not solve this cooperation problem because they crowd out
private bank loans. However, bankability requirements can result in an additional
coordination problem whereby the banking sector remains stuck in an inferior equi-
librium with no loans for the novel technology. Public loans in the first period can
resolve this coordination problem by pushing the banking sector to a better equi-
librium, ideally combined with additional de-risking policies to internalize learning
spillovers. We provide a numerical application to the early stage of offshore wind

energy in Germany as a plausible context for our policy implications.
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1 Introduction

To mitigate dangerous climate change, the magnitude of the necessary investments in
clean energy technologies requires mobilizing substantial private-sector financing, includ-
ing large amounts of debt (IPCC, 2022; Polzin et al., 2019). To mobilize credit, policy-
makers regularly opt for financial policy measures like credit guarantees to reduce the
risks of clean energy investments (so-called “de-risking”; Schmidt, 2014) and also pro-
vide debt directly to projects through public financial institutions. In the United States,
the Department of Energy’s Loan Programs Office issues loans and guarantees to clean
energy projects, while USD 5 billion of Inflation Reduction Act funds were awarded in
2024 to create a new national green bank (Coalition for Green Capital, 2024). In many
other OECD countries, state investment banks are remarkably active in renewable en-
ergy lending, particularly for higher-risk technologies such as offshore wind (Waidelich &
Steffen, 2024).

Despite the widespread use of public loans for the clean energy transition, economic
theory provides little guidance on when to favor the direct market activity of public banks
over de-risking instruments. Previous sector-agnostic studies discuss the two policies in
light of credit rationing that arises from adverse selection, screening costs, or unconsidered
social externalities, moral hazard for borrowers, and cyclical credit crunches or adverse
incentives due to legacy portfolios. Far less emphasis has been placed on financiers
learning about novel clean energy technologies through lending. Extending the concept of
learning-by-doing from technology use to the financial sector, empirical work has shown
that increases in financiers’ experience with renewable energy projects have coincided
with decreases in their cost of capital (Egli, 2020; Egli et al., 2018; IRENA, 2023; Steffen,
2020). However, the existing literature lacks a theoretical understanding of what this
means for the design of optimal policies to mobilize clean energy finance, and for the need
for financial policy measures if other policy interventions already address technology-level
and consumer-level market failures, such as climate externalities.

To address this gap, this paper investigates the potential and limitations of public loan
provision and de-risking measures by developing a two-period partial equilibrium model
of loans for clean energy projects using a novel yet immature technology. In the model,
learning-by-lending reduces the costs of screening and loan loss provisions, improving
the risk-adjusted return to lenders.! In each period, a limited number of homogeneous
banks decide how much they lend to energy projects using the novel technology where
overall credit demand is determined by exogenous government policies, such as renewable

energy auctions and feed-in tariffs. In the first “early-stage” period, the screening costs

LA risk-adjusted return adjusts the expected return on a loan (or, more generally, any financial asset)
for the risks involved, which for loans is based on the probability of default. For instance, banks can
subtract the costs of loan loss provisions from the interest income (i.e., the numerator of the return)
or adjust the capital deployed (i.e., the denominator) for additional capital buffers required due to the
possibility of unexpected losses, which is commonly used in banking regulation (Freixas & Rochet, 2023).
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and risk premiums for such loans are excessively high, so loans come at a loss. In the
second period, however, these immaturity-related costs decrease convexly in the amount
of early-stage loans provided, such that loans can become “bankable”? (i.e., profitable for
banks given their risk-return characteristics) if banks become sufficiently familiar with
the novel technology. This bankability threshold results in a social welfare function that
is J-shaped in aggregate first-period lending, as small amounts of early-stage loans are
insufficient to push the banking sector past the bankability tipping point and hence result
in losses. Depending on whether learning gains can compensate for first-period losses,
there are three possible social optima: i) banks do not provide any loans; ii) in both
periods, banks finance all available projects; or iii) banks only serve part of the first-
period credit demand, due to diminishing returns to financing experience, but provide
the maximum amount of loans thereafter.

In a laissez-faire setting, banks do not internalize the lending spillovers of their early-
stage loans to competitors. Therefore, they do not provide any financing if the bankability
threshold remains out of reach; otherwise, they provide early-stage loans until their own
marginal learning gains fall below the negative return on said loans. Since learning spills
over, banks reduce their costly early-stage loans if competitors lend more and free-ride
the experience generated by their peers. As a result, the possible Nash equilibria in the
model are characterized by two different market failures. First, a cooperation problem,
as early-stage loan provision is inefficiently low given the experience spillovers of early-
stage lending. Second, a coordination problem where the banking sector remains stuck
in a Nash equilibrium with no loans for the immature technology, despite the fact that a
better market equilibrium in which the novel technology receives loans is possible.

We introduce two financial policies to address these market failures: a de-risking sub-
sidy (e.g., an interest rate subsidy or a credit guarantee) and the direct provision of
renewable energy loans by a public entity (e.g., a state investment bank). Public loans
face the same free-riding issues as commercial ones and, therefore, reduce the willingness
of commercial banks to incur early-stage risk themselves, shifting the financial burden of
early-stage loans to the public sector. However, a sufficiently sized public loan provider
can push the banking sector past the bankability threshold to a better Nash equilib-
rium, particularly if combined with additional de-risking policies to internalize learning
spillovers and close the gap to the social optimum. A numerical application of our model
to loans for offshore wind projects in Germany between 2007 and 2018 suggests that
such a policy mix would have been warranted even without unresolved technology-level
externalities and showcases that the intervention’s cost-effectiveness strongly depends on
how well public loan providers disseminate learnings to the private sectors. When in-

corporating positive climate externalities of clean energy projects into our model, public

2The term “bankability” is commonly used by practitioners and public loan providers to denote a
borrowers’ ability to secure debt financing due to their perceived ability to repay loans with sufficient
interest given the risks of default (IRENA, 2024; PwC, 2023).
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loans and de-risking can also serve as second-best policies if first-best carbon pricing is
unavailable (Haas & Kempa, 2023).

This paper extends the argument by Rodrik (1996) that “when multiple equilibria
exist, the role of government policy is to move the economy out of the bad equilibrium
into the good one” to the case of public loans to novel clean energy technologies. Impor-
tantly, these insights hold even if technology-level externalities are addressed via first-best
policies and hence do not require any market failures on the technology and consumer
level. The model thus clarifies the role of public loan provision and de-risking measures
in a climate policy strategy that already features instruments such as carbon pricing and
research and development subsidies. Our work expands the theoretical understanding of
optimal climate policy strategies and indicates under which conditions different financial
measures should be considered.

The remainder of this paper is structured as follows. Section 2 summarizes the ex-
tant literature and clarifies the research gap we address through our model, the general
framework of which is introduced in Section 3. Sections 4 and 5 compare the socially
optimal loan financing amount to the market outcome without policy intervention. Sec-
tion 6 introduces a de-risking instrument and public loan provision as two stylized policy
options to address potential market failures. Section 7 provides a numerical application
of our model to offshore wind energy in Germany, while Section 8 contains two model
extensions with climate externalities and uncertain loan demand growth. Finally, Section

9 concludes with a discussion of policy implications.

2 Background and literature

2.1 Importance of debt finance for clean energy

Clean energy technologies require substantial upfront financing due to their high capital
intensity (Borenstein, 2012). Therefore, their cost-competitiveness for large-scale deploy-
ment strongly depends on the cost of capital (Hirth & Steckel, 2016; Stocks, 1984), which
can be reduced substantially through debt financing (Schmidt et al., 2019)—particularly
if higher leverage ratios can be obtained by using project finance (Steffen, 2018). This
requires bank loans when technologies and firms have not matured sufficiently to tap
bond markets, making accessible credit key for the ramp-up of these technologies (Berger
& Udell, 1998; Polzin, 2017). However, credit may be rationed due to financial market
frictions (Jaffee & Stiglitz, 1990; Stiglitz, 1993) and remaining externalities at the tech-
nology level (Popp, 2019). Indeed, there is empirical evidence that emerging clean energy
technologies face financing constraints (cf. Haas and Kempa, 2023, and Campiglio et al.,
2024, for an overview), which can also limit firms more generally in their ability to abate
and innovate and thus reduce the effectiveness of climate policies (Bartram et al., 2022;
de Haas et al., 2024; Ghisetti et al., 2017; Kaldorf & Shi, 2024; Xu & Kim, 2022).

Page 3



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

137

138

139

140

141

142

143

144

145

146

147

148

2.2 Common policy interventions

Given the financing constraints for renewable energy technologies and the broader per-
ception of a “financing gap” that hinders the expansion of low-carbon infrastructure,
policymakers in many countries have introduced targeted policy interventions to direct
financial flows to clean energy assets (Steffen, 2021; Steffen & Michaelowa, 2022). Two
common instruments are loan guarantees and public loans, often provided through state
investment banks. These instruments typically complement other policy interventions
addressing emissions and innovation externalities in clean energy technologies, such as
carbon pricing or renewable energy feed-in tariffs (Geddes et al., 2018; Polzin et al., 2019).

An early example of loan guarantees is the U.S. Department of Energy’s Loan Guar-
antee Program, introduced under the Energy Policy Act of 2005 alongside tax incentives
for renewables (109th US Congress, 2005). These guarantees aimed to reduce financing
risks for lenders investing in innovative clean energy technologies that struggled to se-
cure market-based finance—at the time, including solar photovoltaics and wind turbines
(Brown, 2012; TEA, 2017). In addition, export credit agencies, such as the Danish EIFO,
are increasingly supporting renewable energy projects through credit guarantees (Cen-
skowsky et al., 2025). Regarding public loan provision, a notable example is Germany’s
significant expansion of renewable energy loan programs through its state development
bank, KfW, in 2009 (D’Orazio & Lowenstein, 2022; Geddes et al., 2018). Since 2012,
several countries have established dedicated green state investment banks, such as Aus-
tralia’s Clean Energy Finance Corporation and the United Kingdom’s Green Investment
Bank. These interventions were designed to mobilize private credit for immature clean
energy technologies, particularly renewables (Geddes et al., 2018).

Where public loan programs or green state investment banks were implemented, these
policy interventions were integrated into broader policy mixes that also included direct
support mechanisms for renewables, such as feed-in tariffs, capacity auctions, and, in some
cases, carbon pricing instruments like the European Emissions Trading System. The main
stated objectives for establishing green state investment banks and similar programs were
to reduce greenhouse gas emissions, to foster growth of the green industry, and to im-
prove capital market efficiency by catalyzing private lending to renewables (Geddes et
al., 2020; OECD, 2016b). Especially the ”green industry growth” argument seems to be
broadly supported by parties and interest groups, and hence contributed to the political
feasibility of the policies. (Geddes & Schmidt, 2020; Hughes & Urpelainen, 2015). How-
ever, political discourse has rarely addressed why such interventions are necessary within
policy mixes that already internalize environmental and innovation externalities through
other instruments. Similarly, there has been little discussion on whether and under what
conditions public loan provision or de-risking mechanisms, such as guarantees, offer ad-
vantages (Geddes et al., 2020). In the following section, we review the existing economic

literature on these questions and identify key gaps in our theoretical understanding of
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de-risking policies and public loan provision, which this article seeks to address.

2.3 Literature on rationales for policy interventions

A natural starting point concerning policy interventions to address inefficient credit ra-
tioning is modern banking theory. This literature has studied the potential of credit
guarantees or interest rate subsidies in general, not relating to novel technologies or clean
energy specifically (Arping et al., 2010; Hainz & Hakenes, 2012; Janda, 2011; Minelli &
Modica, 2009; Philippon & Skreta, 2012). These insights on de-risking measures have
been extended to the case of low-carbon technologies (Campiglio et al., 2024; Haas &
Kempa, 2023), but there is less theoretical clarity about which role, if any, should be
played by the public provision of loans for clean energy projects. The extant literature
centers primarily on public (green) banks—which typically engage in both loan provi-
sion and de-risking (Eslava & Freixas, 2021; Whitney et al., 2020)—and suggests various
reasons why these institutions may limit the extent of credit rationing for low-carbon
technologies.

One suggestion is that public loan programs and development banks provide counter-
cyclical financing in times of credit crunches (Eslava & Freixas, 2021; Mazzucato &
Penna, 2016). However, this notion has not been empirically confirmed for the energy
sector specifically (Waidelich & Steffen, 2024), and the question remains why economy-
wide credit crunches should be addressed by sector-specific policy interventions instead
of general counter-cyclical fiscal and monetary policy. Studies further cite high risk
premiums and discount rates at private banks as a rationale for public loan provision
(Lehmann & Séderholm, 2018; Mazzucato & Penna, 2016). From an efficiency point of
view, the preferences of market players per se cannot represent a market failure. This
argument requires either the existence of remaining externalities at the technology level or
assuming that the optimal social discount rate is lower than the rate applied by private-
sector financiers. Furthermore, the argument abstracts from well-established reasons
why banks act in more risk-averse ways than other types of investors, such as regulatory
capital requirements or the risk of having to raise external finance due to unexpected
deposit withdrawals (Diamond & Dybvig, 1983; Froot & Stein, 1998). Banks, unlike
equity investors, cannot participate in any project upsides and hence focus on mitigating
default risks.

Another strand of literature argues that novel technologies threaten the value of banks’
legacy positions and their information stock in incumbent technologies, calling for new in-
stitutions with clean slates (Degryse et al., 2020; Minetti, 2011). This argument primarily
motivates sufficient anti-trust policies for the banking sector and underlines the potential
benefit of a new entrant bank. However, it provides little reason why the new entrant
bank should be public, particularly since dedicated green commercial banks are often

important first movers for clean energy technologies (Zhang, 2020). More sector-agnostic
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studies have motivated the need for public loan provision based on two issues: first,
the existence of projects with a negative net present value that are socially desirable—
although, in the case of clean energy, this might be better addressed through first-best
policies outside the financial sector; and second, information asymmetries in the form of
inefficiently low screening efforts when borrower types are unknown to banks, screening is
costly, and project screening outcomes are observable to competitors (Eslava & Freixas,
2021; Hainz & Hakenes, 2012; Williamson, 1994).

Similar to this screening benefit argument, Geddes et al. (2018) highlight that, aside
from providing loans and de-risking investments, public green banks often educate mar-
kets on novel technologies and provide strong signals on their economic viability. This
behavior is motivated by the fact that novel technologies are not only subject to techno-
logical learning but also improve their risk—return profile as financing experience accu-
mulates. Such “financial learning” or “learning-by-lending” occurs because an expanding
credit track record reduces banks’ uncertainty about the default probability of projects
(Egli et al., 2018) and leads to repeated interactions with the same borrowers, which
eases credit screening and monitoring (Botsch & Vanasco, 2019; Cao et al., 2023). More
experienced debt providers accumulate more in-house experience with a given sector or
technology (Jiang & Li, 2022) and, therefore, can extract more value from pledged col-
lateral, which reduces losses in the event that a borrower defaults (Minetti, 2011). More
experience will also enable lenders to identify relevant loan covenants and to reduce the
transaction costs per loan since application reviews can be streamlined and contracts can
be standardized (Umbeck & Chatfield, 1982). In the case of syndicated loans in project
finance, the predominant financing structure for renewable energy technologies (IRENA,
2023; Steffen, 2018), experience further allows for the standardization of deal structures,
the conclusion of frame contracts, and the emergence of proven networks of financiers
and financial /technical /legal advisors, all of which can reduce both transaction costs and
necessary risk contingencies (Egli et al., 2018; Gatti, 2013; Polzin et al., 2021). These
findings from empirical interview studies highlight the need for a rigorous theoretical
consideration of market failures and the need for policy if technology- and consumer-level
externalities have been sufficiently priced in.

Therefore, we formalize these considerations into a model for bank loans and account
for learning spillovers by building on a recent strand of literature incorporating learning
effects into models of individual investors’ technology investment decisions. In particular,
Della Seta et al. (2012) model a novel technology whose marginal costs decrease in cumu-
lative output and find that optimal investment involves significant initial losses that are
compensated by later-stage gains, making the technology particularly prone to downside
risk. Their model is extended by Sarkar and Zhang (2020), who introduce the option of
debt-financing, which leads to more and earlier investment. They conclude that unless

there are exogenous borrowing constraints, the optimal gearing ratio is higher if costs
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decrease faster in cumulative output. Moreover, Way et al. (2019) explore the optimal
portfolio allocation between investments in two technologies under stochastic learning
rates and risk aversion. Their model produces a trade-off between specializing in one
technology to drive down costs and diversifying to hedge against downsides. It requires
numerical optimization to be solved as the learning feedback introduces multiple local
optima. Lehmann and Séderholm (2018) review theoretical rationales for renewable en-
ergy support schemes in a partial equilibrium framework, including technological learning
where second-period costs decrease convexly in first-period output. They suggest that a
subsidy scheme can overcome financial market failures caused by inefficiently high risk
aversion and discount rates by a private investor. Finally, Campiglio et al. (2024) imple-
ment financial intermediaries into a directed technical change model based on Acemoglu
et al. (2012). In their model, intermediaries charge research firms in clean technologies
higher rates and ignore these technologies’ social benefits as well as the improvements in
future financing conditions due to a financing experience feedback. Therefore, the optimal
policy mix includes a financial subsidy for screening efforts by financial intermediaries,
aside from carbon pricing and low-carbon innovation subsidies.

These previous modeling studies either take the perspective of a single equity investor
or, in the case of Campiglio et al. (2024), only study a financial subsidy but not public
loan provision and do not consider credit rationing. By contrast, we study the interplay
between multiple debt providers and include public loan provision as a separate policy
measure. In doing so, our paper suggests another important reason for credit rationing: a
coordination problem between borrowers to gain sufficient experience with a novel clean
energy technology, which public loans can address. Our work is also related to Lessmann
and Kalkuhl (2024) who introduce costly financial intermediation into a climate policy
model and, among other things, show that the welfare cost of market power-driven interest
rate spreads can be mitigated by subsidizing bank loans. In addition, our paper is related
to Haas and Kempa (2023), who explain credit rationing for clean energy technology
firms with information asymmetries and unobservable project characteristics that can be
addressed via de-risking. However, neither their models nor, to the best of our knowledge,
any other paper formally assesses public loan provision as a policy instrument and its

role relative to de-risking measures in the context of financing experience feedbacks.

3 General framework

We consider a two-period financial sector model populated by a discrete number N of
banks. Banks are homogeneous and, in each period, face loan applications by projects
using a novel clean energy technology. Here, [;; represents the overall amount of loan fi-
nancing granted by bank ¢ in period ¢, which is financed via deposits. We assume that the

desired capacity expansion for the new low-carbon technology is determined exogenously
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by policy interventions in the energy sector (e.g., renewable portfolio standards, renew-
able energy auctions, or carbon prices), combined with global technology evolutions and
general macroeconomic conditions. Therefore, the first-period demand for loans to cover
the debt-financed part of this capacity expansion, denoted as D, is exogenous. In the
second period, the demand for loans increases by an exogenous factor ¢» > 1, driven by
the general advance of the energy transition and the ramp-up in deployment of the novel
technology. To abstract from the issue of banking sector concentration, which has been
studied extensively elsewhere (cf. Freixas and Rochet, 2023, for an overview), demand is

allocated symmetrically across banks, such that

D WD
li 07_7li 07_
ve P en

We introduce two separate periods due to two factors: first, the common bifurcation in

] Vi=1,..,N. (1)

financial markets, whereby technologies either are too novel (and hence risky) to attract
debt finance or are already mature enough to attract debt finance (i.e., “bankable”);
second, the fact that deployment in novel technologies, particularly under continued
policy support, can ramp up considerably, which we represent here via 1. In our model,
each period should be considered as representing multiple years such that loans are paid
out at the beginning of each period and paid back with interest by its end. In the
first, “early-stage” period, the novel clean energy technology is still financially immature
and hence risky, while its risk-return structure can improve in the second, “later-stage”
period. Therefore, on every unit of early-stage loans [;; at ¢ = 1, bank ¢ earns the

following risk-adjusted net return
ri=r—C—rp (2)

where r denotes the risk-adjusted return that banks can earn on loans at full financial
maturity.®> The primary source of risk is each project’s probability of default, which we do
not model explicitly. Instead, we assume that the risk-adjusted return r is monotonically
increasing in the expected return and monotonically decreasing in the return variance and
the banks’ degree of risk aversion. ¢ represents a strictly positive, constant penalty on
the risk-adjusted return due to financial immaturity, comprised of the risk premium for
the novel technology and the higher screening costs due to a lack of experience assessing

4

credit applications.® rp denotes the rate paid out to compensate deposit holders.

3Here, we assume that there is no price feedback between the aggregate loan supply and the interest
rate paid by projects. Relaxing this assumption for, as one example, a linear demand curve would
effectively turn our model into a symmetric two-stage Cournot game, where, if N is finite, interest rate
concerns further depress the number of loans that each bank is willing to supply.

4For an overview of potential reasons for this immaturity cost and the respective literature, see Section
2.3.
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On every unit of later-stage loans /; 5, bank ¢ earns the following return

r—-c (f}m) —7Tp (3)

where

Ei,l =1+ ’YZ lia (4)
JF#i

denotes the financing experience gained by bank ¢ through their own first-period loan

financing and the financing provided by their peers.®

Therefore, early-stage loans for
the novel technology at ¢ = 1 impose a positive experience externality on other banks
by improving their later-stage risk-adjusted return at ¢ = 2. Without early-stage loan
financing by any bank, no learning gains are realized, i.e., ¢(0) = ¢. Because of diminishing
returns to experience, we further assume that ¢ decreases convexly in f/i,l but remains
nonnegative.b

Learning spillovers between banks are imperfect, which is represented by v € (0, 1).
Such spillovers can be driven by the visibility of project defaults (or the lack thereof)
to financiers not involved, by loan syndicates formed with other banks, by the diffusion
of standardized transaction structures within the industry, or by staff switching between
banks and exchanging experiences through professional networks (Egli et al., 2018; Ged-
des et al., 2018). A higher value of v can denote that banks are more transparent about
their financing experience, that their absorptive capacity is higher, or that they regard
their peers as more competent and, hence, the financing decisions made by other banks
as more instructive.

In this paper, we investigate market failures and policy interventions for novel clean
energy technologies that have sufficient potential to become profitable from a lender’s
perspective at a later stage but are not immediately attractive at an early stage due to
lack of experience. Therefore, we assume a negative spread between the risk-adjusted

return on loans at full financial immaturity and the deposit rate:

r—=¢<rp. (5)

5Note that we use capitalized L for aggregates of loan amounts across banks and lowercase [ for loan
amounts of individual banks.

