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Abstract

We study heterogeneous firms’ greening investment decisions and the role of competi-
tion between early greening investors and non-investors (“laggards”) therein. Empiri-
cally we show that firms have a higher propensity to engage in greening investment if
they are more productive, less financially constrained and expect positive effects from
an economy-wide transformation to climate-neutrality (green transition) on their com-
petitiveness. We incorporate these facts into a dynamic heterogeneous firm model. We
show that competition from non-investors keeps aggregate prices and thus idiosyncratic
profits low and prevents potential early greening investors from engaging in greening
investment. Incorporating expectations about a future green economy with increased
competitiveness for early greening investors increases greening investment already to-
day. Furthermore, easing financing constraints by 50% increases the share of greening
firms by roughly 20%-points in the early stages of a green transition.
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1 Introduction

Climate change is one of the greatest challenges of our times. In order to reach net zero

targets and to transform economies towards greenhouse gas neutrality, significant amounts

of investment in this transition are needed. For example, the UK government estimates that

an additional 50-60 billion GBP of yearly investment are needed to meet the net zero targets

by 2030 (UK Government, 2021, 2023). Fiscal policy alone cannot finance the required

investments in their entirety. Policymakers thus need to incentivise investment by the private

sector, specifically on the firm side where emissions are an integral part of the production

process. The literature has focused extensively on the impediments and gains from investing

in the green transition either on an aggregate scale abstracting from the extensive margin

of firm investment or on a firm level abstracting from firm interaction on this decision

margin. We complement this approach by focussing on competition effects between firms

when investing in their own green transition, specifically on the competitive disadvantage of

being an early adopter and the ensuing macroeconomic outcomes.

In this paper we focus on firms’ greening investment decisions and the policymaker’s role

when incentivising greening investment in an environment where both early greening in-

vestors and non-investors compete in the same market. Since such incentives are often im-

plemented out in a granular fashion requiring sector-specific policies and approaches, firms

often operate in a situation of regulatory uncertainty. Our focus will be on outright bans

(e.g. on non climate friendly production processes), which are part of the mix of instruments

that policymakers have used.1 Firms’ decision to engage in firm side investments into their

green transition - we call this greening investment - thus depend on their beliefs about the

likelihood of bans on brown production processes entering into effect in the foreseeable fu-

ture. In this paper, we call early greening investors “green firms” and non-investors “brown

firms” (or “laggards”). While some firms will invest already today (facing the necessary in-

vestment cost) and others will not, both green and brown firms compete in the same market.

In our analysis, we investigate the determinants of firms’ greening investment using a dataset

of German firms. We then show the main competition effects in an illustrative model and

finally present the main results in a quantitative model calibrated to our firm dataset.

In our empirical section, we use novel German firm survey data on greening investments of

small and medium-sized enterprises (SMEs) from KfW Group’s Climate Barometer (KfW

Research, 2022, 2023). Since we are interested in the determinants of individual firms’ green-

1While pricing policies such as the EU ETS might be the first form of policy to come to mind, outright
bans such as the EU ban of new greenhouse gas emitting vehicles from 2035 onwards are certainly part of
the policy palette.
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ing investment across the firm distribution, this is an ideal dataset to use in our analysis.

We extract three novel facts on greening investment. We base our quantitative model on

the first two and use it to rationalise the third. We find that firms with higher capital pro-

ductivity invest more in greening their production processes - both in absolute terms as well

as relative to total investment (Fact 1). Further, we find that 52% of firms finance greening

investments from their own resources (see Table 3) indicating the relevance of financing con-

straints for this investment category. We further confirm that more financially constrained

firms have a lower propensity to invest in greening (Fact 2). Finally, we find that firms which

expect a negative impact of green transition policies on their future competitiveness invest

less in greening today (Fact 3). This highlights the role that expectations about the regula-

tory setting of a future green economy have on firm incentives and thus today’s investment

decisions.

In order to fix ideas, we show our two main channels of competition on the macroeconomy in

a small illustrative two-period model. In the model, firms decide to invest in greening in the

first period. If they do not invest in greening they can only produce in the second period if

the policymaker does not implement a green policy which bans brown production. The green

policy is known to be enforced in the second period with a fixed probability. An increase in

the likelihood of the green policy increases the share of greening investors. Our first result

is theoretical. Assuming a negative relation between prices and the amount of firms in the

market (competition effect), we show that higher competition today decreases market prices

in the economy as well as the individual firm’s greening cost and thus increases the share

of greening investors. With the second result we link to our empirical findings (Fact 3) in

showing that the share of greening firms increases when a firm’s competitiveness under a

green policy shock is expected to increase.