SQur restrictions that ¢ > 0,¢’ < 0,¢"” > 0 nest the most common functional forms for technological
and financial learning curves in the literature (Campiglio et al., 2024; Della Seta et al., 2012; Egli et
al., 2018; Samadi, 2018; Thompson, 2012). There are at least two potential microfoundations for this
functional form of ¢: first, decreasing transaction costs of credit screening due to the banking sector’s
learning-by-doing; second, Bayesian updating about a novel technology’s unknown default rate with every
loan-financed project, assuming that banks are risk-averse and hence apply a risk premium that scales
with the uncertainty about the true default rate. In addition, learning-by-doing in the respective energy
technology could also improve risk-return profiles if bank loans enable more projects to be realized, thus
enabling more technology-level learning that reduces project costs and hence improves their cash flow
profiles.
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such that r; < 0. Notably, this assumption reflects that beyond certain risk levels,
banks cannot be compensated for the risk by charging higher interest rates because the
required rate, in turn, further increases projects’ default risks (Jaffee & Stiglitz, 1990)
or because at the required interest rate, projects do not meet the return expectations
of their equity investors and, hence, are not pursued further. Such an assumption is
informed by interview-based evidence that novel clean energy technologies often struggle
to secure debt financing altogether at early stages of market maturity when there is no
clear track record of the technology (Egli, 2020; Egli et al., 2018; Geddes et al., 2018).
By contrast, if all banks provide the maximum amount of early-stage financing (i.e., each
bank provides % and all banks jointly provide D), the spread would turn positive such
that

r>c<N%>+7~D (6)

where

N:=1+~N—-1)<N. (7)
The term N in Equation 6, which is smaller than N as v < 1, accounts for the loss of
financing experience due to imperfect spillovers between banks. Therefore, ¢ (]\7 % is
the maximum amount of cost reductions achievable through learning. The risk-adjusted
return in the second, later-stage period r — c(f/m) is concavely increasing in [~/Z~71 and

bounded between r — ¢ and r, as displayed in Figure 1.
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Figure 1: Risk-adjusted return on loans in ¢t = 2.

This model can, in principle, represent a wide range of settings but is particularly

s suited to analyze the clean energy sector, which combines multiple features that moti-

;3 vate our setup. First, as discussed in Section 2, the energy transition implies a directed
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technological change toward more capital-intensive technologies. Therefore, the availabil-
ity of sufficiently cheap bank financing becomes paramount for reducing clean energy
projects’ costs. Second, these projects meet technology-agnostic demand for electricity,
leading to direct competition with less capital-intensive incumbent technologies like coal-
or gas-fired power plants, whose costs are less sensitive to financing conditions (Hirth &
Steckel, 2016; Schmidt et al., 2019). As a result, clean energy projects are less likely to
move forward if they fail to secure (sufficiently cheap) debt financing, creating a direct
link between bankability and large-scale deployment. Third, renewable energy technolo-
gies are predominantly financed via project finance (IRENA, 2023; Steffen et al., 2018).
Projects are realized through stand-alone special purpose vehicles without recourse to
project sponsors. Therefore, creditworthiness is not driven by sponsors’ balance sheets
but by technology-specific risks, which would otherwise only hold for pure-play firms
that rely on a single technology. Fourth, banks’ understanding of these technology risks
evolves for clean energy technologies because of sufficiently different working principles
across technologies. Technologically speaking, an offshore wind park has very little in
common with a coal-fired power station or a hydropower dam, meaning that banks active
in the sector cannot simply transfer financing experience across technologies. Finally, for
banks to incur early-stage risks in exchange for learning gains that materialize later on,
there must be substantial and foreseeable policy-driven growth in technologies’ deploy-
ment and, hence, loan demand.” While project finance is commonly used also in other
sectors, such as mining, telecoms, chemical processing plants, and road infrastructure
(BCBS, 2006, Art 221-222 p. 53), we argue that the combination of all factors listed
above is a distinct feature of clean energy projects, making them by far the best, though
not the only conceivable application of our model.

Combining the considerations above, the risk-adjusted profits of bank ¢ discounted to

t = 1 can be written as

mi(lig, lio, Lin) = SUS + 5 <7’ —c(Liy) — 7“D> li2 (8)
N
~
Early-stage losses Potential later-stage gains

where 8 € (0, 1) is the discount factor common to all banks. To strike a profit, early-stage
losses must be compensated by later-stage gains. Therefore, a profit-maximizing bank
¢ will only provide loans for the novel technology at ¢ = 2 if the financing experience
from the first period E,,l is sufficiently high to push the risk-adjusted return above rp. If
this is the case, we will refer to the novel technology as being “bankable” at t = 2. The
lending decision of bank 7 at ¢ = 2 only depends on whether the financing experience
gained at ¢t = 1 renders the novel technology bankable and causes no further externalities

to other banks. To avoid situations where banks are indifferent between outcomes, we

"In our numerical application, we highlight how our policy implication hinges on demand growth
between the two periods; see Section 7.
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assume that if two outcomes yield the same risk-adjusted return or profits, banks strictly
prefer the one with less loan financing. This gives us the following simple rule for the

later-stage loan financing at ¢ = 2:

Lemma 1. Let (I;1,1;2) be the loan financing amounts for any bank i. Then

0 if r— C(fzm) <7p
lig = (9)

D .
Yy otherwise.

Proof. See Appendix B.1. m

Hence, in the later-stage period, banks either finance the technology’s entire loan
demand if the early-stage financing experience provides a positive return spread or refrain
from any loan financing at t = 2.

Notably, our model does not specify an explicit “outside option” to lending to the
novel technology and assumes that banks do not need to pay interest to deposit holders
whose funds they do not use. This is a simplification without loss of generality: In
Appendix B.3, we show that it does not change the outcome of the private or social
optimization problem if we assume that banks have an outside option and need to pay
interest to all their depositors. Intuitively, this is because we can reinterpret zero profits
in our setup as the profitability of an outside option with no relevant constraint on its
availability, such as the return on a risk-free long-term government bond or a LIBOR-like

rate.

4 Social optimum

In our model, the socially optimal solution maximizes the sum of present-value profits

over all banks:

~ D D
i(liv, lio, Ly R 0, =, 0,—]. 10
{lij,rlli}igil ZZW( lios Lin) st lig €] N] 2 €| 1/1N] (10)

The full Karush-Kuhn-Tucker conditions are provided in Appendix B and reflect that,
in the unconstrained social optimum (SO), I; ; should be chosen to equate the initial return

spread at t = 1 (r1) and the marginal learning gain such that

—BEIENSS S ENS) =~ (11)
J#
Learning gain Learning gain to peers Initial return spread
to bank 7 (= loss)

which might not hold in the constrained optimum if the demand or nonnegativity con-
straint on /;; bind. Note that both the left-hand and the right-hand side of Equation 11
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are positive since ¢ < 0 and r; < 0.

An asymmetric solution to the optimization problem in Equation 10 cannot be ruled
out entirely but significantly limits the analytic tractability of our model. Therefore,
we impose symmetry on the social optimum, as is common in the literature (Eslava &
Freixas, 2021). This means that

PP =1°vi=1,.,N (12)

which by Lemma 1 also implies symmetry in the later-stage loan financing. This is a mild
assumption because banks are homogeneous and because the profit of each bank ;(-)
is strictly concave in l?i,l. For this reason, allocating early-stage loan financing amounts
asymmetrically between firms (which leads to a heterogeneous financing experience f/i,l
as v < 1) is typically dominated by a symmetric allocation. Combining Lemma 1 with

the first- and second-order conditions results in the following proposition:

BNYD
lution to the first-order condition in Equation 11, and let (¢)~'(-) denote the inverse
150, 150)

Proposition 1. Let I¥ = N~'(¢/)~! ( . ) denote the unconstrained symmetric so-

function of ¢'.® Then, the unique symmetric social optimum ( 15 either

e an immediate financing outcome in which every bank provides the full loan financing

amount in the first and second period (% and @D%, respectively), or

e a gradual financing outcome in which each bank provides l7 < % at t = 1 before

providing full loan financing att = 2, or

e a no-financing outcome in which banks do not provide any loan financing in either

period.

For gradual or immediate financing to be optimal, second-period profits must outweigh

the first-period losses, so each bank strikes strictly positive present-value profits.
Proof. See Appendix B. O

Here, I denotes the loan financing amount for which the marginal learning gains and
the initial return spread balance (prior to any demand or nonnegativity constraints). At
the technology level, comparative statics (see Appendix B) reveal that a more favorable
risk-return profile (i.e., a higher risk-adjusted return at full maturity r and a lower initial
immaturity penalty ¢) make a no-financing optimum less likely and increase the socially
optimal early-stage financing [{°. At the financier level, the same holds if the initial loan
demand by projects using the novel technology is higher (D 1) and grows more strongly
in the second period (¢ 1), which increases the scope for learning effects, or if deposits

are cheaper (rp /). The socially optimal [° is also higher if banks are more patient

8Note that ¢’ is monotonically increasing, and hence (¢/)~! exists and is monotonically increasing.
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(B8 1). However, a less concentrated banking sector (N 1) will decrease the loan financing
in the optimum because, ceteris paribus, this implies more spillover losses of financing
experience as long as v < 1.

Since the social optimum is symmetric and, by Lemma 1, [; 5 is a binary function of
l; 1, we can plot total profits > . m;(-) as a function of the first-period financing experience
L, = Ni;. In the left panel of Figure 2, we show this for the gradual-financing optimum
(i.e., for a scenario under which total profits peak above zero for some L < %D) For
very low amounts of financing at t = 1, the risk-adjusted return on loans at ¢ = 2 remains
below rp such that, by Lemma 1, banks do not grant any loans and hence make zero
profits from the new technology in the second period. At the same time, profits at t = 1
decrease linearly since, for every unit of [, each bank loses the negative initial return
spread ri. Therefore, small values of early-stage loan financing that are insufficient to
render loans bankable at a later stage reduce overall profits below zero.

If [; increases further, the risk-adjusted return at t = 2 at some point equals the
deposit rate rp (blue line). Beyond this “tipping point”, loans become profitable at
t = 2, and hence banks will meet the entire loan demand such that I, = w%, making the
technology bankable at ¢ = 2. Note that profits increase concavely because returns on
financing experience are diminishing as c is convex. However, the positive profits at t = 2
do not immediately offset the incurred losses at t = 1. It takes some additional increase
in l; (i.e., further learning gains) until banks break even in present-value terms across
both periods (grey line). As long as the marginal learning gain of /; exceeds the negative
initial return r1, a higher [ increases profits further until the marginal return and deposit
rate equal in the social optimum (green line). Beyond this point, the marginal learning

gain no longer compensates for the early-stage losses, and profits again fall.
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Figure 2:

Symmetric first-period financing experience L, = NI,

Aggregate bank profits over early-stage loan financing.
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Visually speaking, the gradual-financing optimum displayed in Figure 2 exists if the
concave section of ) . m;(-) peaks within the banking sector’s available resources (for
some L, < %D) and above zero. The other two potential optima in Proposition 1 have
equally straightforward interpretations and are displayed in the right panel of Figure 2.
The no-financing scenario is optimal if the concave section does not exceed zero for any
L, € 0, %D] The immediate-financing optimum requires that the concave section only

peaks after %D, but that total profits at this point already exceed zero.

5 Market outcome

In a market outcome, each individually rational bank carries out the following profit

maximization:

lfrllzlxz}i mi(lin, Lo, Lin) s.t. li1 €0, %], lio € [0,1/}%] (13)
The first-order conditions, given in Appendix C.1, follow the same principles as those
given in Equation 11, except that banks ignore the learning spillovers to their peers.
Therefore, bank 7 chooses its early-stage loans such that its marginal learning gains equal
the per-unit loss on these loans (r1) and opts for no loans (the full amount £) if the
marginal learning gains remain below (above) the per-unit loss all the way through the
zero lower bound (upper bound %) for l;;. In the second period, banks’ individually
rational behavior follows Lemma 1, meaning that they provide the full loan amount @/J%
only if early-stage learning gains suffice to make second-period loans profitable.
Importantly, the solution to the maximization problem of bank ¢ depends on its peers’
behavior. For a fully fragmented banking sector (i.e., if N — o0), it is trivial to show
that bank 7’s contribution to its own financing experience stock f/i,l becomes negligible
unless v — 0. Note that early-stage loans in the model come at a loss in ¢ = 1 and
can only be profitable through their impact on Ei,l and thus profits in ¢ = 2. For
N — oo where [;; has no meaningful impact on [ii,l, the only possible market outcome
is (li1,li2) = (0,0) Vi=1,..,N. However, banking sectors typically do not exhibit this
perfect degree of competition (World Bank, 2022). We instead consider a finite number

of N, solve for possible Nash equilibria, and arrive at the following result:

Proposition 2. The set of Nash equilibria under the market outcome can be characterized

as follows:

e The possible Nash equilibria are all symmetric and feature a no-financing equilib-
rium, a gradual-financing equilibrium where each bank provides

INE = N=Y()t (/3;—12) < L att =1, and an immediate-financing equilibrium.
N

e [f the gradual-financing equilibrium exists, the immediate-financing equilibrium does

not exist, and vice-versa. Both require strictly positive profits for each bank to exist.
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e Both the gradual-financing and the immediate-financing equilibria can co-exist with

the no-financing equilibrium.

o The early-stage loan provision in any Nash equilibrium is strictly lower than the
social optimum, except for the trivial case, in which both the social optimum and

the Nash equilibrium are immediate financing or no financing.
Proof. See Appendix C. O

To make the equilibrium formation process more intuitive, we illustrate the best-
response functions for the simplified case of N = 2 for banks i (red line) and j (blue line)
in Figure 3. As banks are homogeneous, the two best-response functions are symmetric.
For low levels of /;,, bank ¢’s marginal learning gains are high, but it cannot unlock
sufficient learning to obtain positive present-value profits and hence its best-response is
zero. For a sufficiently high level of [;;, however, positive present-value profits come
within reach of bank ¢ and the best-response function of bank ¢ jumps to l;; = %7 along
with maximum loan provision at ¢ = 2 (see Figure 3a). From here on, bank i’s best
response remains at % until bank j’s loan amount is high enough that for an early-stage
loan volume of [, ; = %, bank ¢’s marginal learning gains fall below the first-period loss
ri. From this point on, [;; = % no longer satisfies bank ¢’s first-order conditions and
bank ¢ reduces its early-stage loan provision (though not its loan amounts in ¢t = 2), so
that marginal learning gains and marginal first-period losses are balanced again, which
requires f/i,l =N l{N E o As f/m = l;1 + 7l;,1, this means that for every one-unit increase
in early-stage loans provided by bank j, bank i reduces their loans by ~, as free-riding
the learning gains provided by the other bank is less costly than providing early-stage
loans themselves.” At some point, bank j’s early-stage loans reach l;; = gli‘N E such
that ZNLM =N I3NE even if bank i provides no loans at all. Therefore, the best response
drops to zero and remains there if bank j increases their loan provision further.

Importantly, the “plateau” of the best-response function at l;; = D need not exist.

N
Specifically, the plateau does not exist if marginal learning gains decrease so fast that,

by the level of bank j’s investment at which it becomes profitable for bank i to invest

at all (i.e., when the best-response function jumps), bank ¢ would already overshoot

*NFE
ll

the optimal learning level of N if it invested the full amount £.1° In this case,

bank ¢ never invests the full amount % but jumps from zero investment to a first-period

GNE — 1, < % and the best-response function decreases linearly until

S

investment of N

reaching zero for [, = see Figure 3b—c). More detailed mathematical expressions

9The best-response function’s linear slope of —% results from [; ; and [/, ; entering bank ¢’s experience
L;J linearly with coefficients of one and 7. Assuming a lower degree of substitutability between banks’
own experience and learning gains provided by peers would result in non-linear slopes and the possi-
bility of the best response not dropping entirely to zero; however, doing so would reduce the analytical
tractability of the model considerably.

10Mathematically, this happens if J\Nfl{NE < n where 7 is defined implicitly such that %(77 — %) is the

lowest level of bank j’s investment at which bank i breaks even when investing the maximum /; ; = %.

Page 16



516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

No-financing & No-financing & Only no-financing
Lix immediate-financing Lix gradual-financing i
1_ 1_ 1_
—NiVE —NiVE —NiVE
14 Best-response Y 14
of bank j
D D
N N
1 D
~ (NN -5 ‘
14 N tp -
N R
1 D Best-response S
~m--) of bank i
V4 N
(= 0 0
1 D D Lgpwe_ P 1_ D 1 D 1_
2o L e L ) Z NItNE 1 st ZNiNE li:1 v ZNiNE lj,l
Y m N) N7 N yVa i1 N S NVG N SN

Figure 3: Best-response functions and Nash equilibria for N = 2 banks

on the best-response functions’ shape under different cases can be found in Appendix
C.2.

Figure 3 shows that only symmetric Nash equilibria are possible in the two-bank case.
The reason for this is imperfect knowledge spillovers (y < 1). Visually speaking, the
linearly decreasing part of the best response function has a slope of —v for each bank. As
long as v < 1, that leaves at most one possible intersection of the best response functions’
linearly decreasing parts in the graphs above. Under perfect knowledge spillovers (y = 1)
the best response functions would overlap on their linearly decreasing intervals and give
rise to an arbitrary number of equilibria. This is because, in that case, it would not
matter to each bank who generates the learning gains, just how much learning takes
place in total. However, this case is very unlikely to hold in practice as banks’ financial
models, terms, and practices are confidential and partly tacit, meaning that at least some
in-house experience cannot spill over to peers.

Therefore, we have two potential intersections of the best-response functions. One at

(l;1,1;1) = (0,0) (no financing) and one where the non-zero sections of the best-response
D D
N’ N
for a gradual-financing equilibrium

functions intersect either throughout the plateau section at ( ) for an immediate-

financing equilibrium (see Figure 3a) or at (I;NVF [;VF)
(see Figure 3b). If the best-response functions jump too late to produce an intersection or
never jump at all due to unattractive financing conditions, no financing is the only possible
equilibrium (see Figure 3c). Conversely, if the best response function of bank i jumps
already at [;; = 0 (i.e., bank ¢ can obtain positive present-value profits unilaterally), the
no-financing equilibrium does not exist. Importantly, all these fundamental intuitions for
N = 2 carry over to the case of several banks.!!

Notably, the closed-form expressions for the potential gradual-financing social opti-
mum [} and the gradual-financing Nash equilibrium V¥ are almost identical. However,
the latter features only the individual loan amount at t = 2 (i.e., gb%) and not the overall

loan amount net of spillover losses (i.e., Q/J%D) because banks ignore spillovers to peers.

11See Appendix C for the formal proofs.
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As a result, IVF is strictly lower than [§© except in three boundary cases where social
optimum and market outcome coincide. First, if v = 0, then there are no externalities
from one bank to another, and hence, the social planner cannot improve the market
outcome. Second, if no financing for the novel technology is socially optimal, then the
market also provides zero loans, and hence, there is no market failure. Finally, if the
social optimum is an immediate-financing outcome, then the market can settle on a no-
financing equilibrium, a gradual-financing equilibrium or, if financing conditions are very
beneficial, an immediate-financing equilibrium. In the latter case, trivially, the socially
optimal level of learning cannot be strictly greater than the equilibrium level of learning.
However, the policy implications of this last case extrapolate well from the more relevant
setting in which only a gradual-financing equilibrium exists. The only notable difference
is that if the only Nash equilibrium with positive investment is the immediate financing
equilibrium, the market outcome and the social optimum coincide without further policy
intervention once a zero-financing equilibrium is avoided. For this reason, we place less
emphasis on the case where immediate financing is both the social optimum and a market
equilibrium in the following discussion of market failures and policy instruments.

Since the market outcome must be symmetric, the conditions in Proposition 2 un-
der which the different Nash equilibria exist have straightforward visual interpretations
displayed in Figure 4. The no-financing equilibrium (left yellow ring) exists unless a
single bank ¢ can push beyond the “no-financing valley” and obtain positive profits by
unilaterally providing loans for the novel technology at t = 1.12 The gradual-financing
equilibrium L; ; = NIINF (right yellow ring) exists if and only if this point falls beyond the
no-financing valley and provides above-zero profits because otherwise every bank would

be better off by switching to the no-financing equilibrium instead.

12Note that Figure 4 rests on the assumption that all banks behave symmetrically, so the valley for such
a unilateral financing provision is somewhat shorter as, in this case, there would be no spillover losses
of financing experience. In addition, the valley displayed here refers to bank financing for (large-scale)
deployment and hence does not represent the conventional “valley of death” for the transition between
laboratory and commercialization (Popp, 2019).
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Figure 4: Possible Nash equilibria for a gradual-financing social optimum

If gradual or immediate financing is optimal, then Proposition 2 implies two separate
elements of market failures: first, a cooperation problem because banks ignore positive
learning spillovers to their peers and hence choose a sub-optimally low amount of early-
stage loan financing (as visualized in Figure 4 above); and second, a coordination problem
because even if a gradual-financing market outcome exists (which by definition must be
profitable for every bank), the banking sector might remain stuck in the inferior no-
financing equilibrium with zero profits.'?

From an equilibrium selection perspective, there are at least two arguments for why
the no-financing equilibrium might be more likely. First, providing no financing to a novel
technology is a natural Schelling focal point (Mehta et al., 1994; Schelling, 1997) because
it continues banks’ past behavior (before the technology reached the deployment stage),
is more straightforward, and resonates with the banking sector’s general risk aversion.
Second, providing no loans guarantees each bank nonnegative profits in the spirit of the
risk dominance criterion used by Harsanyi (1995).1 For these reasons, this equilibrium

and the associated coordination problem warrant particular attention, although another

13Note that in the less interesting case that immediate financing is the social optimum and a possible
Nash equilibrium, then there is only a potential coordination problem but no cooperation problem.

14To see this, consider the simplified case of only two banks that choose between the two potential
equilibrium strategies. The no-financing option minimizes the downside if one bank picks one equilibrium
and the other banks opt for the other, compared to the gradual-financing option. By contrast, opting
for the gradual-financing equilibrium strategy leaves a bank vulnerable to potential losses.
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market outcome is, of course, also possible.

I3NE is very similar to that of the socially optimal

Since the closed-form expression for
1, the comparative statics for the gradual-financing social optimum similarly apply to
the early-stage financing under the market outcome. More favorable conditions at the
technology (r 1, ¢ |) and financier level (D 1, ¥ 1, N |, rp |, 8 1) make it more likely
that a gradual-financing Nash equilibrium exists and increase the financing amount in
such a market outcome. Regarding the potential early-stage financing gap between the

social optimum and the market outcome, we conclude as follows:

Lemma 2. Let the social optimum be 0 < 79 < % (gradual financing). Then, the

minimum early financing gap between the market outcome and the social optimum is as
follows:

o _ O (tw) "

e g

Ceteris paribus, the minimum early financing gap increases monotonically in 7.

Proof. Combine the expressions from Propositions 1-2 and take the partial derivatives,

keeping in mind that (¢/)~! is monotonically increasing and N:=1+~(N-1). ]

Therefore, the gap between the market outcome and the gradual-financing optimum
is higher if more of a bank’s learning gains spill over to competitors or if competitors are
more capable of absorbing these spillovers (v 7). In addition, if the marginal learning gain
¢’ decreases more steeply in the cumulative financing experience, this reduces the financing
gap. This is because rapidly diminishing returns to experience mean that taking learning
spillovers into account (or not) makes less of a difference.!® However, these comparative
statics only hold locally for limited changes in the given parameters since larger changes

could also render the gradual-financing outcome sub-optimal from a social point of view.

6 Policy interventions

6.1 Framework for modeling policies

The previous section has established that if the social optimum is a gradual-financing
(immediate-financing) outcome, the market outcome will (can) feature an inefficiently
low provision of loan financing at ¢t = 1 and might even fail to provide any loan financing.
We consider two different policy interventions within the framework of our model to
address this market failure. First, the government can improve the risk-adjusted return

for banks, either by increasing the expected return on loans or by reducing the volatility

15The financing gap also decreases for a more concentrated market (N |) because the positive exter-
nality is lower when fewer peers benefit from spillovers. However, this obviously increases the scope for
competition-related market failures, from which our model setup abstracts.
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of returns (Polzin et al., 2019). Two of the most commonly discussed instruments to
do so in the literature are interest rate subsidies and credit guarantees (Haas & Kempa,
2023)!¢. Due to our framework of risk-adjusted returns, we can represent both of these
options as stylized state-financed additive premiums on the risk-adjusted return of all
private banks in both periods denoted by s1,s9 > 0.7

Second, the government can provide loans directly to projects that use the novel tech-
nology in both periods, with loan amounts denoted by ¢;, g» > 0.1® Importantly, public
loan provision generates financial experience at ¢ = 1 that partially spills over to the
private banks at a rate 49 > 0. Public green banks can be mandated to actively share
their expertise with the private sector, for instance, by taking lead roles in loan syndicates
and showcasing their risk assessment and due diligence processes, by providing technical
assistance to commercial lenders, and by creating and diffusing new deal structures (Ged-
des et al., 2018), which would imply 79 > ~. However, 79 might be lower than ~ if the
public loan provider is perceived as less competent than a commercial bank or prone to
political distortions, thus making banks hesitant to learn from the public sector’s lending
track record. In addition, public loan provision can reduce the demand for loans faced
by each bank since the overall demand for loans by projects using the novel technology
is policy-induced and hence fixed.!?

Subject to the policy interventions, each bank i then carries out the following maxi-

mization problem:

max m; = (r1 + s1)li1+ (15)

li1,li2

B (7“ — (YD a7 i) = o+ 32) lig

i

D- D-
S.t. ll‘71 € [O, —m]7li,2 € [07¢ Ng2]

N

A direct takeaway from Equation 15 is that public loan provision at ¢t = 2 (i.e., once
no further learning gains are possible) factors into banks’ decisions only by reducing
the loan demand in ¢ = 2 that they can serve if they do not opt for a no-financing
strategy. Furthermore, we note that neither the de-risking instrument nor public loan
provision moderate our previous findings with respect to either the deterministic rule of
behavior for banks at ¢ = 2 or the symmetric behavior of private banks in any possible

Nash equilibrium. Therefore, Lemma 1 and the symmetry of the market outcome by

16 An example is the U.S. Department of Energy’s Loan Guarantee Program, cf. section 2.2.

"In addition, the government could also adjust capital requirements for banks through a green-
supporting factor (Campiglio et al., 2018), which in our framework would have the same effect (r 7).

18 An example is the German KfW renewable energy loan program, cf. section 2.2 .

19Quch a “crowding-out” effect rests on the model’s assumption that financing terms of public loan
provision are usually concessional and hence out-compete the market rates charged by the banks.
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Proposition 2 continue to hold (see Appendix D).

6.2 De-risking measures

Economic theory suggests that a subsidy should be calibrated to the magnitude of the
unaccounted positive externality at the social optimum (Pigou, 1932), which in our model
only exists in ¢ = 1. By incorporating such a well-calibrated de-risking subsidy into the
first- and second-order conditions of individually rational banks, we arrive at the following

proposition:

Proposition 3. Let the social optimum be 0 < 159 < % (gradual financing) and let
st = —Py(N — 1)w%c’(ﬁzfo) > 0 be the optimally calibrated de-risking subsidy. Then,
under s; = s7 and for any so > 0, the set of Nash equilibria can be characterized as

follows:
o A symmetric Nash equilibrium exists in which banks behave as in the social optimum.

e Another Nash equilibrium with no financing by any bank exists if and only if no sin-
gle bank can unilaterally break even by providing loans. If such an equilibrium exists
for s; = s9 = 0 (i.e., without policy intervention) because no bank can unilaterally

ensure bankability at t = 2, it also exists for s = s7, 59 = 0.

o A sufficient condition for the no-financing equilibrium not to exist is sy > —r;.%0

Proof. See Appendix D. O

Notably, under the optimal de-risking subsidy s} (which is positive since ¢ < 0),
there exists a gradual-financing or immediate-financing Nash equilibrium that coincides
with the social optimum—even if without the policy intervention the only possible Nash
equilibrium featured no financing. However, such a well-calibrated subsidy does not
necessarily rule out the coordination problem. Even for s; = s}, the return in the first

period r; + s} remains strictly negative.?!

Hence, early-stage loans still come at a loss,
albeit a smaller one. If bank ¢ cannot ensure bankability at ¢ = 2 unilaterally, it cannot
make a profit at t = 2 and no financing remains the best response. Visually speaking, a
reduced initial return spread makes the no-financing valley in Figure 4 less deep without
removing it. Hence, if no bank can reach the tipping point unilaterally without any policy
intervention, then introducing s; = s} will not remove the no-financing equilibrium.
Furthermore, if the government were to set s; > sj to resolve the coordination problem,
this subsidy would lead to an oversupply of early-stage loans unless the social optimum

is an immediate-financing outcome.

2ONote that this sufficient condition for ss is not a necessary one to rule out the no-financing equilib-
rium. However, as it is more tractable mathematically, it better facilitates policy comparisons.

21To show this, recall that in the social optimum, this expression equates the marginal learning gain
of bank 4, excluding spillovers, which is strictly positive.
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However, the existence of the no-financing Nash equilibrium can always be ruled out
via a sufficiently high de-risking subsidy at t = 2. The logic behind this is simple: If there
is a profitable gradual-financing equilibrium (which is ensured by s; = s}), the coordina-
tion problem only arises because, for low amounts of early-stage loan financing, banks are
not fully committed to providing loans at a later stage and, therefore, withdraw to the
no-financing Nash equilibrium to avoid losses. This no-financing equilibrium collapses
once the de-risking measures at ¢ = 2 improve the risk—return structure of loans such
that unilateral financing of /; o = TD suffices for bank i to make a profit in ¢ = 2—even if
all other banks do not grant any loans. A sufficient condition to ensure this is to set s9
marginally above the initial negative return 1. Then, loans will always be profitable at
t = 2, banks commit to loan financing at t = 2 and always prefer the gradual-financing
Nash equilibrium, which, due to the internalization of spillovers via s; = s}, coincides

with the social optimum.

6.3 Direct loan provision

Turning to a policy intervention in which the government provides loans directly instead
of using the de-risking subsidy, the respective first- and second-order conditions lead us

to the following proposition:

Proposition 4. Let the social optimum be 0 < 17 < % (gradual financing), let ;NE|g :=

()! (ngﬁgz) — %gl, and let g} = 7170_1(7" —rp). Under public loan provision in the
absence of any de-risking subsidy (i.e., s1 = so = 0), the set of Nash equilibria can be

characterized as follows:

e Both a zero-financing Nash equilibrium and a symmetric equilibrium where each

bank provides max {0, min{%, ZTNE\g}} int=1 and @ZJ% int=2 can exist.

e The zero-financing Nash equilibrium cannot exist if g1 exceeds g (marginally) as
long as gy € [0,9D).

e The higher gy, the lower INE|g, and the less likely it becomes that the Nash equi-

librium with nonzero financing by each bank exists.
Proof. See Appendix D.3. O

Hence, under public loan provision in ¢ = 1, each bank provides either max{0, [;N¥|g}
or Z=a
N

(if this is lower) in £ = 1 in the gradual-financing equilibrium, which is less than in
the market outcome without the policy intervention. This is because public loan provision
does not alter the best response function of each bank. If the government provides early-
stage loans on top of the gradual-financing Nash equilibrium, then for every unit of ¢y,

each bank reduces their own costly early-stage financing by % and instead benefits from
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the credit track record created by the public sector. By doing so, banks reduce their
losses in t = 1 at the expense of the public sector while earning the same profits in ¢ = 2.
The higher the spillover rate 79, the better that public loan provision substitutes banks’
own financing experience, exacerbating this crowding-out dynamic.

If %91 > [$NE then the best response function of private banks flatlines at zero
(see Figure 3) and private loan financing only occurs in ¢ = 2. Only in this case, the
financing experience available to each bank (and, hence, profits at ¢ = 2) increases beyond
the market outcome without policy intervention but at the expense of shifting early-stage
loans entirely to the public sector. In all other cases, the best-response functions of banks

ensure that the financing experience available to them remains identical to the market

D—q1
N

the overall amount of loans issued in ¢t = 1 evolves depends on the relative magnitude

outcome (unless this is impossible given their demand constraint ). However, how
of the public loans’ spillovers (79), the market size (/V) and the spillovers of commercial
loans (). Banks learn less from public loans than from their own. Therefore, shifting
early-stage loans from the private to the public sector requires a greater amount of public
early-stage loans for the same level of experience if spillovers of public and commercial
loans to other banks are the same (9 = 7) and even more so if 79 < 7. However, if
public loans’ spillovers exceed those of commercial loans by a certain extent (79 > %)7
then fewer early-stage loans are required because banks learn so much more from the
public loans compared to loans by their peers that it compensates them for having less
experience from their own loans. Ceteris paribus, this condition is more likely to hold for
markets with many banks (/N 1), which increases the share of experience banks obtain
from observing peers (including the government loans) vis-a-vis the experience from their
own loans.

As a result, public loan provision is an inept policy instrument to close the gap between
a market outcome with nonzero loan financing and the social optimum unless favorable
characteristics of the public loan provider, such as higher experience spillovers, make it
attractive to concentrate early-stage loans on their balance sheet. Furthermore, public
loan provision in ¢ = 2 can only exacerbate the existing market failure. Reducing how
much banks can lend at a later stage lowers the value of early-stage learning and hence
the amount that banks are willing to lend—and might even undermine the existence of
a gradual-financing Nash equilibrium altogether.

However, a certain minimum amount of public loan provision at t = 1 can overcome
the coordination problem by ensuring that the no-financing equilibrium no longer exists.
Note that for g; = ¢, the financing experience that spills over to banks is exactly the
threshold for later-stage bankability since r—c(y9¢;) = rp. Therefore, any g; > gf ensures
that each bank provides w% of loan financing at ¢ = 2. Importantly, the required g
decreases the more the public loan provider can diffuse its own financing experience to

market players and the more willing private banks are to learn from the public sector
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(79 1). However, under g; > gf the cooperation problem not only continues to exist,
such that the gradual-financing Nash equilibrium still falls short of the social optimum,
but also the market outcome then features a strictly lower early-stage contribution by

private banks due to free-riding.

6.4 Policy comparisons and policy mix

By Proposition 3, sufficient de-risking subsidy at ¢ = 2 could also address the coordination
problem, similar to early-stage public loans—which poses the question of which of the
two policy measures is more cost-effective in our model. A key difference between the
two policies is that, unlike for the de-risking subsidy, the money spent on public loan
provision is (at least partially) recovered once loans are paid back. The accumulated
financing experience might be turned into further profits at t = 2, albeit at the cost of
crowding out commercial loans. To assess this, we define the costs of public loan provision

as follows:
PC(g1,92, 1) = (r, +¢c—19)g1 — 7 (r7 — c(g1 +YNl) — 1) 92 (16)

where the parameters 79, 7%, > 0, 87 € (0, 1) have the same meaning as for private banks.
Policy costs can be understood as the negative of the public loan provider’s profits. Note
that here we allow for model parameters to vary between private banks and the public
sector. For instance, the public loan provider might have a lower discount rate (such that
B9 > (), a higher risk appetite (such that 9 > r), or access to capital at better rates
than the private sector (1%, < rp). By contrast, the opportunity cost of public money
could also be higher (r}, > rp) since funds for public loan provision could otherwise be
invested in core public responsibilities, such as military defense or education, with high,
albeit nonfinancial returns.

Furthermore, the cost of the de-risking subsidy paid at t = 2 in the absence of public

loan provision is defined as follows:
PC(sq9) == s9 p%D rY,. (17)

This reflects that resolving the coordination problem will lead to a policy-induced Nash
equilibrium where I’ = ¢£, and where the subsidy must be paid on all loans (/D).
Similarly to the funds for public loans, the money for de-risking subsidies must be raised
from somewhere and comes at a cost r,. Since policy costs only occur at ¢ = 2, they are
discounted at (9.

We first compare the costs of the minimum public loan provision or second-period de-
risking that necessarily rule out the coordination problem if the government parameters
mirror the private sector’s characteristics. Then we consider how deviations from this

starting point change results, which results in the following finding;:
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Lemma 3. Let € > 0, g1 = g] + €, and s, = —ry + €. Then, it holds that:

o If gt < BI9rhyD, the costs of the policy intervention g, are lower than the costs
of the policy intervention ss if the costs of raising funds (r%) and risk-adjusted
loan return (r9) for the public loan provision are identical to the rates faced by the

banking sector.

o A higher 9, increases the policy costs of both measures, while the costs of providing

g1 also decrease in r9 and 9.

e If the return spread for public loan provision int =2, i.e., r? — c(g1 +yNly) — rY,,

is positive (negative), the costs of this policy intervention decrease (increase) in gs.

Proof. See Appendix E.1. Comparative statics can be derived directly from the definitions

above. O

Even if the public loan provider does not differ systematically from commercial banks,
public loan provision will be the cheaper policy instrument unless the public loan financ-
ing required to resolve the coordination problem exceeds 9r%,yD (i.e., the entirety of
available loan demand at ¢ = 2 plus financing costs discounted by one period). However,
suppose the Nash equilibrium induced via public loan provision suffices to make loans at
t = 2 profitable for the public sector. In that case, continued public loan provision in the
second period can reduce policy costs, particularly if the public loan provider has lower
risk aversion than private banks (r9 1). However, such later-stage loan provision would
come at the cost of exacerbating the market failure. The more the public sector’s learning
gains spill over to private banks (79 1), the lower the amount of public loan provision
required to resolve the coordination problem and, hence, the policy costs.

In conclusion, unlike de-risking subsidies, public loan provision cannot address the
cooperation problem in our model, and later-stage loan provision even exacerbates market
failures. However, early-stage loan provision can be used to overcome the coordination
problem (i.e., to rule out the existence of an inferior no-financing Nash equilibrium) and
is a more cost-effective measure to do so unless the required loan financing amounts are
excessively large. Importantly, the effectiveness of public loans increases in the knowledge
spillovers to private banks, while costs depend on the public sector’s financing cost and
risk aversion. Therefore, the case for this policy tool strongly depends on i) whether public
loan providers are better at disseminating their learning to the market and tolerating risk,
and on ii) which Nash equilibrium policymakers consider as more likely to be realized
without any intervention, particularly since public loan provision will induce free-riding
behavior by private banks to some degree. This free-riding effect in our model would be
exacerbated by including price feedback if the additional supply of loans reduces market
rates but would be less pronounced if financing experience from banks’ own loans could

not be fully substituted with experience spillovers from peers and the public sector.
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These potential limitations of public loan provision as a stand-alone measure stem
from banks’ unaffected response function as they continue disregarding learning spillovers
to peers. This can be addressed by combining public loan provision to rule out the zero-
financing Nash equilibrium with the optimally calibrated de-risking subsidy at ¢t =1 in a
policy mix:

D
N’
policy miz: g1 = g7 + €,51 = 87,92 = so = 0. Then, it holds that:

Lemma 4. Let ¢ > 0 and the social optimum be 0 < [59 < and consider the following

o In the unique Nash equilibrium, each bank provides max {O, min{%, 159 — %gl}}

int=1 (i.e., less than in the social optimum) and % int = 2.

e The loan financing amount provided by each bank in the policy-mix equilibrium is
higher than in the Nash equilibrium resulting from the same public loan provision

g1 = g + € without the de-risking subsidy (s; = 0).

e If the characteristics of the public loan provider (r9, r%,, 49) are identical to com-
mercial banks, total bank profits net of policy costs in this equilibrium are lower than

in the social optimum. This also holds for v9 # ~v unless v9 > %
Proof. See Appendix E.2. m

Such a policy mix, therefore, removes the risk of any no-financing Nash equilibrium
and ensures a gradual-financing Nash equilibrium. From a private bank’s perspective,
this policy mix provides the same financing experience as in the social optimum unless ¢

is so low that ruling out the no-financing market outcome requires substantial amounts

D—g1
N

optimal financing experience. In all cases, however, some of the financing burden shifts

of public loans, leaving each bank with only that is insufficient to reach the socially
from commercial banks to the public sector to avoid the coordination problem.

How this affects overall profits and efficiency strongly depends on how the public loan
provider and private banks differ in terms of their characteristics. If the only difference
between banks and the public loan provider is a very high 79, then early-stage loans by the
public loan provider come with the same negative return spread but, unlike commercial
loans, spill over near-perfectly to other market participants. In this case, it is clearly
beneficial to concentrate early-stage loans at the public sector and hence, the policy mix
described above increases overall profits. By contrast, if v = v, then the public loan
provider can be seen as just another bank (although with policy-stipulated behavior)
and the policy mix reduces efficiency vis-a-vis a gradual-financing Nash equilibrium with
optimal de-risking for two reasons. First, the number of banks increases by one, leading to
more spillover losses. Second, the additional bank (i.e., the public loan provider) behaves
asymmetrically, whereas a symmetric allocation of early-stage loans among banks would
ensure more learning gains for everyone. Such dynamics are exacerbated for v9 < ~. If 49

equals exactly % € (7,1), then the efficiency losses and the gains of concentrating loans
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at public sector entities with higher spillovers cancel each other out and total profits net
of policy costs equal exactly the same as in the social optimum.

Similar considerations can be applied if the public loan provider has lower financing
costs (1], < rp) or is less risk-averse and hence obtains a higher risk-adjusted return
(r9 > r), which can either reduce the price tag of addressing the coordination problem
or, for very beneficial characteristics, make it efficient to shift early-stage loans entirely
to the public sector. In any case, however, the loan financing amount provided by private
banks under the policy mix of public loan provision and the optimally calibrated first-
period de-risking subsidy is higher compared to public loan provision as a stand-alone
measure and is, therefore, more effective.

In our model framework, the relative merits of later-stage de-risking subsidies to ad-
dress the coordination problem are primarily that more financing experience is generated
directly within the private sector. This is because no crowding-out occurs and the pol-
icy instrument induces no free-riding behavior. Therefore, the social optimum can be
obtained, albeit at a relatively high policy cost, if the policy is successful.

Beyond policy costs, direct loan provision has at least two distinctive advantages.
First, an institutionalized public loan provider can easily be re-directed to other novel
technologies as they emerge and pose new coordination problems for the financial sector.
By doing so, institutions can leverage their previous financing experience even if high
opportunity costs and crowding-out risks should force them to withdraw from matured
technologies. If new technologies emerge and the institution’s mandate is sufficiently
flexible, then private debt markets for these technologies can be kickstarted without the
need for introducing additional policies, which can accelerate the ramp-up of deployment.
If no such technologies emerge, then selling the public loan provider to the private sector,
as the UK did with its UK Green Investment Bank in 2017 (Whitney et al., 2020), can
further provide an exit strategy to (partially) recover policy costs by monetizing the
accumulated in-house experience.

Second, addressing the coordination problem through early-stage loan provision avoids
the issue of time inconsistency on the government’s side. By Proposition 3, a sufficiently
high de-risking subsidy at ¢ = 2 suffices to avoid an inferior no-financing equilibrium.
However, once the second period begins, banks have already provided the required early-
stage loan financing. Therefore, merely the anticipation of the support policy at ¢t = 2
rules out the no-financing equilibrium. The actual payment of s; does not affect total
profits and instead simply redistributes money from the public to the private sector. As
a result, policymakers could be tempted to go back on their promises, which in turn
will reduce policy effectiveness if banks assign a nonzero probability to such an outcome
ex ante. Similar concerns exist with respect to public loan provision at t = 2. A gov-
ernment that initially promised to phase out loan provision once the novel technology

becomes bankable might be tempted to keep providing loans in ¢ = 2 when they become
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profitable. These considerations seem particularly relevant for countries with lower insti-
tutional quality and low trust in the public sector or with highly bipartisan politics on
climate change, such that elections pose severe risks of policy reversal. It also matters
for countries with lower creditworthiness that might be forced by adverse macroeconomic
shocks to revoke expensive support policies —as happened to renewable energy subsidies
in Spain and Italy following the Euro crisis (Karneyeva & Wiistenhagen, 2017)—and for
technologies with a lower later-stage demand potential 1) where public loan volumes can

account for high market shares.

7 Numerical application

To illustrate the applicability of the theoretical considerations above to realistic policy
contexts, we calibrate our model to the bank loan market for offshore wind projects
in Germany. We select offshore wind for several reasons. Compared to onshore wind
and solar photovoltaics, it is a more recent technology with relatively low deployment in
most markets. It is generally viewed as riskier due to long and logistically challenging
construction periods and large project sizes (Dukan et al., 2023). These characteristics
translate into higher financing costs charged by banks and investors (Calcaterra et al.,
2024; Steffen, 2020). As a result, offshore wind has been subject to substantial financial
policy interventions, with state investment banks like the European Investment Bank
involved in over two-thirds of new-build projects in OECD countries (Waidelich & Steffen,
2024) and several public financial institutions having loan programs and funds specifically
for offshore (Geddes et al., 2018). Lastly, offshore wind remains a financially immature
technology in many key markets, including the United States, which makes our numerical
application relevant for policymaking.

We focus on offshore wind financing in Germany for several reasons. First, it is rela-
tively straightforward to identify the early-stage phase of the deployment ramp-up (see
Figure 9 in Appendix F). Investment began in 2007 and by 2010, the first commercial off-
shore wind farm, Alpha Ventus, began operations. Subsequently, several other projects
reached financial close, sparking a sudden ramp-up of deployment with annual capac-
ity additions jumping from 80 MW in 2012 to 2.3 GW in 2015 when several projects
reached commissioning (Umweltbundesamt, 2024). From there on, roughly one gigawatt
of capacity was installed every year until the COVID-19 pandemic, during which deploy-
ment declined again. Second, there is detailed evidence from interviews with developers,
financiers, and consultants on the sector’s early-stage struggles to secure financing, in-
cluding banks’ lack of technical expertise, and how these struggles had mostly faded by
the mid-2010s (Geddes et al., 2018). Third, financing costs for German renewable en-
ergy projects have been studied extensively (Egli, 2020; Egli et al., 2018; IRENA, 2023;
Kitzing & Weber, 2015), leading to relatively high data availability (Steffen, 2020). Fi-
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nally, the German state investment bank Kreditanstalt fuer Wiederaufbau (KfW) and the
European Investment Bank, two key providers of public loans and de-risking measures
(through guarantees and concessional financing terms), were very active during the early
stage of the market ramp-up (more details below). For these reasons, German offshore
wind represents a well-suited application for our model.