We then build a dynamic heterogeneous firm model in which we rationalise costly engagement

into greening investment as an optimal intertemporal firm decision. Firms are heterogeneous

in productivity and the model features endogenous entry and exit. Every period, brown firms

can decide to invest into greening investment. The latter is a one-directional decision by

which firms transition into the pool of greening investors. Analogously to the small model,

the policymaker sets the probability of a greening policy being enacted in the following

period which forces brown firms out of production if enacted. In line with our data (Facts

1 and 2), more productive firms are more likely to invest in greening and we add stylized

financing constraints with a negative dependence of greening costs on firm profits (we derive

this assumption more formally in Appendix B.1). The full model is calibrated to stylized

moments of our German firm data. It matches entry rates of German firms as well as
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the share of greening investors in the dataset and replicates the empirical green firm size

distribution.

In the results section, we show the effect of competition on the macroeconomy during a green

transition in different experiments. In our main argument, the effect of the transition on the

production side is simulated as a removal of ever larger shares of brown firms from the firm

distribution. As a result, the price increases via the competition effect, leading to an increase

in average firm profits and thus a drop in the productivity of the marginal greening investor.

The share of greening investors thus increases as the productivity level necessary to obtain

sufficient profits has decreased. In a second experiment, we show how the policymaker can

realise such a transition in our model by increasing the policy probability of a ban on brown

production in the next period. In counterfactual analysis with different policy probabilities,

we show how the last empirical finding (Fact 3) can be rationalised in our quantitative model.

We compare the share of greening firms during a green transition for the scenario where firms

take into account expected improvements in their competitiveness in a future green economy

(where all brown competitors have had to exit) with the scenario where they do not. When

considering positive expectations about a firm’s competitiveness in a future green economy

the share of greening firms increases. For a high policy probability (> 50%), i.e. when such

a green economy is likely to become reality, expectations of competitiveness improvements

lead to an increase in the share of greening firms of 2-6%. In a further experiment, we analyse

the relevance of financing policies on the share of greening investors. We show that a cut

of greening costs by 50% increases the share of greening investors by roughly 20%-points.

Last, we show that the effects on output and the increase of green investors intensifies when

increasing the speed of the transition. The lower the probability of a green policy, the faster

is the speed of the transition if a green policy is enacted. An instantaneous removal of all

brown firms (extreme transition) produces strong reactions in the increase of greening firms

and the associated loss in output and decreases non-linearly in the decrease of the speed of

the transition.

The policy implications of our analysis concern expectations about green transition policies.

First, the study can be interpreted as showing that setting expectations (e.g. via commu-

nication) about green policies can affect the share of greening investors already today. A

higher share of greening investors corresponds to a lower share of emissions in the economy

and a smaller distance towards reaching the set out climate goals. Second, the study shows

the policymaker’s trade-offs. The policymaker faces a trade-off between the climate target

and the stabilisation of brown output. The policymaker can employ financial policies to

reduce greening costs to increase greening investment.
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Related Literature. The paper relates to three strands of the literature. First, our study

is closely linked to the literature of regulation during the green transition. While a dominant

strand of this literature focuses on CO2-reduction policies such as cap-and-trade systems or

carbon taxes (Anouliès, 2017; Annicchiarico and Di Dio, 2015; Annicchiarico and Diluiso,

2019; Hassler et al., 2021), we contribute by focussing on mandates for engaging in greening

investment with firms’ own funds.2 In addition we analyse the competition effect.

Second, we add to the heterogeneous firms literature concerned with environmental questions

(Anouliès, 2017; Dardati, 2016; Dardati and Saygili, 2020; Konishi and Tarui, 2015; Qiu et al.,

2018). Whereas one branch of the literature focuses on CO2-reducing policies, such as cap-

and-trade and emissions taxes (Anouliès, 2017; Dardati and Saygili, 2020; Konishi and Tarui,

2015), we contribute by focusing on outright bans. In addition, we add a new transmission

channel in this literature, namely via a competition effect.