Offshore wind projects typically take around five years from obtaining permits to
commissioning in OECD countries (Gumber et al., 2024). As financiers continue to gain
experience after commissioning, learning about the accuracy of wind resource estimations
and generation interruptions (Egli, 2020), we assume that it takes six years until most
learning gains to lenders have materialized. As investments commence in 2007, we, there-
fore, define the early-stage period ¢ = 1 as 2007-2012 and the later-stage period ¢t = 2
as 2013-2018, which avoids any pandemic-related distortions. These period definitions
align well with Geddes et al. (2018) distinguishing two phases of offshore wind financing
in Germany prior to 2012 and afterward.

The parameters used to apply our model to the case of German offshore, along with
the underlying sources, are listed in Table 1. Since credit-rationed demand cannot be
directly observed (Jaffee & Stiglitz, 1990), we estimate period-specific loan demands based
on observed investments and average debt shares of German offshore wind projects. We
use an average weighted cost of capital for European banks as a discount rate and estimate
the number of banks based on how many banks lent repeatedly to German offshore wind
projects through 2018. The extent of experience spillovers between banks is not readily
observable. Given that banks typically form large loan syndicates for offshore wind
transactions and interact frequently, we assume that 20% of experience spills over and
use average deposit rates for Germany as banks’ financing cost.

The most challenging part of the calibration is how much banks earn beyond this rate,
how high immaturity-related costs and risk premiums are, and how much risk-adjusted
returns improved through experience. Since financing terms are highly confidential and
even banks themselves may struggle to quantify how financing experience has shaped their
willingness to lend and their transaction costs, any such calibration will be inevitably
imperfect. We address this issue as follows. First, we take debt margins for three early-
stage offshore wind deals in Germany (3.25%) from Kitzing and Weber (2015) and for
2020 offshore deals (1.81%) as well as for deals in a fully mature market like Denmark
(1.50%) from IRENA (2023), implying that market maturity can decrease debt margins

22 Using these data points, we fit a learning curve for

by up to 1.75 percentage points.
offshore wind debt margin premiums over the 1.5% value at full maturity and relate
them to banks’ cumulative financing experience in a given year, based on the empirically

observed investments in Germany (ZSW, 2024). As a functional form for this learning

2ZFollowing Egli et al. (2018), we consider debt margins vis-a-vis a risk-free rate, such as the yield of
ten-year government bonds, to avoid fluctuations in the general interest rate level distorting our learning
curve.
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Table 1: Calibrated parameters

# Parameter Value Source

1 Years per period 6 Accounting for up to five years of commissioning time for offshore (Gumber et al., 2024)
and first year(s) of operations until learning gains are fully realized. Periods represent
2007-2012 (t = 1) and 20132018 (t = 2)

2 D EUR 2.92 bn  Based on 2007-2012 investments (ZSW, 2024) and a debt share of 62% for early-stage DE
offshore wind projects (Kitzing & Weber, 2015). All monetary values are converted to
2021 EUR using the producer price index for industrial products by Destatis (2024)

3 6.38 = 1;3’:25 Based on 2013-2018 investments (ZSW, 2024) and a later-stage debt share of 73% for DE
offshore wind projects (IRENA, 2023)
4 B 0.79 = ﬁﬁ Based on a 4% weighted average cost of capital for European commercial banks taken from

Damodaran (2024)

5 N 15 No. of lenders (excl. KfW & EIB) involved in > 3 DE offshore wind deals through 2018 in
BNEF (2022), which are listed in Table 3 in Appendix F

6 v 0.2 Author assumption based on the prevalence of loan syndicates for DE offshore wind

7 rp 2.07% DE rate for deposits with a maturity of over two years, taken from Bundesbank (2025) and
averaged across 2007—2018

8 r 2.27% Assuming a typical 0.2% profit margin for bank loans without financial immaturity based
on World Bank (2022) data on German banks’ average pre-tax return on assets throughout
2007-2018 (see Appendix F)

9 ¢ 0.44% Based on a 1.75% debt margin premium of DE offshore wind in 2010 (Kitzing & Weber, 2015)
relative to fully matured markets (IRENA, 2023) and an 80% pass-through rate for German
banks (Heckmann-Draisbach & Moertel, 2020) to infer cost reductions not passed through to
projects. For more details, see Appendix F

11 b (Wright’s Law) 0.344 Calibrated to reproduce observed debt margin reductions for DE offshore wind between

2010 and 2020 (IRENA, 2023; Kitzing & Weber, 2015) based on annual debt provisions.
For more details, see Appendix F

10 Lo (Wright’s Law) EUR 28 m  Cumulative debt provision until 2010, adjusted for experience spillovers and gradual
experience gaining. For more details, see Appendix F

12 ¢ (TND) 0.14% Direct implication of the parameters above

curve of debt margins DS, in year a, we use a Wright’s Law curve, meaning that for every
doubling of cumulative experience from loans to German offshore projects, ¢(-) decreases

by a constant rate with the 2010 value as a baseline:

~ —b
Lq

2010

DS(L,) = DSs010 | = (18)

which results in a b estimate of 0.344 (i.e., costs decrease by 1—27% = 21% if experience
doubles). Wright’s Law is the predominant learning curve for technological learning and
also among the few studies that model financing experience feedback for novel low-carbon
technologies (Campiglio et al., 2024; Egli et al., 2018; Way et al., 2019).

The learning curve above gives us an estimate for the pace of cost reductions but
relates to debt pricing, that is, cost reductions passed through to offshore wind projects.
By contrast, the learning curve ¢(-) in our model indicates how banks’ margins change
based on cost reductions that are not passed through (as the model assumes for simplicity
that banks appropriate rents). Using a pass-through rate estimate of 80% for German
bank loans (Heckmann-Draisbach & Moertel, 2020), we convert the maximum debt mar-
gin shift of 3.25 — 1.5 = 1.75% since 2010 and estimate the cost reduction that banks
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pocketed as 1.75%;82 = 0.44% = ¢. Then, we use the same learning rate parameter b
estimated for the observed debt margins for the immaturity-related cost reductions that
are not passed through. Lastly, we assume that at full maturity (it — o0 such that
¢(+) — 0), banks can obtain a typical profit margin of 0.2% based on average profitability
margins for German banks throughout our modeling period (World Bank, 2022). Given
that ¢(-) is non-negligible for 2013-2018 loans in our calibration even if all early-stage
loan demand is served (0.14%), this is a rather conservative calibration, particularly
given that we do not consider potential consumer rents to offshore wind projects (and
their electricity off-takers) due to debt spread reductions that are passed through.
Figure 5 illustrates the model dynamics for our numerical application without policy
intervention. IRENA (2023) did not consider the German offshore wind market fully
matured by 2020, which is reflected by the fact that our 2007-2012 demand of D = 2.92
billion can drive down ¢(-) only to 0.14% (Figure 5a), implying a profit margin of 0.06%
for 2013-2018 loans instead of the 0.2% at full maturity (Figure 5b). If banks behave
symmetrically, roughly one billion of early-stage loans is required to ensure bankability
in the 20132018 period. Accounting for spillover losses, this amount is equivalent to
approximately EUR 250 million of each bank’s own loans in terms of experience—almost
a tenth of the entire loan demand in the 2007-2012 period. Therefore, if all other banks
provide no loans, then the sheer amount of financing required to unlock bankability
makes it a best-response for bank i to not provide loans either (Figure 5¢), meaning that

a zero-financing Nash equilibrium exists.?

23Note that the bankability threshold in Figure 5c is higher than in Figure 5b because loan provision
by all other banks, excluding bank ¢, are displayed, whereas Figure 5b and Figure 5d assume symmetric
behavior. For all other banks to push bank i beyond the bankability threshold, this requires more loans
than if bank 7 also provides loans.
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Figure 5: Model application to offshore wind in Germany over 2007-2018 without policy
interventions

If other banks provide a financing experience almost equivalent to the EUR 250 million
of own loans, the best-response function jumps up but only marginally, meaning that there
is no gradual-financing equilibrium as a possible market outcome. Total present-value
bank profits have the typical J-shape and peak slightly below D at LY = 2.88 billion
(Figure 5d, green line), which leads to present-value profits of around EUR 10 million.
By contrast, the potential Nash equilibrium with non-zero loan financing (orange line)
implies losses of EUR 13 million and hence does not exist.

Our theoretical considerations show that in such a case, public loan provision can
rule out the no-financing equilibrium and create another Nash equilibrium with bank
loans. To calibrate the amount of early-stage public loan provision (g;), we review the

European Investment Bank’s project database and KfW'’s financial reporting and find a
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total of g; = 1.63 billion provided to German offshore wind projects through 2011 (for
more details, see Appendix F).

Under the assumption that spillovers of public loans are identical to those of com-
mercial ones, these public loans put the banking sector comfortably past the bankability
threshold. However, since they also push banks beyond the point where their own learn-
ing gains are high enough to warrant costly early-stage loans, banks in our model would
respond to this loan provision by simply free-riding the public loans, no matter what
their peers do (Figure 6a). As bankability at ¢ = 2 is ensured by the public loans, bank
profits are no longer J-shaped and, instead, monotonically increasing. The free-riding
Nash equilibrium arising from public loans as a stand-alone intervention (orange line)
yields profits of EUR 14 million for banks, but this is below the costs of these substantial
public loans (EUR 23 million). However, if loans are paired with a de-risking measure
that internalizes experience spillovers (s} = 0.18%), banks meet the remaining loan de-
mand of EUR 1.3 billion, leading to a policy-induced immediate-financing equilibrium
(green line).

Importantly, several policy measures were in place to de-risk German offshore wind
projects. First, the loan conditions by KfW and EIB are concessional, reducing the debt
service burden for projects and hence their default risks, which benefits commercial co-
lenders (Geddes et al., 2018). Second, aside from guarantees by KfW, offshore wind
projects regularly receive credit guarantees by public export credit agencies, such as
the Danish EIFO (Censkowsky et al., 2025). Third, the German feed-in tariff scheme
for renewables protects electricity producers against market price and off-taker risks.
While it is not straightforward to quantify the effect of such de-risking policies, risk
premiums charged for credit guarantees by the World Bank’s Multilateral Investment
Guarantee Agency range between 0.5% and 1.5% (Steffen & Schmidt, 2020). Assuming
for simplicity that these premiums charged simply equal the return-equivalent benefit to
banks and accounting for our pass-through rate assumption of 80%, this would put the de-
risking benefits of such guarantees to banks at around 0.1-0.3%. Therefore, it is plausible
that existing policy interventions beyond sheer loan provision provided a de-risking effect

similar to our estimated sj.
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Figure 6: Bank profits given the empirically observed activity of KfW and EIB

For the policy mix of s7 = 0.18% and ¢g; = 1.63 billion, banks obtain EUR 29 million
of profits. Net of the public loan costs of EUR 23 million, this is lower than profits in
the social optimum without policy intervention (EUR 10 million) because pushing the
banking sector beyond the bankability threshold comes at the cost of banks learning less
from their own loans. This result, however, rests on the conservative assumption that
knowledge spillovers from KfW and EIB are the same as for commercial loans. In contrast,
there is interview-based evidence that KfW’s subsidiary KfW IPEX began providing
technical and risk assessment services to the industry in the early 2000s, was involved in
nearly every offshore wind project since the first Alpha Ventus wind farm and often took a
lead role in bank syndicates where they shared their expertise with commercial co-lenders
(Geddes et al., 2018). In our calibration, assuming that 79 = % = 25.33% of public loans’
experience spills over (compared to the 20% of commercial loans) suffices to ensure that
profits net of public loan costs reach the same amount as a social optimum where the
public loan provider does not exist. Importantly, such a calculation assumes that a higher
~v9 > ~ comes at no cost to the public sector. In reality, however, policymakers likely face
a trade-off between spending resources on loans, knowledge dissemination (e.g., through
technical assistance to financiers), and other policy objectives. However, our results are
in line with the theoretical reasoning that increasing 79 is a key lever to ensure policy
effectiveness and that rather small differences in experience spillovers between public and
commercial loans can reduce or overcome profit losses related to crowding out commercial
loans.

As our model’s policy implications depend on parameters beyond v9, we explore sen-
sitivities with respect to key assumed parameters in Figure 7. Red lines denote the
socially optimal amount of early-stage loans, with values of EUR 2.92 billion indicating

immediate-financing outcomes. Blue lines show the market outcome without policy in-
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tervention, with a dashed line used if the gradual-financing outcome displayed is not the
only possible Nash equilibrium. Mirroring our theoretical considerations, low demand
growth (Figure 7a) and high discount rates of banks (Figure 7b) can lead to the decrease
and collapse of the gradual-financing optimum. At the same time, changes in the shape
of the learning curve ¢(-) have more drastic implications, with no-financing becoming
optimal for low learning rates and high initial immaturity costs. For b and ¢, however,
it is important to keep in mind that the unilateral changes displayed here mean that
the resulting learning curves are no longer consistent with the empirical debt margin
reductions used for calibration. A gradual-financing Nash equilibrium exists under more
generous calibrations but is typically not unique except if initial immaturity costs are

much lower such that even small amounts of experience ensure bankability.
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Figure 7: Sensitivity of model outcomes to key parameters

Overall, our numerical application is by no means the only possible calibration of the
model and, due to the non-observable nature of many parameters, should be interpreted
with caution. Nevertheless, it illustrates several key findings. First, plausible calibra-
tions produce outcomes consistent with empirically observed policy patterns for German
offshore wind, namely that early-stage commercial lending was initially unattractive for
banks, but bankability and market ramp-up could be obtained through public loans for a
few early-stage projects combined with additional de-risking measures. Second, the sensi-

tivity checks highlight that for most calibrations, there is no unique Nash equilibrium with
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non-zero financing. Hence, the rationale for public loan provision to push the banking
sector away from a non-financing outcome exists. Third, even minor differences between
public loan providers and commercial banks can motivate public loan interventions as
a coordination device if they disseminate experience more effectively, while the extent
of possible financial learning, initial risk-return characteristics, and foreseeable demand

growth are key determinants of whether or not policy interventions are desirable.

8 Model extensions

8.1 Positive climate externality of clean energy projects

In our main setup, we assume that technology-level externalities of clean energy projects
(e.g., reduced greenhouse gas emissions, learning-by-doing spillovers on technology costs)
are addressed through first-best policies, such as carbon pricing. This setup serves to clar-
ify our model’s case for financial policy interventions if such first-best policies are already
adopted. However, policymakers often justify green financial policy interventions through
the social benefits of green investment projects. In addition, first-best carbon pricing may
face considerable political constraints and opposition, which hinders implementation and
stringency.

To reflect such non-financial considerations, we extend our model and assume that
bank financing enables clean energy projects, meaning that at least some of the projects
that make up the total loan demand D will not be realized if they do not obtain loans. In
this case, each loan contributes to a lower carbon intensity of the electricity grid. If the
positive climate externalities of clean energy projects (or the negative externalities of their
fossil fuel-based competition) are not fully addressed through the first-best carbon price,
then each loan comes with a positive climate externality which we assume to manifest as
a fixed proportion 7 > 0 of provided loan volumes.?* As a result, the external climate
benefits of loans to the novel clean energy technology given out by bank ¢ can be written

as

T (l@l + li,g) . (19)

In our model, the socially optimal amount of loans then maximizes the sum of banks’

present-value profits and the positive climate externality caused by their loans:

{li,lr,rllii)}%ﬁ\’:lzﬂ (lin, ligs Lin) +7(lig + Bli2) S 1€ N] 2 €] ¢N} (20)

24 Assuming a constant 7 seems reasonable because the contribution of bank financing in a given market
to global emission reductions is likely small, such that a local linear approximation of a potentially non-
linear climate damage function is appropriate. For simplicity, we also omit that banks themselves may
bear some of the avoided climate damage through physical risks (Campiglio et al., 2023).
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For a social optimum that involves gradual or immediate financing, the first-order

conditions require the following once we impose that the social optimum is symmetric:

D

\T ./ ( NT]SO
T — BNJ(Nl )@DN > -1 ) (21)
~—~ ~ ~ ~ ——
Climate Learning gains to banks Initial return spread
externality (= loss)
r—c(NO) +7>rp (22)

Note that Equation 21 holds with equality (inequality) for a gradual-financing (immediate-

financing) optimum and that both the left- and right-hand side are positive since ¢ < 0
and r; < 0.

Equations 21 and 22 illustrate that the climate externality works essentially as a
premium on loan returns in both periods from a social point of view, reducing the negative
return spread at t = 1 (1) and the amount of financing experience required to achieve
bankability at ¢ = 2. Therefore, the externality makes a no-financing optimum less and
an immediate-financing optimum more likely and increases the amount of loan provision
under a gradual-financing optimum.

Visually speaking, the concave section of the welfare function, defined as bank profits
plus climate benefits, remains concave (due to diminishing returns to financing expe-
rience) but with a steeper upward slope so any potential peak for a gradual-financing
optimum shifts to the right and reaches a higher value of welfare. If 7 > —ry, then loans
are socially desirable even if banks cannot learn over time. In this case, Equation 21
cannot hold with equality and, hence, it will always be socially optimal to serve the en-
tire loan demand in both periods, no matter the losses to banks. As a result, the sum of
bank profits and climate benefits (i.e., the social objective function) is no longer J-shaped
and, instead, increases monotonically and concavely in L. If 7 < —r, then the climate
externality shifts the bankability threshold to the left, and reduces the downward slope
of welfare before this point is reached.

In contrast, banks do not consider the climate externality and their first-order condi-
tions, as well as the potential Nash equilibria that arise, remain unchanged. Therefore,
as in Section 5, we can express the minimum financing gap for a gradual-financing social

optimum as follows:

o _ O (k) -

[*NE N—1 ( 1 >

! O e
which implies that the minimum financing gap between social optimum and market
25

outcome increases monotonically in 7.

25To see this, note that (¢/)~! takes negative input values and is monotonically increasing. If 7 < —71,
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As a result, the climate externality exacerbates the potential market failures, but it
does not fundamentally change the underlying model dynamics or the potential social
optima and market outcomes. Therefore, the policy implications of such an externality
in our model can be easily derived. First, all climate benefits of clean energy projects
arise at the technology level and, hence, outside of the banking sector (unlike the learning
spillovers). Therefore, the canonical first-best solution to this market failure is Pigou-
vian carbon pricing at the technology level, which improves the competitiveness of clean
energy projects vis-a-vis fossil fuel incumbent technologies, and hence, the risk-return
characteristics of these projects. Extant literature has shown that if such a carbon price
is unfeasible or insufficient, green financial policies can be one (of many possible) second-
best measures to increase welfare (Haas & Kempa, 2023). In our model, this can be

reflected by setting de-risking measures s; and sy such that

s1 =58 +T

and

So =T

where sj is optimal de-risking in the absence of climate externalities. As a result,
banks internalize the climate externalities of their lending decisions. If 7 > —ry, then it
is socially optimal to provide as many loans as possible, and the de-risking policy given
above will achieve this, as de-risked early-stage loans are now profitable. If 7 < —ry, then
we are back to the previous result that an inferior Nash equilibrium with no financing
may exist if no bank can unilaterally push past the bankability threshold and break even
given s; and sy. However, due to sy = 7, this threshold is strictly lower than without
the policy intervention, making it less likely, ceteris paribus, that public loan provision is
required.

To quantitatively assess the role of a climate externality, we build on our numerical
application in Section 7 and add estimated climate benefits of German offshore wind
projects by replacing more COs-intensive power generation into the equation. The input
parameters used are displayed in Table 2 and result in an estimate of 7 = 0.23% (for a
step-by-step description, see Appendix F.6). This estimate almost exceeds r; = —0.24%
even without learning gains, reinforcing immediate financing as the socially optimal out-
come. At the same time, the Nash equilibrium without policy intervention remains the
same no-financing outcome as in Section 7. However, if 7 were internalized through
s1 = 87+ 1 = 0.41%, early-stage loans are immediately profitable for banks, and the
unique Nash equilibrium in the model is an immediate-financing outcome, with no further

need for policy interventions. This illustrates that, as one would expect, climate exter-

then adding 7 in the numerator leads to a less negative input value for the function and, hence, increases

1{9. If 7 > —ry, then the social optimum is immediate financing and 1§© = £.
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nalities of clean energy projects likely trump the potential benefits of financial learning
through reducing banks’ costs and unlocking profitable investments. Therefore, these
results suggest that the financial policy interventions in our model are probably second-

order compared to a carbon price.

Table 2: Parameters used to estimate the unpriced climate benefit of German offshore
wind projects

# Parameter Value Source

1 Carbon intensity (DE grid) 0.6265 tCO2e/MWh Icha and Lauf (2024), Table 2; 2007-2018 average
2 Carbon intensity (DE offshore wind) 0.0073 tCO2e/MWh Hengstler et al. (2021), Table 92

3 Capacity factor (DE offshore wind)  27.2% Annual capacity factors calculated based on
Umweltbundesamt (2024), Tables 3.1 & 4, averaged
across 20092018 (generation commences in 2009)

4 Installed capacity 6,393 MW Installed capacity through 2018 based on
Umweltbundesamt (2024)

5 Total investment (incl. equity) EUR 30.25 billion Cumulative investment through 2018 (ZSW, 2024)

6 Social cost of carbon 84.95 EUR/tCO2¢ Umweltbundesamt (2007); original value of EURggg7 70
converted to EURgpg1 based on Destatis (2024)

7 EU ETS price 10.74 EUR/tCO2e European Environment Agency (2024); 2007-2018 average

8 T 0.231% p.a. Author calculations based on inputs above. Fore more

details, see Appendix F.6

8.2 Uncertain demand growth

In our main setup, all parameters are known to banks and policymakers ex ante. However,
the prospects of novel technologies in terms of deployment and resulting loan demand are
uncertain. Therefore, we assume that the between-period demand growth in our model
is a random variable with any distribution whose first and second moments exist. Let s
denote the bankability threshold for Ez}l to ensure profitability at ¢ = 2. Then expected

profits are as follows:

Efr |1, f/m] _ rili1 + B(r — c([ii,l) — rD)]E[w]% if Z?i,l > K
rilia otherwise.

This setup reflects that with uncertain demand growth, first-period losses remain
certain, but potential gains that could be obtained if demand growth occurs are uncertain.
If we assume that banks are not risk-averse and simply maximize expected profits, it is
straightforward to see that all first-order conditions will be equivalent to our main setup,
with the only difference being that 1 is replaced by its expected value E[t)]. Therefore,
a lower demand growth expected by banks will make it less likely that loan provision
is socially optimal and, if it is, reduce the optimal loan amount in a gradual-financing
outcome. In addition, if banks have a biased notion of E[¢] (e.g., if the banking sector

is too skeptical or bullish regarding the novel technology), this can lead to additional
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deviations of the market outcome from the social optimum.
If banks are risk-averse, they will consider not just the mean but also the dispersion

of the profit distribution, whose variance is given by

(80 = eLa) = r0)B) VIU] i Lis >

0 otherwise.

V[W ’ li,la Ezl] =

If financing experience remains below the bankability threshold, profits are certain
and the variance term takes the value of zero. Above the bankability threshold, a higher
Ei,l increases bank i’s profit margin at ¢ = 2 and hence the squared term that is multiplied
by V[¢], such that the variance of profits increases.

For simplicity, we assume that banks’ utility from their profits is the expected profit
minus a risk premium that scales in the variance of profits, which can be motivated

through Expo-CARA preferences. The social planner then solves

maxZ]E i — OV[r];

where 8 > 0 denotes the extent of banks’ absolute risk aversion.

This results in the following first-order condition for optimal early-stage loan provision:

oV|rl; oV|r|;
—5( Lso lSO‘i‘VZ Lso lso)_0< [ ]z+z [ ]J): o (24)
Ol 1 ~ Jl;,
J#i ’ J ’
Learni‘I:g gain Learning g‘a,in to peers Marginal risk ‘p,rernium on l; 1 Initial return spread
to bank % (= loss)

The derivative of the variance of profits in this condition is analytically close to in-
tractable as it involves the partial derivative of (r—c(L; ;) —7p)?, a quadratic of a concave
function with no specific functional form. However, if we rely on the common Wright’s
Law specification for ¢(-) and the parameters from our numerical application to German
offshore wind from Section 7, Figure 8 shows that the variance scales almost linearly in
L= %Ll over the relevant learning range. In our specific case, we assume that 1) follows
a binary distribution and takes the value of our numerical application with a probability
of 50% and otherwise equals zero (i.e., the ramp-up of German offshore wind collapses
entirely).? Notably, the range below the bankability threshold (dotted line) is irrelevant
because, as we laid out above, V(x| is zero below this threshold since the outcome at
t = 2 (i.e., zero loans and profits) is known with certainty. At the threshold, the variance

of profits is zero and then increases approximately linearly in L.

26Setting the probability to 50% is a conservative assumption because it maximizes the variance of 1.
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Figure 8: Variance of profits for our numerical application to German offshore wind

Assuming that (r—c(l;1 +vL—i,1)—rp)? can be approximated by a first-order Taylor
expansion, its partial derivative with respect to /;; is approximately equal to a constant
gradient o. Using this approximation and imposing symmetry in the social optimum, we

can rewrite the first-order condition from above to

BNC(EO )RR o — ON V] (50 ) o = —r1 (25)
That is, the marginal risk premium is simply a product of exogenous parameters that
detracts from second-period learning gains once banks learn enough to expect positive
profits from later-stage loans. This risk premium increases quadratically in the discounted
loan amount at stake (( %) and linearly in the absolute risk aversion of banks 6.
Generally, such a linearized risk premium is equivalent to a decrease in the learning
rate that kicks in gradually once early-stage loan provision is high enough to ensure
bankability, and grows with each additional early-stage loan. Specifically, it is clear that,
ceteris paribus, under a higher risk premium, higher baseline marginal learning gains are
required to make loan provision socially optimal. In addition, subtracting OV[r] from
expected profits makes it less likely that the local optimum identified by the first-order
condition above yields positive utility or, expressed differently, positive risk-adjusted
returns. Hence, higher expected returns are required to make loan provision socially
optimal. The changes to each bank’s private optimization problem are analogous, with the

exception that banks only consider the effect of additional investment on the variability
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of their own second-period profits. This reduces the gap between market outcome and
social optimum because uncertainty decreases effective learning gains and hence positive
spillovers from one bank to all others.

Overall, these results support the notion of interpreting returns in our main setup
as risk-adjusted returns — and immaturity costs ¢ as risk-adjusted costs. In particular, a
linearized risk premium as we have considered it in this section can be easily incorporated
into a convexly decreasing cost function without changing any of our analytical results (as
the combination of both functions will still be convex and there will be no discontinuity
since the risk premium begins at zero and increases gradually). However, there are
some additional policy implications if policy decisions can be adjusted once the uncertain
outcome becomes visible at ¢t = 2. In this case, any policy support at ¢ = 2 may be
withdrawn if the technology ramp-up fails. Such a risk of time inconsistency will increase
V([m;], conditional on the bankability threshold being surpassed, and, hence, exacerbate
the risk premium placed on early-stage loans. Therefore, time inconsistency risks will
reduce the effectiveness of policies announced for ¢ = 2 but not for policy measures taken
ex ante at t = 1 (i.e., early-stage loans and internalizing the experience spillover). At
the same time, these early-stage measures now come at the risk of supporting a failing
technology and incurring policy costs at ¢ = 1 with nothing to show for it at ¢ = 2, which

may reduce policymakers’ willingness to adopt such measures.

9 Conclusion

In this paper, we analyze bank loans for a novel clean energy technology in a partial
equilibrium model where cumulative financing experience improves risk-adjusted returns
over time and spills over between banks. We show that the positive learning externality
leads to an undersupply of risky early-stage credit. This cooperation problem cannot
be mitigated through public loan provision because public loans crowd out private in-
vestment and create no additional incentive for banks to provide risky early-stage loans.
By contrast, introducing de-risking instruments, such as interest rate subsidies or credit
guarantees, at an early stage can close the gap between the social optimum and a market
equilibrium that involves some, albeit insufficient, early-stage loan financing. Second,
the banking sector can remain stuck in an inferior Nash equilibrium featuring no loan
financing due to a coordination problem. In this case, public loan provision serves to
push the market to the preferable market equilibrium, which can be more cost-effective
particularly if the public loan provider deliberately maximizes knowledge spillovers to
commercial banks. However, public loan provision should always be paired with de-
risking measures and should be phased out at a later stage when the novel technology
has become bankable to minimize crowding-out issues. A numerical extension to loans

for German offshore wind projects supports the policy relevance of these insights.
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Since the findings presented here do not rely on market failures at the technology or
consumer level, such as greenhouse gas emissions and research and development spillovers,
they motivate financial policy intervention even if other first-best instruments, such as
carbon pricing or renewable energy support schemes, are already in place. They can
therefore guide policymakers in shaping the rules and mandates for public loan programs
and state investment banks that are targeting clean energy projects, such as the clean
finance initiatives established under the Inflation Reduction Act’s National Clean Invest-
ment Fund in the United States. In addition, our model also echoes previous findings
that if technology-level externalities, such as climate benefits, are not or insufficiently
priced, such financial policies can be second-best measures to foster to reduce emissions
(Haas & Kempa, 2023). Similar considerations apply to other technology-level external-
ities not modeled here, such as cost reductions in clean energy projects due to increased
deployment.

While our model provides a clear framework to conceptualize the role of public loan
provision for clean energy technologies, its simplicity also comes with limitations. First,
assuming a perfectly inelastic loan demand and full substitutability of financing expe-
rience gained from banks’ own loans and from observing loans by others exacerbates
crowding-out issues in our model, which would decrease in demand elasticity and a lower
extent of substitutability. We abstract away from how supply-demand dynamics might
impact risk-adjusted returns, whereas public loan provision could also address an un-
dersupply of credit due to market power for a decreasing demand curve and a finite .
These conservative assumptions make clear that the mobilization effect of public loans
can be even larger in other setups, particularly if the experience spillovers they generate
exceed those of commercial loans. In addition, while our model features a risk-adjusted
return motivated by default risks and risk aversion, we do not account for within-portfolio
correlations, uncertainties about key parameters other than the growth potential of the
novel technology, or for systemic risks and bank heterogeneity.

Future research can address these limitations by extending our framework to multiple
assets, incorporating additional uncertainties, and exploring how a falling loan demand
curve and bank heterogeneity might moderate our findings presented. Given the signaling
role of public green banks suggested by qualitative studies (Geddes et al., 2018; OECD,
2016a), scholars could also model borrower projects explicitly to explore how co-investing
with commercial banks can increase the policy impact of public loan providers or how
incorporating herding dynamics can affect the conclusions presented here. Nevertheless,
the market failures arising in our simple framework already provide a clear rationale for
financial measures in addition to other policy instruments that address the externality
of emissions, which can explain the popularity of de-risking and public loan provision

among policymakers.
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Appendices

A Additional definitions

We introduce further definitions and conventions to make the subsequent proofs more

concise:

° I_/t = sz\il li,t'

e (I1,15)Y, denotes any kind of symmetric outcome where each bank provides /; in
t=1and ly,in ¢t = 2.

e L denotes the N x 2 matrix with elements /;; in its ¢-th row and ¢-th column.

e L_; and L_;; denote the corresponding matrix and sum, respectively, excluding
bank .

o LNVF denotes the set of existing Nash equilibria under the market outcome, given

model parameters.

e The notation |g, |s, and |gs after a variable denote the respective variable’s value
in the presence of a policy intervention (direct loan provision, de-risking subsidy,
or a combination of the two, respectively). For instance, I'¥|g denotes the sym-
metric Nash equilibrium with loan financing in £ = 1 that results under direct loan

provision.

As laid out in the main text, throughout the paper we assume that the initial return
spread over the deposit rate and transaction cost is negative. For a full provision of

early-stage financing, the return spread in ¢ = 2 can become positive:

Assumption 1. r > rp, r—c <rp andr—c <%D> > rp, where N := 14+v(N—-1) < N.

B Proofs for Proposition 1 (social optimum)

Using a more formal notation, Proposition 1 can be stated as

Proposition 1. Let [; == N~1(¢/)~! (—W—DT) where (¢/)71(+) denotes the inverse func-

By D
tion of ¢.2" Then
(3 vx) = %A5<T—C(N%) —rD) >ct+rp—r
(lfo,lgo) = (ﬁﬂ/’%) Zf H < ]QV N 5 <7" — C(le) — TD) 1/}% > (E‘i‘?"'D - 7") ZT

(0,0) otherwise

2"TNote that ¢’ is monotonically increasing, and hence (¢’)~! exists and is monotonically increasing.
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1632 Ceteris paribus, both It and the likelihood of the condition for 15°,15° > 0 being
1633 satisfied increase monotonically inr, 5, D, and v, and decrease monotonically ¢ and N .

w64 For 7y, the sign depends on the exact functional form of ¢(-) and the specific parameters.

1635 Proof. See Appendices B.1 and B.2. n

s B.1 First- and second-order conditions

137 ' The Lagrangian of the social maximization problem stated in Equation 10 is as follows:

N
max 2 = (7” —C— T’D)liJ -+ 5 (7“ — C(’}/E,i’l + li,l) — TD) li72

l1,1,In2
i=1
D D
+ Wi (N — li,l) + Wi (@/)N - lm) + i 3lin + pialio.

1638 Note that here we redefine the Lagrangian multipliers applying to t = 2 as the original
163 multiplier divided by #. This does not affect results since 5 € (0,1) but does simplify
160 the first-order conditions (FOCs).

1641 The resulting Karush-Kuhn-Tucker conditions tell us that, for each bank ¢, the fol-

122 lowing conditions have to hold in the social optimum:

—rD—l—r—E—ﬁ( Lf?l —l—’YZ LSOl )—M¢,1+Mi,3:0 (26)
J#i

—rp+7r— C(iilo) — pi2 + pia =0 (27)
D D

pin(= = 07) = pip(—= = 55) = pislyy = pialls =0 (28)
N N

i1 .25 i35 Mg = 0. (29)

Obviously, the upper and lower bound restrictions on lflo and 1520 are mutually ex-
clusive. Hence, the complementary slackness conditions expressed by Equation 28 imply
that:

i > 0= o = 0 (u,0) € {(1,3), (3,1), (2,4), (4,2)}.

1643 Keeping in mind that banks prefer no loan financing if the return spread is exactly
124 zero, by Equation 27 we can rule out any scenario where ji;9 = p;4 = 0. This gives us a
1645 simple rule for l given the optimal solution for all banks other than i, as expressed in

s Lemma 1 (see Sectlon 3).

wr B.2 Social optimum under symmetry

s For the reasons laid out in Section 4 and in line with the literature (Eslava & Freixas,

100 2021), we impose symmetry on the social optimum:
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Assumption 2. Let (l,flo, lfg)) be the solution to the mazimization problem in Equation

10 for any bank i. Then

BP=0°vi=1,.,N, t=1,2.

1650 Based on Lemma 1, there are only six different ways that a given bank ¢ can behave:
o LS9 = 159 =0,

1652 2. lf?:%,lfozw%;

ws 3. 190 € (0,8) 159 =y b

w4190 € (0,8),199 =0;

1655 5. Zf?:%,lfgzo,

we 6. 190 =010 =%

1657 Under symmetry, we can rule out the two cases involving l;; > 0,l;2 = 0 because

s there is no point in providing early-stage financing if no one benefits from it in ¢ = 2.
150 Similarly, if all banks behave symmetrically, then [;; = 0,12 = w% cannot be optimal.

1o 'T'his is because the absence of learning effects from ¢ = 1 mean that financing provision in

w1t = 2 results in negative profits. Therefore, one of the three following cases must apply:
1662 e “Immediate financing”: (177, 1°9) = (£, %) Vi=1,...,N;
1663 e “Gradual financing”: (I77,179) = (59 ¢vR)Vi=1,..,N with I° € (0, 8);

1664 e “No financing”: (I7¢,17¢) = (0,0) Vi=1,...,N.

1665 Furthermore, we can show that “immediate financing” and “gradual financing” are

s mutually exclusive as critical points of the Lagrangian:

7 Lemma 5. Let L* be the set of critical points satisfying the FOCs of the maximization
wes  problem in Equation 10. Under Assumption 2, it holds that

1669 ° (ll,i/}%) cLr fOT I, € (O, %) — (%,w%) ¢ L*
1670 o (%,w%) el = (ll,iﬁ%) ¢ L* forly € (O, %)
w61 Proof. Due to symmetry, the FOCs in Equations 26-27 simplify to:

—rp+7r—Cc— 5NZ§O (C/(lea)> — Hig + piz =0 (30)

—rp+71r— C(Nligo> — M2 + Hia = 0. (31)
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Note that ¢ < 0 such that —3NI5© (c’ (N lfo)) is nonnegative both under “immediate
financing” and “gradual financing”, [5¢ = ’17/)% Equation 30 therefore only differs in [

(and correspondingly p;1 and p;3) between the two outcomes. But if

D -
3[1 S (0, N) : —5N

2 () =rp—(r -

then D D

_BNN (C/(NN>> <rp—(r—c¢
as d < 0and ¢ > 0. This is because l; < £ and hence the absolute value of ¢’ (N L) must
be smaller than the absolute value of ¢ (N [1) as the marginal learning gain decreases. By

the same logic, Equation 30 cannot hold for I{ € (0, £) if it holds for I[{© = £. O

If Equation 30 holds for p;1 = p;3 = 0, this gives the following solution:

* . Ar—1/.1\—1 _TD—T+E
I} =N—() <—5N¢% )

By Lemma 5 and Assumption 2, there can be at most two critical points of the

Lagrangian: one at (0,0)~, and one at either (15,9 2)N¥, or (£,¢2)N,. Given the
second-order condition (SOC) for an optimum at (I, %)Y, where l; € {I5, 2}, it suffices

to show that the objective function’s value at this point exceeds the value at (0,0)X;.

Since 7;(L = (0,0)Y,) = 0, then the SOC simply requires profits above zero:

N <(T —¢—1p)l + B(r — ¢(Nly) — rp)w%) > 0. (32)

Dividing by N and rearranging gives the condition in the Appendix version of Proposition
1.

Since r—é—rp < 0 by Assumption 1, this requires 7 —¢(Nly) —rp > 0, which directly
implies that (I;,95)Y, also satisfies the FOC with respect to ;o

Lemma 6. Let [, € {It,2}. If Equation 32 holds for I, then Equation 31 holds for

1N
179 =11, pip > 0.

Proof. For Equation 32 to hold, it must be that 7 — ¢(Nly) — 7p > 0. Hence, Equation
31 can only hold if ;2 > 0. O

Therefore, the conditions for a social optimum at {; € {I7, %

version of Proposition 1 only include the FOC with respect to [;; and the SOC (which
implies the FOC with respect to ;). Taking partial derivatives of [j and the respective

} given in the Appendix

SOC yields the comparative statics. For -, there are two opposing effects since N features
in two different locations in the definition of /7. On the one hand, v 1 implies more learning

for the other banks (i.e., (¢)~' 1). On the other hand, more spillovers also imply that

Page 56



1694

1695

1696

1697

1698

1699

1700

1701

1702

1703

1704

1705

1706

1707

1708

1709

1710

1711

1712

1713

1714

1715

1716

1717

1718

1719

1720

1721

each individual bank has to provide fewer loans to achieve the same amount of overall

experience N9 (as v 1 implies N~ ).

B.3 Isomorphism of the optimization problem

We can show that the optimization problems of the social planner and the individual
bank 7 in our main setup are isomorphic to the same optimization problems assuming
that an outside option is available and that interest on all deposits needs to be paid even
if some are not used to finance loans. (Recall that our main setup assumes that rp is
only paid if banks actually use the deposits to issue loans).

The profit maximization problem of bank ¢ in our main setup is as follows:

lm?X T = (’I“ —C— TD)li,l + 6(7‘ - C(l@l + ’}/leJ) - T‘D>li72. (33)
i,15b4,2 i

Now suppose that in each period, bank 7 has a total amount of deposits X; at its disposal
where X; > % and Xy > w% (i.e., issuing loans for the novel clean energy technology it
not constrained by the availability of deposits in the banking sector, only by the available
demand for loans). Bank ¢ must pay interest to its depositors at a rate of rp and can invest
up to % and w% at t = 1 and ¢ = 2 into loans to projects using the novel clean energy
technology, exactly as in our main setup. In addition, it can also invest an unlimited
amount of its deposits into a fully mature investment opportunity with risk-adjusted
return r,y > 0, which may represent a long-term government bond that is virtually risk-
free or an interbank interest rate considered risk-free, such as the former LIBOR. Let the
amount of deposits that bank 7 invests into this “outside option” be denoted as m,; ;. We
assume that, net of any immaturity-related cost and risk premiums, the novel technology
loans outperform the outside option (i.e., r > 7,y > 0). In this setup, the optimization

problem of bank 7 would be

max T = (T’—E—TD)ZZ‘J +B<T—C(li,1 +’YZ lj71)—TD)l@g—l—(?"rf—rD)(mm +ﬁmi72)

i 1,0i,2,m4,1,m; 2 i
(34)

subject to

0 f; li,t —F’77li’t f; ;Xft Vit= 1, 2.

Notably, banks incur costs of rp(X; + X3) no matter what they use the deposits for.
Since 5 > 0, they will, therefore, always deploy all available deposits in the optimum and
not leave any financial resources unused, such that the budget constraint is necessarily
binding in the optimum (i.e., m;; = X; — ;1 V¢ = 1,2).

Inserting the binding budget constraint for m;, into the optimization problem and
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rearranging terms then yields

max m; = (r—c—rpp)lin +5<r—c(l¢,1 —1—72[]-,1) —rrf>li,2—|—(r7,f—rD)X1+5(rrf—rD)X2
T J#i
(35)
Notably, the last two terms only depend on exogenous parameters but not on the
choice variables. Therefore, the two optimization problems in Equations 33 and 35 are
isomorphic and yield the same first-order and second-order conditions with respect to [;;
and /; 2. Comparing this adapted setup to our main setup immediately shows that the
adapted optimization problem is equivalent to the original optimization problem if we
replace rp with r, ¢ in the latter and interpret profits as opportunity profits from financing
the novel technology compared to the risk-free option (instead of interpreting them as
absolute profits). Absolute profits then depend on (1,5 — rp)(X; + 8X3), that is, on the
minimum profits that bank ¢ obtains in the optimum if no loans to the novel technology
are issued. These are determined by the relationship between r,; and rp. Optimal
absolute profits when including the outside option are i) identical to opportunity profits
in our main setup if r,y = rp, and lower (higher) for r,; < rp (r,f > rp). As an extreme
case, if r,y = 0 — i.e. if there is no outside option at all —, banks lose an exogenously
determined rp(X; 4 8X53) and choose [;; and [; 5 to minimize these losses and, if possible,
strike positive present-value profits.

We can follow the same steps for the social planner’s optimization problem

max E e

{lia i}y 3

to show that this optimization problem is also isomorphic to the social optimization

problem that includes an outside option.

C Proofs for Proposition 2 (market outcome)

Using formal notation, Proposition 2 can be stated as

Proposition 2. Let NP .= N=1(¢)! <—%%>, let LNE be the set of possible Nash
N

equilibria, and let l; = min{l{N¥, B}, Then
o LNE = 1(0,0)N,} if l1 <0 and otherwise LN € P ({(l_l, %)i]\il, (0,0)f\;l}) \ 0;
e (0,00~ € LNE if and only if
- D D D
ﬂ li71 € {NZTNE, N} N (0, —] . ﬁ(?" — C(li71> — TD)¢N > (TD +c— ’l“)l@l; (36)

N
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o (I, y2)N, € LNP if and only if

L > 0AB(r — o(NT,) — TDW% S (rp 4 &= ). (37)

Furthermore, for any (11,1)N, € LNF it must hold that 1, < 179, with l; = 179 if
and only if

D _
zf():ov(zfozﬁzll:zl). (38)

Proof. See Appendices C.2, C.3, C.4 and C.5. O]

C.1 First-order conditions

The Lagrangian of the individual maximization problem of bank i stated in Equation 13

is as follows:

max Z =(r—c¢—rp)li1+ B (r —c(vL_ix + Lix) —7p) lin

li1,li2

D D
+ i (N — li,l) + M2 (¢N — l¢,2> + i zlin + pialio.

Again, we simplify by redefining the Lagrangian multipliers applying to t = 2 as the
original multipliers divided by f.
The resulting Karush-Kuhn-Tucker conditions that any Nash equilibrium must satisfy

are as follows:

—rp+1—¢— B (LYP)Y — iy + piz =0 (39)
—Tp+7r— C(E%E) — Mg+ ptig =0 (40)
D D
pin (g = 00) = paa(— = 057) = pasly” = pially” =0 (41)
N N
(42)

Wi 1y H,2, [i,35 fia = 0. 42

C.2 Best response function

We can show that bank ¢’s best response to an other-bank first-period investment level

of L_;; must be one of the following:

1. “Immediate financing” (IF): bank ¢ finances the full amount of projects in both

periods subject to its demand constraint.

2. “Gradual financing” (GF): bank i finances some but not all available projects in

t =1 and all projects in t = 2.
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3. “Free-riding” (FR): bank 7 invests nothing in ¢ = 1 but finances all available projects
int=2.

4. “No financing” (NF): bank ¢ does not invest in either period.

To specify the ranges of other-bank investment over which bank i best responds with
each of the above investment plans, respectively, it is helpful to specify some threshold
learning levels.

¢ is the amount of aggregate learning (net of spillover losses) that equates private
marginal first-period losses to private marginal second-period gains (conditional on the

bank investing the full w% in the second period). It is defined implicitly by

rp+c—r
() =—7— (43)
D
BYY
k is the amount of aggregate learning at which per-unit gains from second-period

investment turn positive. It is defined implicitly by

c(k)=r—rp. (44)

7 is the amount of aggregate learning at which the bank just breaks even when choos-
ing an immediate investment plan (%, w%). (Or, alternatively, it is the amount of aggre-
gate learning at which second period per-unit profits begin to exceed first-period per-unit

losses.) It is defined implicitly by

rpo+c—r
cn)=r—rp— ———. 45
(n) D 50 (45)
CF is defined as the multiplier of % such that
D D
(r—c(§) —TD)5¢N = (TD‘FE—T)N - CF. (46)

That is, L = %( — B CF) is the amount of other-bank learning at which the gradual
investment plan ({ — vL, %) becomes profitable if feasible.
We can then make exact statements about the best response function using these

threshold learning levels.