Third, our study is most closely linked to a nascent literature linking questions of envi-

ronmental regulation with competition effects. In line with our argument, studies find a

positive relation between green innovation activity following climate policies (or consumer

preferences) (Martin-Herran and Rubio, 2024; Aghion et al., 2023; Bettarelli et al., 2023). In

contrast to the above, however, we investigate this relation in a dynamic macro model with

endogenous entry and exit. Jondeau et al. (2023) build an Integrated Assessment Model

with an abatement sector selling abatement services to other producers. While their key

mechanism equally works via a competition effect that is affected by subsidies, it plays out

only in the small and growing abatement sector, whereas we focus on the role of the com-

petition effect in affecting the required engagement of all firms to invest in greening their

production process. Similar to our empirical part, Srivastava et al. (2024) equally use a novel

firm-level dataset on the UK economy to analyse firms’ green investment decisions. While

finding similar results for the majority of variables, we rationalise our empirical results in a

theoretical model.

In the following, we first describe the data we use and give an overview of the main greening

investment facts that we want to calibrate our model to. In a small model we then show the

two main effects from competition. Consequently, the quantitative model is outlined. The

model dynamics are analysed in the next section. Last, we conclude.

2Note that in contrast to the literature on directed technical change (Acemoglu, 2002; Fried, 2018), we
consider investment efforts more broadly and do not focus only on R&D spending. Also, in contrast to the
green finance literature (see e.g. Ozili (2022) for an overview), we do not focus on the determinants of green
credit supply.
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2 Greening Investment

Data that uncovers firm greening investment at a firm level are hard to find.3 We use a

novel dataset on German firm data presenting three facts on the determinants of greening

investment. We find that firms’ propensity to engage in greening investment increases with

an increase in capital productivity, a decrease in financing constraints and an increase in the

firm’s expected competitiveness under a future green policy.

2.1 Data and Methodology

We use cross-sectional firm survey data on climate investment from KfW’s Climate Barome-

ter (KfW Research, 2022, 2023). The latter is a yearly voluntary firm survey of private SMEs

(defined as yearly turnover of ≤ 500 million Euro).4 The sample is designed so as to equally

represent firms from all combinations of the following categories: macro sector, size (in terms

of employees), East vs. West Germany as well as receiver vs. non-receiver of subsidies from

the KfW Group. We use the resulting unweighted sample of firms. We merge surveys for the

years 2021 and 2022. In the survey, our central variable greening investment is defined as

“[...] investments in measures to avoid or reduce greenhouse gas emissions in your company.

These include investments to save energy or increase energy efficiency, measures to utilise

renewable energies or investments in climate-friendly transport, such as the purchase of elec-

tric vehicles.”.5 When examining what exactly firms’ greening investment comprise, firms

on average invest 66% into measures which we classify as greening the production process,

and the rest into other measures (see Figure 1).6 We take this as confirmation for our proxy

to measure the dimension we are interested in.

From this survey question, we construct three variables of interest. We construct Greening

investment intensity as the share of greening investment relative to total assets (we define a

second logged variable as the log of this ratio). Further, we construct Greening investment

share as the share of greening investment relative to all investment (a log version defined

respectively). Binary greening investment measures if firms have invested in greening invest-

ment during the past year or plan to do so until the end of the next year.

Based on assuming a standard production function Yt = f(At, Kt, Lt), where capital Kt is

3The only other study we are aware of is Srivastava et al. (2024) studying firm greening investment in
the UK.

4This excludes public sector firms as well as banks and non-profit organisations. They comprise sectors
codes WZ2008 641, 84, 94, 97, 98 and 99. For further details see Schwartz and Gerstenberger (2023).

5Translation, original in German.
6One survey question asks firms to indicate which share out of their greening investment they invest into

the above categories.
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Figure 1: Destination of Firms’ Greening Investment

Note: Share of investment (mean of all firms) into every category. “Greening the production process”
defined as the sum of the following categories “energy efficiency in existing buildings”, “energy efficiency
in new builds”, “energy efficiency in process or plant engineering”, “climate-friendly mobility”. “Other”
defined as the sum of “other”, “production or usage of climate-neutral hydrogen”.

measured by assets, Lt is measured by the number of workers and Yt is measured by turnover,

we construct Capital productivity AK,t =
Yt

Kt
as the log of the ratio of turnover over total

assets. We specify further productivity measures which we use for our robustness section

in Appendix A.2. For measuring financing constraints we employ the following question:

“How relevant is a lack of financial resources as an obstacle to the implementation of climate

investments in your company?” We construct a binary measure. Further, we use a measure

for expectations of future competitiveness during the green transformation. Specifically, the

survey question we employ asks: “How do you think the planned transformation of the Ger-

man economy towards climate neutrality will affect the competitiveness of your company?”.