Lemma 7. The best response function BR; of bank i to other-bank first-period investment

L_;1 can be defined as follows:
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o [f¢& does not exist, r — c(&§) —rp <0 orf—%-OFZ K,

(0,0) if L1 < %F&

BRZ(L_l 1) -
(0,98)  otherwise

)

(47)

o [f& exists, r—c(§) —rp >0 and £ — ]QV - OF < K, we need to distinguish two cases:

— If CF > 1, n must exist and it must hold that n — % <k andn < &. Then,

Qa L 7 L—z € 1 _ D 71 _ D
BR(L) = {7 riae(fn-ie-R) o
(€ —vLoig, %) if Ly € G(g — by, %5]
(0, PB) otherwise
— If CF <1, then
(0,0) ifLig<Le—-2-CR)
BRi(Lfi,l) = (5 - 'YLfi,bw%) Zf L—i,l I~ <%(€ — % . CF)’ %f (49)
(0,9%) otherwise
Proof. This follows from Lemmas 8-22. =

Just by our functional form and parameter assumptions, we can already make some

statements about &, xk and 7).

Lemma 8. ¢ exists if and only if —'(0) > %% If it exists, it is uniquely defined as
N
_ N—1/__rptc—r
£= ()7 (~12Er) > 0,
Proof. If. Suppose —c/(0) > TD/;Z% By strict convexity of the cost function ¢, this
N
means that marginal learning gains —c¢(L) must be strictly decreasing in learning L.

By assumption, lim; . —¢/(L) = 0 (marginal learning gains tend to zero). Since ¢’ is

continuous, a unique crossing point £ must exist at which —/(§) = TD,B;;%
B N
Only if. Suppose there is a € such that —c/(§) = 25", Since ¢ is only defined over

B R
non-negative learning levels, £ has to be non-negative. Furthermore, by strict convexity
of ¢, £ has to be unique.
By the same token, it has to hold that —¢/(0) > —c/(§) = ’"Dﬁ:;%. O
N

Lemma 9. If £ does not exist, —c' (L) < %% for any learning level L > 0.
N

Proof. Assume that & does not exist. By Lemma 8, this means that —c/(0) < 25",

But by convexity of ¢, —¢’ is decreasing, so for any L > 0, —/(L) < —/(0). O
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Lemma 10. x ezists and is uniquely defined as k = ¢ (r —rp) > 0.

Proof. By assumption, there is a level of aggregate learning x < oo such that r — ¢(L) —
rp > 0 for all L > k. (That is, sufficiently high learning levels will eventually make
investments in the new technology profitable.)

Furthermore, by assumption r — ¢(0) — rp < 0. Since c is strictly increasing and

continuous, this implies that x must be unique and strictly positive. O]

Lemma 11. n exists if and only if B(r—c—rp) > —(r—¢—rp), where ¢ = lim;_, c(1).
If it exists, it is uniquely defined asn=c ' (r —rp — TD;%) >k > 0.

Proof. If. Suppose that g¢(r —c—rp) > —(r — ¢ — rp). This is equivalent to r — rp —

% > ¢. By assumption, 7 — ¢ — rp < 0. Rewriting this shows that ¢(0) = ¢ >
r—1rp— % Since c is strictly decreasing and continuous, this implies that a unique
. . _ +__ . +__
1 > 0 must exist that satisfies c(n) =r —rp — "277=". Since *2z7= > 0,
rpot+c—r
c(n):r—rD—D—<r—TD:c(/<a). (50)

By

As c is strictly decreasing, this implies that n > k. By Lemma 10, we know that
k> 0,s0mn >0 as well.

rp+c—r
By
Since ¢ is the infimum of ¢, and since c is strictly decreasing and continuous, we know

Only if. Suppose there is a n that satisfies ¢(n) =r —rp —

that ¢ < ¢(n) =r —rp — % This inequality is equivalent to fv(r —c —rp) >
—(r—¢c¢—rp). O
Lemma 12. CF exists and is uniquely defined by CF = W

Proof. This follows directly from rearranging the implicit definition CF in (46). [
Lemma 13. Consider any investment plan (ly,ls) with ly € (0,4%%). Then, for any level
of other-bank investment L, either (I1,0) or (I, w%) will yield weakly higher profits.

Proof. Take any own first-period investment /; and other-bank first-period investment
L. Then, the bank’s profits can be expressed as the following function of second-period

investment [s:

T L = (7" —C— TD)ll + ﬁ(?“ - C(ll + "}/L) — 7”D>lg. (51)

Obviously, if r — ¢(l; + vL) < rp, Il = 0 maximizes profits. Otherwise, [y = @/J%

maximizes profits. n

Corollary 1. No investment plan (ly,ls) with ly € (O,w%) can be a best response to any

level of other-bank investment L.
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Proof. This follows directly from Lemma 13 paired with our assumption that banks will

choose not to invest unless investment yields strictly positive profits. O]

Lemma 14. Consider any investment plan (l1,0) with Iy > 0. Then, for any level of
other-bank investment L, the investment plan (0,0) will yield strictly higher profits.

Proof. The proof is trivial: Consider an investment plan (/;,0) and a level of other-bank

investment L. Then, bank profits from this investment plan are

w(l1,0; L) = (r—¢—rp)ly <0=m(0,0; L). (52)

[]

Corollary 2. If an investment plan (l1,l2) is a best response to any level L of other-

bank investment and features positive first-period investment Iy > 0, it has to hold that
ly = w%.
Proof. Follows directly from Lemmas 13 and 14. O]

Lemma 15. If £ does not exist, no investment plan (l1,ls) with l; > 0 can be a best

response to any level of other-bank investment.

Proof. By Corollary 2, any best response investment plan with [; > 0 must feature
ly = ¢%
Now, suppose that & does not exist. Consider any level of other-bank learning L > 0,

D

let /; > 0 and assume for contradiction that (I1,15) is the bank’s best response to L.

This implies that {; must maximize

N

Ty (l) = (r—c—rD)l+ﬁ(r—c(l—|—L)—TD)w%, (53)

that is, the bank’s profits from first-period investment [ conditional on investing w%
in the second period and given other-bank learning L.

Marginal profits from investing [; are then given by

() =(r—c—rp)—c (L + L)ﬁ@b%. (54)

By convexity of ¢, we know that —¢/(I; + L) < —c/(l4) for any L > 0. Additionally,

by Lemma 9, the fact that £ does not exist implies that —c/(l;) < TDB:/:% for any 1; > 0.
N

Combining this inequality with the expression for marginal profits 7’ shows that 7/({;) < 0

for any [; > 0.

Page 63



1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

1878

1879

1880

1881

1882

1883

1884

Since ﬂw%(ll) is differentiable everywhere, this means that bank profits must be
strictly decreasing in [. Hence, 7, p 0) > m, D (1), which contradicts the requirement

that [; maximize Ww%(ll). O

Corollary 3. If there is an investment plan (l1,l3) with l; > 0 and a level of other-bank

investment L to which (ly,1s) is a best response, & must exist.
Proof. This is simply the contrapositive of Lemma 15. O]

Lemma 16. Suppose & exists and consider the subset of investment plans with positive
second-period investment, L = {(ll,w%) | 1 € [0, %]} Then, given a level of other-
bank first period investment L, the investment plan 1 € L that maximizes a bank’s profits

features first-period investment

Proof. Define

7(ly;L)y=(r—c—rp)ly+ (r—c(ly +~L) — TD)L/)% (55)

as bank profits under other-bank investment of L conditional on investing 1/1% in the
second period. Since c is strictly convex and twice continuously differentiable, this profit
function is strictly concave and twice continuously differentiable in [;. It is also strictly
concave, strictly increasing and continuous in other-bank investment L.

The first-order conditions of the profit maximization problem immediately tell us
that [;(L) = £ — vL is the unconstrained maximizer of m(-; L). Since it has to hold that

I €0, %], this unconstrained solution is feasible as long as

1 D 1
re[3e-De. (56)

gl N=y
For L < %(5 — %), the upper boundary condition will be binding and optimal feasible
first-period investment is [; = %. For L > %f , the lower boundary condition will be
binding and optimal feasible first-period investment is /; = 0. O]

Lemma 17. Suppose n and & exist and n < &. Then, any investment plan (l1,ls) with
positive first-period investment l; > 0 is dominated by the zero investment plan (0,0) for

any level of other-bank investment L < %('r] - D).
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Proof. Note that by the definition of 7,

D D1 D

Ny ) =0 (57

m(
Since banks only choose to invest under positive profits by assumption, (0,0) is the
best response to L = %(n — %) Since profits conditional on positive second-period

investment are strictly increasing in other-bank investment, it has to hold that

D D
—,v—;L) <0 o8
w20 2n) (58)
for any L < %(77 — L. That means that (0,0) dominates (£,¢2) for any such L. By
Lemma 14, (0,0) also dominates any investment plan (/;,0) with [; > 0.
That leaves only investment plans (I, w%) with [} < % as potential alternatives with
a positive profit. But since n < £, Lemma 16 implies that for any L < %(77 — %), (%, w%)

dominates any other investment plan with positive second-period investment. Hence, it
has to hold that for such an L,

D
Vi, >0: W(ll,i/)ﬁ; L) <7(0,0;L) =0. (59)

Lemma 18. Suppose there is an investment plan (l1,¢%) with 1y > 0 that satisfies
W(ll,w%;L) > 0 for some L < %/@. Then, for any level of other-bank learning L <
%f, there has to be an investment plan (I}, %%) with I{ > 0 such that (I}, 2;L) >
W(O,l/)%;L). Additionally, for any L > %{, it has to hold that any investment plan

(I, 2) with I} > 0 satisfies w(l},v2; L) < 7(0,¢%2; L).

Proof. Let l; € (0, 2], L' < %/1 and 7(ly, v 2; L") > 0.
Note that bank profits from free-riding, (0, w]QV; L), are strictly increasing and con-
tinuous in L. Similarly, note that m(l;, 1/1%; L) is strictly increasing and continuous in L,

and that by strict concavity of ¢ and [; > 0,

0 0 ¢2;L) > i7r(l1,1/)2;L). (60)

VL pm0vy oL N

The definition of x implies that (0, w%;
of profits, this implies that

%/K,) = 0. By L' < k and strict monotonicity

F(l1,¢%; %/’i) > W(O,?ﬁ%; %Fé) = 0. (61)
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Define a bank’s optimal first-period investment conditional on full second-period in-

vestment and given other-bank first-period investment L as

D
[{(L) = arg max 7 (ly,¢Y—; L) (62)
L N
and optimal profits conditional on full second-period investment as 7*(L) = m(l;(L),¢v2; L).
Then,
1 D 1 D 1
™ (=k) > w(ly,v—;—k) > 7(0,Y—; —k) = 0. 63
() 2 mll s =) > 70,035 ) (63)
This means that the best response to L = %/{ must involve positive first-period investment
[} > 0, since both alternative strategies (0,0) and (0,¢2) yield zero profits in this case.
Hence, by Corollary 3, & must exist.

By Lemma 16, conditional on investing w% in the second period, optimal first-period
investment [ (L) is positive until L = £ and zero for L > £. That means that 7*(L) =
7(0,8; L) for L > €.

Additionally, we know by the envelope theorem that

0

D D
o™ (L) =7 (i L) =i y= —¢ (L + (L) B (64)

N

This is always positive by strict monotonicity of ¢, but strictly smaller than 7'(0, 1/)%; L) =
— (L)Bw% for L < & by strict convexity of ¢. Hence, it has to hold by continuity of
7 (which implies continuity of ) that 7(I*(L),v2;L) > 7(0,92;L) for L < &, and
simultaneously that [j(L) > 0 for L < &. Conversely, it has to hold that 7 (I}, %2; L) <
7(0,4%; L) for any I{ and L > &. O

Lemma 19. An interval of other-bank first-period investment within which a bank’s best
D

N
n<é&andé > % If such an interval exists, it is given by L € (%(77 — %), %(5 — %)] N
0,(6 - 2.

Proof. If. Assume 7 and & exist and 7 — % <k,n<&and ¢ > %.

response is (%, V%) (immediate financing) exists if and only if n and & exist, n — & <k,

First, note that (%, w%) cannot be a best response to any level of other-bank invest-

ment L < 2(n— §) or L > (3 £). The lower bound follows from Lemma 17 and
the upper bound follows from Lemma 16: For L > %(f — %), (2 @D%) is dominated by

N
(max{0,§ - ’VL}v ¢%)

At the same time, (£

N
investment inside that interval, i.e. for any L € (%(n -5, %(S -
By the definition of  and the fact that bank profits conditional on positive second-

1/1%) has to be a best response to any level of other-bank

period investment are strictly increasing in other-bank first-period investment L, playing

(%, w%) must yield positive profits as soon as % + L > n. This implies that playing
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(%, @D%) dominates playing (0,0) for any other-bank first-period investment above L =
- %)

By n — % < k and the fact that x > 0 (as per Lemma 10), we further know that
there must be an L’ € (% max{0,n — 2}, %I{) at which 7(£,¢%2;L') > 0. By Lemma 18,
this means that (0, w%) cannot be a best response to any level of other-bank first-period
investment L < %5 )

Since we know from Lemma 13 that all investment plans (I1,ly) with second-period
investment I, > 0 must be dominated by (l1,0) or (l1,%%), this rules out that an in-
vestment plan with zero first-period investment can be a best response to other-bank
investment levels L < L < %5 . By Corollary 2, this means that the best response over
this interval of other-bank investment levels must feature full second-period investment
= p2.

Then, we know from Lemma 16 that (%,w%) dominates all other investment plans
with full second-period investment given other-bank investment of L < %( — %) Hence,
(8, 9E) must be the best response to any L € (}Y(n -2, }Y(f - 2.

Finally, we know by & > %, that the interval must be non-empty, since this implies
that £ — £ > 0.

Only if. It is straightforward to see that an interval of other-bank first-period invest-
ment within which a bank’s best response is (]QV, w%) cannot exist if any one of the five
conditions given in the lemma does not hold:

e Suppose ¢ does not exist. Then, by Lemma 15, (0,l3) must be the unique best
response to any level of other-bank investment, with Iy € {0, w%}. Trivially, this

means (%, d}%) cannot be the best response to any level of other-bank investment.

e Suppose 7 does not exist. Then, there is by definition no amount of learning at
which investing (%,1/1%) is profitable. Since the outside option of not investing
is always possible and results in zero profits, (£,4%) is dominated by (0,0) and
cannot be a best response to any level of other-bank investment.

e Suppose 1 — % > k. Since bank profits under positive second-period investment
are strictly increasing in other-bank first-period investment, this implies that at an

other-bank first-period investment of %(77 -2,

D

it = ). (65)

1

A
=
<

|

|

|
1
vV
o

I

3

By strict concavity of ¢ (decreasing learning gains), marginal profits are higher under

(0, ¢%) than under (2 @b%) for any level of other-bank learning. By continuity of

N
¢, this implies that profits from (O,w%) will exceed profits from (%, w%) for any

level of other-bank investment > %(77 — %) Hence, (%, ¢%) is weakly dominated

either by (0,0) — for other-bank investment below %Y(n — L) —or by (0,9%) - for

Page 67



1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

D
N
not to invest if they have an equally profitable strategy that does not involve first-

D
N

other-bank investment above %(n — Since by assumption, banks will choose

period investment, this means that (%, 1<) cannot be a best response to any level

of other-bank first-period investment.

e Suppose n > £. Then, by Lemma 16, (%, w%) is dominated by (max{0,{—~L}, w%)

for any level of other-bank investment L > %(77 - ).

e Suppose £ < %. Then, any positive level of other-bank investment

D

~) (66)

1
L>0>—-(&—
Y
By the same reasoning as above, this implies that (max{0,& —~L}, w%) dominates

(%, @ZJ%) for any L > 0, so (%, 1/1%) cannot be a best response.

]

Lemma 20. An interval of other-bank first-period investment within which a bank’s best
response is (§ —~vL, zﬁ%) (gradual financing) exists if and only if £ exists, r—c(&§)—rp > 0
and £ — % - CF < k. If it exists, it ranges exactly over other-bank investment L €
(€= %), 38N (G(E - & - CF), 3¢

Proof. If. Assume ¢ exists, 7 — ¢(§) —rp > 0 and & — % - CF < k. By Lemma 12,
r — (&) —rp > 0 also implies that CF > 0.

For notational convenience, define

7(L) = (r &~ rp)(€ ~ L) + Blr — e(€) ~ ro)U 3 (67)

That is, 7* are the profits from investment plan (§ —~L, w%) given other-bank investment

L. By r — ¢ —rp < 0, these profits are strictly (and linearly) increasing in other-bank

investment L.

_ 2)
N

or L > %{ Furthermore, (§ — WL,@D%) cannot be a best response to L < %({ — % - CF),

since by the definition of CF,

Now, note that by Lemma 16, (§ —~L, w%) cannot be a best response to L < %(

ﬂ*(§(€——-0ﬂ) =0. (68)

As 7*(L) is strictly increasing in L, this implies that 7(L) < 0 for L < 1(¢ — & . CF).
v
At the same time, (£ —~L, @ZJ%) has to be the best response to other-bank investment

levels

D 1 1 D 1

Lel(€- k8N (-5 0P ¢l (69)



1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

To see why, note first that by Lemma 16, ({ —+L, @ZJ%) strictly dominates any (I, 2)

N
with iy £ —~Lfor L € [%(f - by, %5] Given Corollaries 2 and 1, that only leaves (0, 0)
and (0, w%) as potential best responses over that interval.

Returning to equation (68) and using again the fact that 7* is strictly increasing in
L, it is clear that (L) > 0 = 7(0,0; L) for any L > ~(§ — § - CF), so (§ = 7L, ¥5)
strictly dominates (0,0) for other-bank investment L € (%(E - L.Cp), %5]
%) as potential alternative. To see

why this cannot be a best response to any L in our interval, we need to distinguish

This leaves the free-riding investment plan (0, 1)

between two different potential states of the world: kK > &, k =& and kK < £.
By the definition of x and the fact that profits from free-riding — W(O,w%; L) — are
strictly increasing in other-bank investment L, profits from free-riding W(O,@D%; L)<0

for any L < %H, (0, ¥ E; %FL) =0 and 7(0,¢2; L) > 0 for any L > %m.
If kK > €, %5 < %/ﬁ, so profits from (O,w%) must be negative for any L < %5. Hence

(0, w%) cannot be a best response to other-bank investment in our interval.

If k = &, the above reasoning holds for all values on our interval except the upper

boundary %5. But since k = £, the gradual investment plan (£ — ’y%/’i,w%) = (O,w%),

i.e. gradual investment and free riding correspond to the same action.

Finally, if k < &, we know from { — £ - CF < k that 7(§ — %R,w%; %Ii) > 0, with
& — %/ﬁ > (. By Lemma 18, this means that (O,w%) cannot be a best response to any

Lg%g
Only if. Again, let us go through the conditions one by one:

o If £ does not exist, then by Lemma 15, there can be no best response that involves

positive first-period investment.

o If ¢ exists, but r — ¢(§) — rp < 0, it has to hold that CF > 0 by Lemma 12.
Profits from the investment plan ({ — yL,¢2) are strictly increasing in other-

bank investment L, and 7({ — L, ¢2; %(f — L. CF)) = 0. That means profits
from investment plan (£ — L, w%) will only be positive for other-bank investment
L > %Y(ﬁ —L.CF) > %5. But L > %5 implies that £ — yL < 0, which is not a

feasible level of first-period investment.
o If ¢ exists and r — ¢(§) —rp > 0, but £ — % - CF > K, profits from the gradual

investment plan (§ — L, ?ﬂ%),

7(L) = (r 2~ rp)(€ ~ L) + Blr — e(€) — ro)b (70)

are negative at an other-bank investment of L = %Ii, since 77*(%(5 ~L2.0F)=0
and 7* is strictly increasing in L. At the same time, 7(0, w%; L) are zero at L = =k

by definition.
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any level of other-bank investment L. Since & — yL > 0 for any L < %5 , and
infeasible for any other L, that means that marginal profits from (0, @ZJ%) must be

consistently higher than marginal profits from (£ —~L,%%). Since ¢ is continuous,
and hence profits are continuous as well, this implies that (§ —vL, w%) is dominated
by (0, w%) for any other-bank investment L > %

At the same time, (£ —vL, %) is dominated by (0,0) for any L < ,—1y(£ - L. CP),
which implies that it is dominated by any L < %/@.

Hence, (¢ — 7L, ¢%) can never be a best response.
O

Lemma 21. If an interval of other-bank learning exists to which a bank’s best response
18 (%,77/)%), there must be an interval of other-bank learning L to which a bank’s best

response is (& —yL, ¥ R).

Proof. Assume there is an interval of other-bank learning to which a bank’s best response

is (%, w%). By Lemma 19, £ must exist and this interval must end at a level of other-bank
learning of L = %(f -4

The lemma also implies that there must be a level of other-bank learning L' € [0, %(ﬁ —
L)) such that k > L’ and w (%, v%; L) > 0. Since 7(%, ¥%; L) is strictly increasing in L,
this implies that W(%, %; }/n) > 0. Hence, we can conclude by Lemma 18 that (0, ¢%)
cannot be a best response to any level of other-bank investment L < %5 :

Finally, we know that at L = L, the gradual financing investment plan (£ —~L, ¢%) =
(%,w%), and W(%,w%) > (. Since profits from (§ — fyL,w%) are continuous in L, this
implies that there must be an € € (0, %) such that

VL e[L,L+¢):m(€— yL,@Z)%; L)>0. (71)

Hence, an interval [L, L + €] must exist in which (0,0) and (0,%%) are dominated.
By Lemma 16, we finally know that (¢ — vL, @/J%) must dominate all other investment
plans with positive second-period investment if other-bank learning is inside that interval.

That means (§ — vL, w]%) must be the best response. ]

Lemma 22. If an interval of other-bank learning L exists to which a bank’s best response
is (€ — L, ¢%), there must be an interval of other-bank learning to which the bank’s best
TeSPONSE 18 (%,@/}%) if and only if CF> 1 and £ > %.

Proof. Assume that a gradual financing best response exists. By Lemma 20, this implies
that & exists, 7 — ¢(§) —rp > 0 and £ — % - OF < k.
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If. Let CF > 1. Again by Lemma 20, this implies that the bank’s best response to
any L € [€ — 2 ¢ is (¢ —~L,¢¥2). CF > 1 also implies that at L = £ — £ — where
¢§E—L = % - (%, w%) is a best response. By our assumption that banks do not invest
under zero profits, this requires that

D D1 D
— = —(——=)) >0 72
(R ) (72)
But since 7T<]QV, w%; L) is continuous in L, and & > %, that means that there must also
be an L' € [0, 2(§ — §)) such that (§,¢) dominates (0,0) for all L € [, (£ — §)].
Finally, since x > 0 by Lemma 10, and since x > & — % - CF, there must be a
L" € (5(§ = § - CF), 3#] such that w(g,v¥5: L") > 0 or w(§ — yL",¢5; L") > 0. Hence,
by Lemma 18, (O,w%) cannot be a best response to any L € [L/, %(5 — %)]
Therefore, an interval where (%, @/J%) is the best response must exist.
Only if. Assume an interval of other-bank learning exists to which (£,¢2) is a best
response.

First, note that by Lemma 16, this requires that & > %. Otherwise, (£ —~L, w%) will
dominate (£,¢2) for any L > 0> ¢ — £.
By Lemma 19, we know that this plateau must range from %(77 — L) to L - 2.

S
o b
That implies that, at L = }Y(f - D),

w6 AL 1) >0, (73)

since then % =& — L.
This requires that CF > 1. Assume for contradiction that CF < 1. Then, £ — %CF >
& — %. By the definition of CF,

e e 2oon 2 Le -2 oomy=o (74)

ol N N~ N
Since 7(§ — vL, w%; L) is strictly increasing in L, this implies that

D
m(§ =YL, 5 L) S0 (75)

at L = %(5 — 2), which contradicts (73). O

C.3 Symmetry of Nash equilibrium

We can show that any Nash equilibrium must be symmetric:

Lemma 23. In any Nash equilibrium, it holds that

Bie{l,.,N}:lis=0Al,>0.
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200 Proof. Let [;; = 0 in a Nash equilibrium. Assume for contradiction that /;, > 0. By

200 Corollary 1, this implies that ;5 = ¢%. Then, one of the following cases must hold:

° E—i,l = (0. But by Assumption 1, this would imply that T—C(i_ijl-i—li,l) =r—c<rp.

Then, it is trivial to see that

mi((L=3,(0,0))) > mi((L—i, (0,1;2))).

2000 Hence, (0,[;2) cannot be a best response to L_; for bank ¢, and therefore this

2001 strategy cannot be part of a Nash equilibrium.

° i,i,l > (. This implies that there is another bank j with /;; > 0 and, concomitantly,
ljo = w% and

i—j,l = VL—i,—j,l < VE—z‘,—j,l +li1 = E—m

where L_; _;; denotes the sum of first-period loans by all banks except i and j. It
follows immediately that I:]-J — [271 = (1—7)l;1 > 0. Note that [;; > 0 requires by

j’s best response function that

~ D
r—=c— Bcl(Lj,1)¢N > rp,

while /;; = 0 requires by i’s best response function that

~ D
r—«c— Bcl(Li,1)¢N <Tp.

But since —f¢’ (-)1/1% is strictly decreasing, im < I:j,l implies that

~ D ~ D
r—=¢— Bc’(LM)wN >r—¢— BC/(Lj’l)l/JN >rp,

2002 which is a contradiction.
2003 O
Lemma 24. In any Nash equilibrium with L, € (0, D], it holds that
lin#0Vi=1,...,N.

20 Proof. Ly € (0, D] implies that there must be another bank j such that I;; > 0.
Assume for contradiction that there is a bank ¢ such that /;; = 0. By Lemma 23, this

implies that [; o = 0, which means that

mi(L_:, (0,0)) = 0.
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Note that [;; > 0 implies that [;5 = w% by Corollary 2. Hence, bank j’s profits must be

(L, (1, 1/)%)) =(r—c—rp)ljxa +8 (7“ —c(L_j1+1) - TD) 1#%

If the outcome is a Nash equilibrium, it has to hold by j’s best response function that
this yields positive profits.
Also, note that

L_j.— E—i,l = ’Yi—i,—j,l - (’Yfz—i,—jg + 1) = =i <0,
which means that E_jJ < f/_i,l. But since 7;(+) is weakly increasing in f/_i,l, this means

that if bank ¢ were to switch from (0,0) to adopting bank j’s strategy (1,1, w%), then it

must be the case that

D

M(Loi (s 0 ) 2 (L G, b)) > L (0,0).

By symmetry, (lj71,¢%) must be feasible for bank i since it is feasible for bank j.
Therefore, (0,0) cannot be a best response of bank i to L_;, and the outcome cannot be

a Nash equilibrium. O

Lemma 25. In any Nash equilibrium with L, € (0, D] there is a I} € (0, 2] such that

i =0Vk=1.N.

Proof. ITn a Nash equilibrium with L; € (0, D], it holds by Lemma 24 that [;; > 0V i.
Take any ¢ # j and assume for contradiction that ;; > [; ;.
This implies that j;j71 = /VZ—i,—j,l +’7li,1 + lj71 and Ej,l = ’7[:_2'7_]'71 ‘*"ﬂj,l + lz‘71. Hence,

fzj,l —Lig = (1 —=7)(lj1 — 1) > 0.

Note that l;1,1;1 > 0 implies by Corollary 2 that ;5 = l;» = ¢2. Furthermore,
;1 > ;1 implies that [;; < %. Since the outcome is a Nash equilibrium, 7’s best response

function requires that
_ ~ D
rp=1—2¢C— ﬁCl(Li,l)Q/JN-
At the same time, [;; > 0 implies by j’s best response function that

~ D
rp Sr—cC— BC/(Lj,1)¢N'

Combining both expressions yields the requirement that

—C,(LjJ) Z —C,(Li71).
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However, since —c/(+) is strictly decreasing and L;; > L;,, this cannot hold. O

Lemma 26. In any Nash equilibrium, it holds that
Lie =1 Vi,t.

Proof. Simply note that L; € [0, D], which means that one of the following cases has to
hold:

e L; = 0. Then, trivially, liin =0V 1, and [; 2 = 0 Vi by Corollary 2;
e L, € (0,D]. Then, by Lemma 25, I;; = [} V i, and again by Corollary 2, [;5 = w%.

]

C.4 Existence of Nash equilibria

Lemma 27. Let I[VE = N‘l(c’)_l(—%’gé). Then the symmetric no-financing Nash
N
equilibrium l;; = 0V 4,t exists if and only if

- D D D
ﬂ li71 € {NZTNE, N} N (0, N] . B (’l“ — C(li71) — ’I“D) ¢N > (T’D —7r+ é) li71.

Proof. Only if
By Assumption 1, the FOCs in Equation 39 and 40 hold for /;; = 0V ,t and p; 3, jt;,4 > 0.
In other words, the symmetric no-financing outcome is always a critical point of the
Lagrangian since both FOCs, in this case, reduce to r — ¢ < rp.

By Lemma 7, (l;1,1;2) = (0, 1/1%) cannot be a best response of bank i given L_;; = 0.
Therefore, by Lemma 7 the only possible best-response deviations for bank ¢ from the

symmetric no-financing outcome are

D D
(lin, li2) = (NM/JN)
_ r'p—7Tr +c ~ D
(li,la li,z) = (C/) ——— ] - L—i,law_
By N
which, given L_;; = 0, can be rewritten as

<o D
(i, li2) = (NZINE, wﬁ) .

Assume that the symmetric no-financing outcome is not a Nash equilibrium. Then,

one of these two possible deviations must be optimal for bank i given L_; = 0, which by
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2122

2123

2124

2125

2126

2127

the SOC requires that

~ D D - D _
3, € {NINVE N} N (0, N] DT (L—m =0, (li,17¢ﬁ)> >m; (L_ip = 0,(0,0)) = 0.

Inserting the expression for m; (Z_},m =0, (i1, w%)) and rearranging gives us

- D D D
;1 € {NINVE N} N(0,=]:B(r —clliy) —rp)b— > (r—c—rp)li1.

N N
If
it D D D
ﬂ 12'71 c {NZTNE, N} N (O, N] : B (7’ — C(li71) — TD) "LpN > (T’D —r -+ E) 12'71

holds, then the SOC is violated for any (I;1,;2) # (0,0) that satisfies the best response
function given by Lemma 7. Hence, the best response of bank i given L_;; = 0 must be
(0,0). O

Lemma 28. Let 'NE .= N=1(¢/)~! (—2=k¢)  Then the Nash equilibrium (I:NE 2N
1 B2 1 N /i=1
N

exists if and only if

D . D
Y e (0. 1A B (7“ _ o(NIEVE) 7"D> v > =1+ 1" (76)

Proof. If

First, we must show that (ZINE,w%)f\Ll satisfies the FOC for each bank 7. Plugging

this into Equation 39 yields

_ D
—rp+r—c— ﬁcl(NlTNEWN — Mt iz = 0.

Assuming V¥ € (0,%8) = 3 = w1 = 0 and given the definition of ;¥ this
reduces to
0=0.

Assuming [}VE = % = ;i3 = 0,41 > 0, the Equation still holds for y; ; = 0, which
does not violate the complementary slackness conditions. Hence, in both cases, the FOC
is satisfied.

By Lemma 7, the only possible deviations for bank 7 from (ZINE,w%)fL are (0,0),
(0, w%), and (%,w%). Then, the SOC requires that profits under these deviations are
dominated by (V2,4 2%).

First, note that

I5; (7‘ —C(NZINE) —T’D) w% > (rp—r+¢) ZTNE
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implies that bank ¢ makes an above-zero profit in the potential Nash equilibrium. Hence
(0,0), which yields zero profits, cannot be an individually rational deviation from the
potential Nash equilibrium.

For the other two deviations, it suffices to show that if ;5 = @/J%, then for a given
L

_ D - D
Uy (L—i,h (lin, —)) =(r—c—rp)lis+p (7“ —c(lin+L_iq1) — TD) IDN

N
is strictly concave in [;; since the first term is linear, hence weakly concave, in [;; and
—c(+) is strictly concave by the strict convexity of ¢. Therefore, any deviation from the
critical point (I{¥¥,¢2) that still features I, » = ¥2 must result in strictly lower profits

and cannot be a best response.

Only if
Assume that the Nash equilibrium (li‘NE,w%)f\il exists. By Corollary 2, this then
implies that
ZTNE 7£ 0

and, given the demand constraint and the nonnegativity condition,

D
INE e (0, =]
1 ( ) N]
However, if the Nash equilibrium (I;V¥ ,w%)fil exists, then by Lemma 7 this implies
above-zero profits. O

Lemma 29. The Nash equilibrium (%, w%)f\;l exists if and only if

r—é—ﬁzﬁ%c’(ﬂf%) >rp APy (r—c(%D) —rD> >rp—1+c.
Proof. If

For this part of the proof, we follow the same steps as above for Lemma 28: For
D - D
T—E—BQZJNC/ <NN> >1rp

the FOC with respect to [; ; is satisfied and INE > %. In other words, a deviation from

the potential Nash equilibrium to I;; = I;N¥ would violate the demand constraint. By
the strict concavity of profits given l;» = £, deviating from the critical point V¥ to

l;1 = 0 must yield strictly lower profits. By Lemma 7, the only remaining best response
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2147

2148

2149

2150

is (0,0), which cannot be optimal since

N

51/1(7“—C<ND> —7Tp)>rp—Tr+¢e

implies profits above zero under the potential Nash equilibrium. Hence, the Nash equi-

librium exists.
Only if

First, assume that profits of bank ¢ under (%, 1/1%)]-\;1 are nonpositive. Since we assume

that (0,0) is preferred for zero profits, this directly implies that the best response must
be (0,0).

Alternatively, assume that
D ~ D
r—=¢— ﬂwﬁc' (NN) <rp.

By Lemma 7, this implies that the best response cannot be (l;1,l;2) = (% w%) O

Lemma 30. Let LNF be the set of Nash equilibria and let ;NF < %. Then (%,w%)f\il ¢

LNEif (GNE RN e £LNF and vice-versa.

Proof. By Lemma 29, (%, @/J%)f\il ¢ LNE requires that

D ~ D
r—é—ﬁwﬁc’ <NN> > Tp,

whereas, by Lemma 28, (I;V, w%)]il € LVF requires that
D -
r—¢c— B@/Jﬁcl <Nl1‘NE> =7rp.

As NE < & and ¢ > 0, these conditions are mutually exclusive as

D / - D D 1 NT1x*NE

O

Lemma 31. Let LN be the set of Nash equilibria. Then if (0,0)X, ¢ LN® it holds that

X D D D
(llNE7wN)i]\il e LM v (Nawﬁ>i]il e LM

Proof. By Lemma 27, (0,0)~, ¢ LNF requires that

~ D D D
iy € {NI}VE, N} N (0, N] B (r—c(lin) —rp) ¢N > (rp—1+¢)li.
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This condition holds under two cases:
Case 1:

- D D
Hlil :NZINE € (0,—] : 5(7“—6(11'1) —’I“D)’I/J— > (TD—T‘—FE)lil.
) N ’ N ’
Since this implies that V¥ € (0, %), both conditions in Lemma 28 are satisfied such that
(VP R, € LVP.
Case 2:
~ D D D D
NINE ¢ (0, N] A B <r — C(N> — rD> N> (rp—r+¢) N
By Lemma 7, the latter expression (i.e., that bank i can obtain positive profits uni-

laterally) requires that
D, D
r—=¢— 5¢NC/(N) > rp.

Since NIXNF is implicitly defined by
D .
A

and ¢ > 0, this implies that NI}VF > L.
Now, we need to distinguish two further cases:
Case 2a: [[VF < 2.

We know that
D D

8(r-c)-m) vy > o -r+a 7y

and that V" < & while NIf¥¥ > B Then it directly follows that

I5; (r —C(NZINE) —T‘D) w% > (rp —r4¢e) ;N

since ¢ < 0 and by Assumption 1, rp —r + ¢ > 0. Hence, both conditions in Lemma 28
are satisfied such that (N7, ¢ 2)N, € LV,
Case 2b: (NP > L.

Again, we can directly conclude that

6(T—C(N%)—TD) ¢%>(7‘D—T—|—C)%.

Hence, both conditions in Lemma 29 are satisfied such that (£,¢y2)¥, € LVF.
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C.5 Early financing gap

Lemma 32. Let £59 be the set of socially optimal solutions and LNF be the set of Nash
equilibrium solutions. Then, if (0,0)N, € £59, then LNF = {(0,0)Y}.

Proof. By the social planner’s SOC, (0,0)Y, € £5° implies that, for any Ly € [0, D], L €
0.47]
' N )

0> (r—c¢—rp)Li + B(r —c(L1) — rp)yD.

Dividing both sides of this inequality by NV, it is immediately clear that this is equivalent

to
B ~ D
0> (r—c—rp)li+ B(r—c(ly) — Tp)wﬁ (77)

for any [; € [O, %} Ly € [O, %D}
Now, assume for contradiction that there is a different Nash equilibrium. This implies
that there is at least one bank ¢ for which /;; € (0, %} and IN/,M S [O, %D} However,

by bank i’s best response function, this would require that

- D
O<(r—c—rp)li1+p (T —c(Loig+1in) — TD) ¢N

Since L_; 1 +1;1 € [0, %D], this would contradict the condition in Equation 77. O

Lemma 33. Let the unique socially optimal solution be such that L7° € (0, D). Let LN
be the set of Nash equilibrium solutions. Then, for any L € LN? and N > 1, it must
hold that L, < L7°.

Proof. Assume for contradiction that L; > Ly°. By Lemma 26 (symmetry of the Nash
equilibrium), this implies that ;; =} = % € (O, %} V 4. It also requires that there is
at least one bank 7 with lff < [y and E,M =I,—1 € [0, %D} Let ¢ be this bank.

The bank’s best response function implies that

TD—T+E N
8 YD’

—d(yLoja + 1) >
where the condition holds with strict inequality if and only if {; = %. On the other hand,
the FOCs for bank 7 in the social planner’s problem tell us that

rp—r+c¢ N 1
B ¢YDN’

_C/(”YEEZ‘OJ + lf?) <

where the condition holds with strict inequality if and only if I7{" = 0.
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As N > 1, we know that

T’D—T+5N >7’D—7’+5Nl
g YD B YDN’

and hence that
—d(yL_iy + 1) > —c’(’y[_figl + lf?)

Since ¢(+) is strictly decreasing and convex, —c/(+) is strictly decreasing. This implies that

YL i1+ 1 < fyliri-oyl + lf{). Rearranging yields

_ 1 -
Ly ‘I’;(ll —lf?> < Lfo

Since l; — lflo > 0, this implies that L; < L7, which contradicts L; > LY°. ]
Lemma 34. Let (%, w%)f\il be the unique socially optimal solution. Let LNF be the set
of Nash equilibrium solutions. Then, (%, vB)N, € LN if and only if
N rp—r+¢ N
—d(=D) > : 78
D) = (79)

Proof. 1f (%, @D%)ﬁ\il is the solution to the social maximization problem, the SOC implies

that total profits exceed zero, i.e.,

- D D D
B(T—C(NN)—TD>¢N>(T—E—TD)N

which satisfies the second condition in Lemma 29. The condition stated above is then

simply the first condition in Lemma 29 restated. O]

D Proofs for Propositions 3 and 4 (stand-alone pol-

icy interventions)

Using a more formal notation, Propositions 3 and 4 can be stated as follows:

Proposition 3. Let I{9 € (0, %), let s7 = —By(N — 1) %c/(szO) > 0, and let LNF|s
be the set of possible Nash equilibria for a given si,s9 > 0 and g1,g92 = 0. Then, it holds
that

o (I50,ISOVWN € LNE|sY s, = s*, 55 > 0;
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e (0,0)N, € LNP|sV sy = 57,80 > 0 if and only if

~ D D
B0 € (N7, 23N (0, 7] (79)
D
B(r—-c(lia)—rp +82)¢N (c+rp—1r—s7)li;
e (0,0)N, € LNE|sV sy =5%,80=0 if
NE D
(0,0) € L™|s for s1,80 =0AT —71p gc(ﬁ); (80)

o LNE|s = {(I§O 15OV} Vs =880 >C+rp—7.
Proof. See Appendix D.2. m

Proposition 4. Let {9 € (0,%), and let LNF|g be the set of possible Nash equilibria

for a given gi,g2 > 0 and 51,8, = 0. Let :NP|g .= ()71 (—;:Z%—Dg;) — 7—]591, and let
-

gi = z5¢ '(r —rp). Then, it holds that

o £V7|g € P ({ (maxc{0, min{VF|g, 252 1}, 25) (0,00, }) \ 0

o (0,0)%, ¢ LN*|gV g1 € (g7, D), g2 € [0,9D);

o I!NE|g decreases in go;

e The parameter space for which (max{0, min{l;"V¥|g, PX2}}, 25 gZ)izl € LNE|g

decreases in gs.
Proof. See Appendix D.3. The comparative statics for I;V¥|g follow directly from its

definition, keeping in mind that (¢/)~! is monotonically increasing. ]

D.1 First-order conditions

The first-order conditions for the maximization problem by bank ¢ given in Equation 15

are as follows:

r—¢é—rp-+s — fc (’yZlﬁE + 7991 + lfle) lfYQE — i+ iz =0 (81)
i#i
NE | _g NE _
T—c(”yzlﬂ +’Yg1+li,1>—7“D+32—/M,2+Mi,4—0 (82)
i
D [ g2
(= —INE — ; ——l ll = pi4l}s =0 83
M,l(N i N) 14 2(¢ N) pislis = pialiy (83)
i1y Ji 2y [,35 fig = 0. (84)
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Considering Equations 81-82, Vs, s1, g1, g2 > 0, we could simply redefine r* == r + s,
5 = rp — 81 + S9, and ¢ = ¢(79¢g;) and ¢*(x) = c(x + 79¢g1). We would then face
the same maximization problem as before and follow the steps in Appendix C.3 to derive
that any resulting Nash equilibrium under the policy intervention must be symmetric and
take the shape of a no-financing, gradual-financing, or immediate-financing equilibrium.
D=22)N | is a Nash equilibrium if the policy

intervention alone suffices to ensure bankability at ¢ = 2. Nevertheless, the existence of

In addition, it is now also possible that (0,1

this additional outcome does not affect the logical steps that underlie the symmetry of

the Nash equilibrium:

Lemma 35. Let LNE|gs be the set of possible Nash equilibria for a given sy, sa, g1, g2 > 0.
Then for any (IVE INE) € LNF|gs it holds that

N =1 vi=1,.,N,te{l,2}.
Proof. Analogous to Lemma 26 with the redefined maximization problem. O
D.2 De-risking subsidy
Lemma 36. Let [{© € (0,2). Then, s} = —pv(N — 1)1/1%@’(le0) <rp—r+ec
Proof. 1t 179 € (0, £), then by Equation 26 it holds that:
- N
r—rp—=¢— ﬂc’(leO)z/JND =0.
Recalling that N := 14 ~(N — 1), we can rewrite this as
1 Rsoy, D 1(R1S0 D -
—B (NI} )wﬁ — B (NIZZ)y(N — 1)¢N =rp—r+ec.

As ¢ < 0, both terms on the left-hand side are strictly positive. The second term on the

left-hand side is equal to sj. Therefore, s} <rp —7+¢C. O

Lemma 37. Let {0 € (0,2), st = —By(N — )Y 2(NIFO) > 0, and LNE|s be the
set of possible Nash equilibria for a given si,sy > 0 and g1,go = 0. Then, (I5°,15°) €

LNE|sV 81 = 83,89 > 0.

Proof. Imposing symmetry by Lemma 35 and inserting s; = sj, g1 = g» = 0 into Equation
81 yields:

r—c—rp—By(N = DI (NEF) = B (NN = prioy + pis = 0.

Note that this equals the FOC for the social optimum, such that we can replace (INVE, [5'F)
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Wit , . We can further set = 1=, which directly follows from € (0, %):
ith (159,159). W furth 159 NL hich directly foll f 159 € (0 NL
- AN D, <50 o o
r—C—7Tp BNw—Nc (NIYY) — piq + iz = 0.

Note that this is identical to Equation 26 at [5¢ = w%. By the Appendix version
of Proposition 1, 159 € (0, %) then implies that this satisfies the FOCs of banks. By
the Appendix version of Proposition 1, the SOC of above-zero profits (Equation 32)
must hold, which by symmetry implies above-zero profits for each bank i. Hence, both

conditions in Lemma 28 are met and (179, 159) € LNE|s. O
Lemma 38. Let 1{0 € (0, 2), s7 = —By(N -1 2(NIFO) > 0, and LVE|s be the set of
possible Nash equilibria for a given si,s9 > 0 and g1, g2 = 0. Then, (0,0) € LNF|sV s; =
51,82 > 0 if and only if

D] .
v

B(r — clli) — b + 52) 1/1% S (rp—7+2—87) 1. (86)

- D
Bliy € (NI, N} N (0, (85)

Proof. This simply reflects the condition in the Appendix version of Proposition 2 for the
adjusted maximization problem allowing for s;, s, > 0. Note that under s; = s7 and for
l;; = 0V j # 1, the loan financing amount, for which bank i’s FOC with respect to [; ;
holds with equality, is N 199 In other words, this is the amount of loan financing (net of
spillover losses) in the social optimum. Then, the remaining proof can be derived by the

same steps as for Lemma 27. ]

Lemma 39. Let {0 € (0,2), st = —By(N — D)2 (NIJO) > 0, and LNE|s be the
set of possible Nash equilibria for a given si,s2 > 0 and g1,92 = 0. Then, it holds that
(0,0) € LYE|sV 81 = 87,50 =0 if
D
—e(Z2) < rp.
r C(N) <rp
Proof. Inserting s = 0 into the condition in Lemma 38 for the existence of a zero-

financing Nash equilibrium yields

B(r—c(liy) —rp) @D% > (rp—r+c¢—si) .