Firms can answer on a scale from 1 to 5 increasing in negativity of expectations. We employ

the variable as a continuous variable in Section 2.2.3. Control variables are the continuous

variables for firm size (measured as number of employees), investment intensity (defined as

total investment/total assets), firm age as well as dummies for the year 2022, macro sectors,

sectors (i.e. NACE letter codes), being located in East Germany as well as energy intensity

(defined as energy cost/total cost in five categories).7

Our dataset consists of 15949 observations, although not all variables are available for all

observations. Firms are predominantly of small size, i.e. 67% of firms have less than 20

employees. Approximately 22% of firms come from the macro sector Manufacturing and

approx. 32% of firms are in Trade (see Table 1). Approximately 37% of firms engage in

greening investment including firms across all sectors (see Table 1).

7Following KfW Research (2022), we split firms into five macro sectors - Manufacturing, Construction,
Services, Trade, Other - from the letter code sectors (see Figure A1).
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Non-investors Investors Total Firms
(% of Absolute) (% of Absolute) (Absolute) (%)

Manufacturing 57 43 3108 22
Construction 66 34 2277 16
Services 64 36 3805 26
Trade 65 35 4589 32
Other 60 40 664 05
Total (Column Sum) 63 37 14443 100

Table 1: Greening Investors according to Macro Sectors

2.2 Greening Facts

We now turn to the three empirical regularities we wish to document in our study. We

show that greening investment is positively related to capital productivity, positively related

to positive expectations of a firm’s future competitiveness during a green transition and

negatively related to the existence of financing constraints.

2.2.1 Productivity

We analyse the relation between capital productivity and greening investment using a simple

linear regression model. Table 2 shows that the log greening investment share increases by

roughly 10-13% with a 1% increase in capital productivity. Since the greening investment

share relates greening investment to all investment, the result shows that greening invest-

ment is related to a higher rise in capital productivity than regular investment. The relation

of productivity to the log greening investment intensity is even stronger (with 21-31%). The

positive relation between investment and greening investment is reflected also in the positive

coefficient for investment intensity (columns (1)-(2)). We interpret this as more profitable

firms having more resources to allow for a longer-term planning perspective. For both mea-

sures, we see that energy intensity is generally positively related to greening investment. The

effect increases with higher degrees of energy intensity. This shows that energy costs and

related investments into energy efficiency are a relevant component of greening investment.

As controls we include standard variables determining firm investment decisions such as firm

size, firm age and sectoral dummies. With the dataset being limited to the years 2021 and

2022, years which saw the effects of the Covid-19 pandemic, we control for these concerns

using year dummies. Last, we include the regional dummy for firms being located in the

East of Germany. In terms of robustness, we document in the Appendix A.2 that a positive

relation holds true also for other productivity measures. We show a positive relation between

binary greening investment and both labour productivity and TFP.
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(1) (2) (4) (5)
Model LRM

Log Greening Log Greening
Dependent variable Investment Intensity Investment Share

Capital productivity 0.313∗∗∗ 0.214∗∗∗ 0.134∗∗ 0.0949∗

(6.29) (4.42) (3.03) (2.22)

Invest. Intensity 4.043∗∗∗ 4.151∗∗∗

(14.09) (13.78)

Energy intensity 0.369∗∗ 0.255∗

(2− < 5%) (3.19) (2.36)

Energy intensity 0.508∗∗∗ 0.321∗∗

(5− < 10%) (3.96) (2.72)

Energy intensity 0.602∗∗∗ 0.321∗

(10− < 20%) (3.75) (2.14)

Energy intensity 0.564∗∗ 0.377∗

(≥ 20%) (2.93) (2.16)

Firm age -0.000226 -0.00110 -0.000825 -0.000929
(-0.26) (-1.16) (-0.95) (-1.06)

Size -0.00217∗∗∗ -0.00184∗∗∗ -0.00138∗∗∗ -0.00132∗∗∗

(employees) (-7.43) (-6.35) (-5.21) (-4.96)

Year 2022 ✓ ✓ ✓ ✓

East Germany ✓ ✓ ✓ ✓

Macro sectors ✓ ✓

Constant -4.591∗∗∗ -4.919∗∗∗ -1.533∗∗∗ -1.750∗∗∗

(-30.08) (-39.48) (-10.57) (-15.39)