By Lemma 36, the right-hand side is positive if /;; > 0. But by r — ¢(£) < rp, the

left-hand side is nonpositive for all /;; € [0, %] Hence, the condition in Lemma 38 is
satisfied as the inequality condition cannot hold for any /;; € [0, %] O
Lemma 40. Let I € (0,2), st = —By(N — )yY2(NIFO) > 0, and LVE|s be the

set of possible Nash equilibria for a given s1,s9 > 0 and g1,go = 0. Then, it holds that
LNE|s = {(I159,159)} V 51 = sT,80 >rp+C—T.
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Proof. By the Appendix version of Proposition 2, if I{° € (0, %), then

£ & {10,013, (0.0, (PR @ v R |

The same steps can be followed for the re-defined maximization problem under policies

in Equation 15 such that

£981s € { (10,015} 1000 (57515, w DR L0 Pl v L} .

By Lemma 37, it holds that

D
(lfo7¢ﬁ)i\;1 € ENE|$ 4 S1 = ST, S9 > 0.

By Equation 82, the FOC with respect to [; 2 requires that
r— C(VZ lj‘\,[1E|3 +7991 + Z%E s) —7Tp+ 52— pliz + flia =0
J#i

25 which, since ¢(+) < ¢, can only hold for g; = 0,s9 > rp — (r — ¢) if ;2 > 0—i.e., for
s 10 |s = % . Hence, (0,0)%, ¢ LN[s. O

»s 1.3 Public loan provision

Lemma 41. Let 1§° € (0, %), and let LNF|g be the set of possible Nash equilibria for a
given g1, g2 > 0 and 51,85 = 0. Let :NF|g .= ()7t (— EJ”'D_'") - %gl. Then

B PR

LNE| . wnNE . D=1 D — g, N N
g € P maX{Ov Il’llIl{ll ’gv N }}7 ¢ N ) (O, O)z’:l \ Q)
1

1=

257 Proof. By Lemma 35, every solution in £V¥|g must be symmetric. By Lemma 2, I9© < %

D—g;

s implies that (M7 < £ but the demand constraint ;; < 2%

can still bind for very low
250 values of ¢ and very high values of g;.

Under public loan provision, the FOC with respect to ;2 now requires that

r— C(E%EW +99g1) —rp — pi2 + pia = 0.

2260 The deterministic rule for lfYQE |g then becomes
0, if r — C(fz@l + 7991) <rp
DFlg={" | (87)
=%, otherwise.
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Therefore, v9g; > ¢~ 1(r — rp) implies that I[YE|g =

D—go
N

Similarly, the best response function derived under the steps followed for Lemma 7

changes as follows:

(D g1 wD 92)
( 1|9 D 92)
BRi(L_i)|g =
(0,925%)
(0,0)
with

l;1|9 = (Cl)_l (

if r—c—pd (7L_11+*ygg1+D gl)@/JD 2 >rpA

r—c(yL_;1+7% ) >71p A

ri( Do, (2581 Dt
1f5|111€[0 =)
r—c¢—pc (vL_ii +7991 + i) ?/JD]_VQQ
mi(L_i, (li,lawD]_ng)) >0

if the prior conditions are not satisfied

))>0

r—c(yL_i1+7%1) > 1p

otherwise

—7r+c

5¢D 92 ) —vLix =91

=TD,

and

Steps to derive the possible Nash equilibria are the same as in Appendix C.2 with one

important difference. By Equation 87, it is now possible that (0,

Vg > c Hr—rp).

D—go
N

)N, e LYE|g if

Deriving the symmetric amount of loan financing that solves the FOC with respect

to l;1 yields

Byl

A 7 TD—T+5
NGMPlg = (¢)7 ( ) — 79

which, subject to the nonnegativity and the demand constraint, leads to the possible

definitions of £¥¥|g in Lemma 41.

]

Lemma 42. Let [7° € (0, 2) let LNE|g be the set of possible Nash equilibria for a given
D—g2 N

g1, 92 > 0 and sy, s5 = 0. Then the parameter space, for which (mln{

LNE|g, decreases in gs.

Proof. Based on the best-response function BR;(L

IVE|g > 0 requires that

- D_
r—c—pd (NliVElg + 7991> Y

l*NE\g,

2
> D.

As ¢ < 0, this is, ceteris paribus, less likely to hold for g; 1.

—9g1

Hh

i)|lg above, a Nash equilibrium with

The FOC with respect to l;2 does not depend on g¢,, while bank profits m;, ceteris

paribus, also decrease weakly monotonically in g,, making the profitability condition in
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2288

2289

2290
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the best-response function less likely to hold as well. Therefore, all three conditions for
a Nash equilibrium with I¥|g > 0 are either less likely to hold or unaffected by gs 1.
O

Lemma 43. Let [7° € (0, %), and let LNE|g be the set of possible Nash equilibria for
a given g1,92 > 0 and s1,s5 = 0. Let g7 = #. Then, if g1 > g5, it holds that
(0,0) & L¥|g.

Proof. This follows directly from Equation 87 since g; > ¢} implies that IYF|g = %.
Importantly, this is a sufficient but not a necessary condition for (0,0) ¢ £N¥|g because
a value for g; that is (slightly) below gi might still enable an individual bank ¢ to reach

positive profits by deviating unilaterally from the (0,0) Nash equilibrium. H

Lemma 44. Let 1§90 € (0,8), let g, = 0, let {VF|g € LYE|g and VP > 0. Then, it
holds that

o NINE|g+ g, < NIENE if and only if 49 <

Z|=

o NIiNE|g+ gy = NUINE if and only if 49 =

z|=z

o NIiNElg+ gy > NIINE if and only if 49 >

z|=

Proof. First, we note that, by Proposition 2,

D D
0 <= —= VB«
Y ! N
and that, by definition, go = 0 implies that
] ] v
llNE|g — llNE _ ﬁgl

Therefore, the total amount of early-stage loans in this policy-induced gradual-financing

Nash equilibrium NI;NE|g + g equals

N~9 N~9
NZTNE\gﬂLglINZTNE_%%‘F%:NZTNE"‘ <1_ ]; >91-

Then,
NEVElg + g > NP

requires that
N~9
1> —
N

which we can rewrite as ~
g < N
TSN

and similarly for NINE|g + g; < NIENE and NIFNE|g + gy = NIFVE.
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E Proofs for Lemmas 3 and 4 (policy costs & policy
mix)

E.1 Comparing the de-risking subsidy and public loan provision

for addressing the coordination problem

Lemma 45. Let 159 € (0, %), g1 =9, +¢€g =5 =0, and s =rp+ ¢ —r + €, where

€ > 0 is an infinitesimally small positive constant. Then, it holds that
g; < B9rhD = PC(g)) < PO(sy) V1l =rp, 9 =7,87>0,90 > 0,1)F|g >0

Proof. If the characteristics of the public loan provider and private banks are identical
and € is negligible, then
PC(s9) = (rp+¢—r)ByYDrp

PC(g1)=(rp+c—r)g1 — (r —c(g1 + yNIVE|g) — TD) ga.

Since go can always be set to zero if second-period public loans are nonprofitable (i.e.,
if r —c(g1 + yNIVE|g) < rp), this implies that

PC(g1) < (rp+c—1)g

such that any ¢; < By Drp satisfies PC(g1) < PC(s2).

E.2 Policy mix

Using formal notation, Lemma 4 can be stated as follows:

Lemma 46. Let 179 € (0,2), LNF|gs be the set of possible Nash equilibria given g, =
g7 + €, and s; = 87,92 = so = 0. Then, it holds that

. N

° [NE’gS = {(max{o,min{%a lfo — %gl}} ,w%)izl} )

o 'Flg <Plgs <I7°.
Proof. Note that the FOC with respect to [; 2 in Equation 82 is unaffected by s; = sj.
Hence, Lemma 43 equally applies such that (0,0)Y, ¢ £VF|gs for g, = g} + €.

By {9 € (0, 2) and Equation 11, we know that

D 1 nT1S0 _
B L) (17N 1) = rp 42—

Under the given policy mix, the FOC with respect to [;; from the individual bank’s

profit maximization in Equation 81 then yields
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2323

D -
—Bwﬁc’(NlTNE\gs +v9q1) + s =rp+c—r.

Inserting the definition of sj then gives us

D/, - - 7
_ﬁwﬁ <C (NllNE‘QSﬂL’Yggﬂ—{—’y(N— 1)6 (le0)> —rp4C—r

Since bank ¢ takes g; as exogenous, combining this with the FOC from the social

maximization problem requires

NIFO = NIIVE|gs 4+ ~9¢,.

Note that by the Appendix version of Proposition 1, I¥¢ € (0, %) implies strictly

positive overall profits. Given the definition of gy, this implies that

NIZ? > 47g,
because for L; = 0,9, = g} + ¢, the return spread at ¢ = 2 is zero, and banks make
zero profits in both periods. Therefore,
g
so 7
such that I:VF|gs € (0,17°). However, the above is based on the FOC with respect
to [;1 holding with equality (i.e., the critical point that is unconstrained by the non-
negativity and the demand constraint on [; ;). Even if [§© < %, this does not guarantee
that [;¥P|gs < 252 For instance, if we assume that 49 — 0, then g; — D such that
% — 0. Therefore, we cannot rule out that the demand constraint given ¢, is binding,
which is reflected in the expression for /;; in Lemma 46.
Regarding the second statement in Lemma 46, V¥ |gs < [§© follows directly from
NE so
' "lgs =17 — ﬁgl
since v, g1, N > 0.

By the Appendix version of Proposition 4, the maximum value [{F|g can take for any

__Ctrp-—r

57], is ((j,) - K3©b£2;:£bl
N

is the unconstrained symmetric solution to the market outcome FOC with respect to [; 1

— %gl. Given g, = 0, this is equivalent to [;NF — l;gl, where [}VE

in the absence of any policy intervention. From the Appendix version of Proposition 2,

it follows that
BYE <17,

This implies that

. ! 0
l1NE - ﬁgl < ligo - ﬁgl
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which is equivalent to

h'Flg < 1 |gs.
O

Lemma 47. Let 179 € (0, %), IVE|gs = 179 — ]g—; given g1 = g; +¢€, 51 =587, 92 =50 =0

and let v}, =rp, 19 =r. Then, 49 < % implies that

YD YD _
Zﬂi(lfo, W;Li,l =179)) > Zm(ZNE]gs, W;LM =1"E|gs) + (17 — e — 1)1

) 7

Proof. As laid out in the proof for Lemma 46, financing experience is equivalent between

the social optimum and the market outcome given g; and s; unless the policy-induced

D—q
~

Nash equilibrium given g; and s; is subject to the adjusted demand constraint /;; <

Hence,

NIJO = NI;VE|gs + 49

and, in consequence,

c(NI79) = e(NI;VF|gs + 17g1).

As banks provide % at t = 2 in the social optimum and the market outcome given
the policy interventions, profits of banks at ¢ = 2 must be the same under both outcomes,
while go = 0 ensures that there are no costs/profits of public loans to consider at ¢t = 2.
So we can restrict our attention to first-period profits (i.e., losses).

As r9 = r and r}, = rp, we can then rewrite first-period profits of banks given

symmetry

(r—c— rD)(Nl{NE|g5 +qg1).

Then,

(r—c— TD)(NZTNE|gs +q1)<(r—c— rD)Nl’{SO

requires that

NIZ59 < NI;VE|gs + g1

Note that the direction of the inequality flips as r —¢ —rp < 0.
Now we can follow the exact same steps as for Lemma 44 to show that NI} <
NINE|gs + gy is given if and only if 49 < %, which nests the special case of v¢ = v since

% > 7 by definition.
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F Additional information for the numerical applica-

tion

F.1 Loan demand D and between-period growth

We estimate D based on observed total investments in German offshore wind between
2007-2012 taken from ZSW (2024) and convert them to 2021 EUR using the producer
price index from Destatis (2024). The resulting values are displayed in Figure 9. Since
these values include both equity and debt financing, we multiply the sum of investments
between 2007-2012 by an average debt share of 62% for three early-stage German offshore
deals, of which two closed in 2010 and one in 2011, reported by Kitzing and Weber (2015).

Early-stage (t=1) Later-stage (t=2)
5.0 - 4.72

4.40 4.50
45 4.19

3.90 383

2.70

DE offshore wind investment
(equity & debt) in EUR bn
- N N w w
[6)] o [6)] o (6]

1.0 1 0.56  0.53

0.5 {500 0.04 0.20

0.0 +——=== T T T T T T T T T T T ]
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 9: Annual investments in German offshore wind based on ZSW (2024) in 2021
EUR

To estimate loan demand in the 2013-2018 period, which implies ¥, we follow the
same approach for 2013-2018 investments. However, we use a later-stage debt share of
73% estimated by IRENA (2023) for German offshore wind projects closing in 2020.%
Then, v is calculated as the ratio of 2013-2018 to 2007-2012 loan demand.

F.2 Number of banks N

We rely on BloombergNEF data for transactions financing utility-scale renewable energy
projects (BNEF, 2022), which is a leading data source for RE deals and commonly used
research on renewable energy finance (Céardenas Rodriguez et al., 2015; Gumber et al.,
2024; Waidelich & Steffen, 2024). Specifically, we count the number of lenders appearing
on at least three transactions financing new-build offshore wind projects in Germany
through 2018. The resulting lenders are listed in Table 3. Since we treat the EIB and

28Unfortunately, IRENA (2023) do not provide values for earlier years that would perfectly correspond
to the end of our later-stage period.
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KfW as part of the policy interventions, they are excluded from our estimate of N and the
table. Note that we subset lenders based on repeated activity because one-time lenders

may have no interest in accumulating technology-related financing experience.

Table 3: Banks active on at least three offshore wind deals in Germany through 2018 in
the renewable energy asset finance database by BloombergNEF, excluding KfW (and its
subsidiary KfW IPEX) and the European Investment Bank.

Bank DE offshore wind deals in BNEF

1  Commerzbank AG 7
2 DSK Hyp AG 7
3 Societe Generale SA 7
4 Sumitomo Mitsui Banking Corp 7
5 Natixis SA 6
6 Banco Santander SA 5
7 Landesbank Hessen-Thueringen Girozentrale 5
8 Cooperatieve Rabobank UA 4
9 Deutsche Bank AG 4
10 ING Bank NV 4
11 ABN AMRO Bank NV 3
12 Hamburg Commercial Bank AG 3
13 MUFG Bank Ltd 3
14 NRW Bank 3
15 Rabobank NA 3

F.3 Profit margin at full maturity » — rp

When assessing bank loan profitability, one must distinguish between the net interest
margin (i.e., banks net interest revenue relative to their interest-earning assets) and the
return on asset as a profitability measure, which is the net interest margin minus overhead
and loan loss provisions (Demirguc-Kunt & Huizinga, 1999). For Germany, the average
net interest margin of banks between 2007 and 2018 averaged 0.87% and remained rela-
tively stable across our modeling period, as data from the World Bank’s Global Financial
Development Database (World Bank, 2022) in Figure 10 illustrates. By contrast, banks’
returns on assets were more volatile in the 2007-2012 period due to the ramifications of
the Financial Crisis in 2008/2009 but remained remarkably stable at 0.2% between 2012
and 2018. Therefore, we estimate the profit margin at full maturity » — rp, net of all
transaction costs and loan loss provisions that are unrelated to the financial immaturity
of offshore wind, at 0.2%.
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Figure 10: Net interest margin and pre-tax return on assets of German banks from World
Bank (2022)

F.4 Deriving the learning curve c(-)

As laid out in Section 7, we use three data points to estimate the pace of cost reductions
for lenders to German offshore wind projects. First, Kitzing and Weber (2015) report
debt margins for three German offshore wind deals (Globaltech I, Meerwind, and Borkum
West, which closed in 2011, 2011, and 2010, respectively; see their Table 2). The debt
shares of the three deals (58%, 69%, and 59%) average to 62%. Based on values, Kitzing
and Weber (2015) estimate the cost of debt at 5.21%, which consists of the 10-year
German government bond rate (1.66%) plus a 0.3% swap premium and a debt margin of
3.25% above this risk-free rate. As this is calibrated based on deals closing in 20102011,
we use this data point for 2010.

Second, IRENA (2023) conduct a survey of expert estimates regarding financing con-
ditions of different technologies and markets. For German offshore wind transactions in
2020, they estimate a debt share of 73% and a cost of debt of 1.6%. As their data does not
include debt margins, we convert this cost of debt into a debt margin estimate consistent
with Kitzing and Weber (2015) by subtracting the 2020 average of the ten-year German
government bond rate of -0.51% (OECD, 2025) and the 0.3% swap premium, which gives
us a debt margin of 1.81% for 2020.

Lastly, IRENA (2023) also conduct a benchmarking exercise, in which they produce
formula-based estimates that reproduce their survey results as best as possible. In their
approach, the cost of debt includes a debt margin that is market maturity-dependent
based on a technology’s share in installed electricity generation capacity and takes values
between 3.25% for completely immature markets and 1.5% for fully matured markets.
Importantly, IRENA (2023) classify Germany as an intermediate but not fully matured
market, as only Denmark and the United Kingdom are classified as mature markets for

offshore wind (see the Supplementary Information of Calcaterra et al., 2024). Therefore,
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this benchmarking methodology aligns well with the estimates by Kitzing and Weber
(2015) and, hence, provides us with a lower bound of 1.5%, to which debt margins may
convert. Notably, this value at full maturity is about 1.5 times higher than the 1%
debt margin, to which solar photovoltaics and onshore wind in Germany have converged
throughout the 2010s (Egli et al., 2018), reflecting the higher risk levels of offshore wind
projects.

Based on the data points above, we can define an immaturity-related component of the
overall debt margin, which took a value of DSs19 = 3.25% — 1.5% = 1.75% for offshore
wind deals in Germany closing around 2010, decreased to D Sag90 = 1.81%—1.5% = 0.31%
by 2020 and would vanish entirely in the long run. These data points can be used to fit a
Wright’s Law learning curve, but this requires a definition of the accumulated financing
experience in a given year. Notably, our model assumes that it takes up to six years
(the length of one period) for all financial learning gains to materialize. In the two-
period model, learning gains materialize at the end of the period, but in reality, financing
experience is more likely to accumulate gradually over the years. Therefore, we calculate
the cumulative financing experience in year a as % times the debt investment in year
a—1, % times the investment in year a — 2 and so on. Lending from at least six years ago
enters the annual experience entirely as all learning gains have materialized. Combined
with the adjustment for spillovers, we can then translate the annual debt investments
L, (calculated as observed investment from ZSW (2024) times the period-specific debt

share) into year-specific financing experience as follows:

~ N . a—k
L, = Z NLk, x min{1, T}
k<a

Using this year-specific financing experience that is consistent with the logic of our

two-period model, we can then calibrate the following learning curve

2010

DS(L,) = DS510 (L )_ . (88)

with our data points for 2010 and 2020, respectively, and the estimated financing
experience net of spillovers in 2010 (Lggo = 0.028 billion), which results in an estimate
of b = 0.344 and the following Wright’s Law curve:
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Figure 11: Estimated learning curve for immaturity-related component of the debt spread

With this estimate of how fast cost reductions occurred that were passed through to
consumers, we can now estimate the part of cost reductions that improved bank margins,
assuming a typical pass-through rate of approximately 80% for German bank loans to non-
bank customers (Heckmann-Draisbach & Moertel, 2020). By doing so, we can estimate
that for a cost reduction of 1.75% that would be ultimately passed through to projects,
there is a 1.75% x % = 0.44% = ¢ cost reductions that banks do not pass through
to improve their margins, particularly given that initial returns do not compensate for
the risks involved (which is supported by the interview results of Geddes et al. (2018) for
offshore wind deals prior to 2012). By assuming that this cost reduction component that
is not passed through shrinks at the same pace in financing experience as the observable

debt margins, we get the following learning curve for the six-year period ¢:

(L) = e (M> . (89)

L0

where again b = 0.344. Importantly, this assumes that the immaturity-related cost
starts at the value derived from 2010 (our first empirical estimate available) and cannot
exceed this value even if no loans are provided. This is because a Wright’s Law curve
requires a non-zero starting point. However, since Z~L2010 is equivalent to the experience
generated from only EUR 110 million of bank loans (i.e., roughly 4% of the estimated
2007-2012 loan demand), the implications for the model are only minor. Importantly,
our learning curve ¢(-) produces a remaining immaturity cost of around 0.14% for the
empirically observed 2007-2012 loan provision of D = 2.92 billion, meaning that even if
banks go all in during the first period, their best-possible profit margin in the later-stage
period is only 0.2% — 0.14% = 0.06%), which is conservative.
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F.5 Converting annual returns into profits per period

Notably, all estimates of financial returns we use in our numerical application (r, ¢, rp)
are annual rates. For the sake of simplicity, we calculate total profits per period by
multiplying annual profits by the number of years per period instead of compounding
them across years. Given the small margins in our application, this has negligible effects
on the results. For instance, if the entire D = 2.92 billion were invested with a profit
margin of 0.06%, then multiplying annual profits by six (the number of years per period)
yields a profit of EUR 10.51 million, whereas compounding the return over six years yields

EUR 10.53 million.

F.6 Estimating the climate externality of loans to offshore wind

projects

We use estimates of German offshore wind’s emission intensity from Hengstler et al.
(2021) and the average emission intensity of the German grid throughout 2007-2018
estimated by Icha and Lauf (2024), implying an emission reduction of 0.6192 tCOqe
per MWh of generation replaced by offshore wind electricity. To estimate the annual
generation of offshore wind projects financed throughout our modeling period, we take
the average capacity factor of 27.2% through 2018 and the installed capacity through
2018 of 6,393 MW (Umweltbundesamt, 2024), resulting in 15.2 TWh and 9.4 megatons
of COse of emission reductions per year. We monetize these emission reductions using the
social cost of carbon estimate of EUR 84.95 used by the German Federal Environmental
Agency during the 2007-2012 period (Umweltbundesamt, 2007) and subtract the average
2007-2018 EU Emissions Trading System price of EUR 10.74 (EEA, 2024), reflecting that
some of the external effects were already priced. This approach results in roughly EUR
700 million of monetized emission reductions per year. Divided by the EUR 30.25 billion
of investments in German offshore wind through 2018 (debt and equity combined), this
implies an annual social return of 2.31% per EUR of investment.?”

However, the 2.31% rests on the aggressive assumption that not a single offshore wind
farm would have been built without securing debt financing. Therefore, we use a far more
conservative value by assuming that, on average, only 10% of emission reductions can be

causally attributed to debt financing provision, resulting in 7 = 0.231%.

29Note that dividing only by debt financing would falsely attribute any emission reduction share of
equity investments to debt financing.
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