R2 0.253 0.260 0.060 0.048
Observations 1138 1027 1067 969

Table 2: Greening Investment Intensity/Share and Capital Productivity

Note: The table shows results from regressing log greening investment intensity (=log(greening invest-
ment/total assets)) and log greening investment (=log(greening investment/total investment)) on capital
productivity (=log(turnover/total assets)) and control variables using a linear regression model (LRM).
Checkmarks indicate dummies included. Estimates for energy intensity relative to the base category < 2%.
t statistics in parentheses. Levels of statistical significance as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2: Funding Source of Greening Investment (%-difference relative all investment)

2.2.2 Financing Constraints

Table 3 shows that roughly 52% of firms in our sample finance 100% of their greening

investment with own funds. Firms finance at the mean 65% of greening investment from

own funds (see Figure A2). In addition, Figure 2 shows that firms employ roughly 17%

less bank credit for greening investment than for all investment indicating worse access to

external financing from banks. This is especially relevant in a bank-based financial system

like the German one where SMEs generally do not finance investments via capital markets.

For greening investment, the mean share is 1% of financing coming from capital markets

(see Figure A2). At the same time, however, they also use more subsidies for greening

investment relative to all investment. Table 5 shows the results from using a logit model to

analyse the relation between financing constraints and greening investment more formally.

We find that the existence of firm financing constraints (a dummy variable) is negatively

related to a firm’s propensity to invest in greening. This holds true across specifications at

least at the 5% statistical significance level when controlling for energy intensity and other

firm characteristics. Due to the relatively small sample size on the greening investment

share we cannot investigate the relative relevance of financing constraints compared to all

investment more formally. In sum, similar to a growing literature (Kaldorf and Shi, 2024),

we find that financing constraints do matter for greening investment. In our structural model

we thus incorporate stylised financing constraints.
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Share of Own Funds used Number of Firms
(4 categories) Total %

0% 191 19.33
> 0− < 50% 122 12.35
≥ 50− < 100% 161 16.30
100% 514 52.02
Total 988 100

Table 3: Share of Own Funds used for Greening Investment Funding

(1) (2) (3) (4)
Logit

Dependent variable Binary Greening Investment
Financing constraints -0.0367∗ -0.0405∗ -0.0561∗∗ -0.0462∗∗

(-2.18) (-2.27) (-3.12) (-2.59)

Invest. Intensity 0.206∗∗∗ 0.194∗∗ 0.147∗ 0.191∗∗

(3.30) (2.85) (2.17) (2.79)

Size 0.000756∗∗∗ 0.000701∗∗∗

(Employees) (4.69) (4.35)

Year 2022 0.148∗∗∗ 0.159∗∗∗ 0.147∗∗∗

(8.06) (8.60) (7.97)

East Germany -0.0628∗∗ -0.0647∗∗

(-3.20) (-3.25)

Energy intensity 0.0717∗∗ 0.0694∗∗ 0.0708∗∗

(2− < 5%) (3.22) (3.07) (3.17)

Energy intensity 0.109∗∗∗ 0.102∗∗∗ 0.104∗∗∗

(5− < 10%) (4.36) (3.98) (4.15)

Energy intensity 0.0653∗ 0.0466 0.0637∗

(10− < 20%) (2.14) (1.51) (2.09)

Energy intensity 0.108∗∗ 0.103∗∗ 0.112∗∗

(≥ 20%) (2.79) (2.61) (2.89)

Macro sectors ✓
Observations 3603 3151 3159 3151

Table 4: Financing Constraints and Greening Investment

Note: The table shows average marginal effects from regressing binary greening investment on a dummy
capturing the existence of financing constraints in a logit regression setup. Checkmarks indicate dummies
included. Estimates for energy intensity relative to the base category < 2%. t statistics in parentheses.
Levels of statistical significance as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.11



2.2.3 Expectations about future Competitiveness

We analyse the effect of expectations of a firm about its future competitiveness during a

green transition and the firm’s greening investment. A simple scatterplot shows that the

share of firms investing in greening decreases in the firm’s assessment of its competitiveness

during a green transition (see Figure 3). Table 5 shows results from investigating this

relation more formally. We use a logit model for binary greening investment. In order

to address the concern that data is censored from below, we further cross-check employing

a tobit specification censored at zero. We use a linear regression model for the greening

investment share. Table 5 shows that the more negative firms’ expectations about their future

competitiveness are, the lower is their propensity to invest and the less they invest. The

result for binary greening investment is highly statistically significant and signs of all control

variables are in line with previous expectations. The result for the investment share indicates

that the amount of greening investment is affected more negatively than all investment. We

acknowledge, however, that the coefficient is only weakly statistically significant and that

the model shows a small sample size and a low R2 value. In sum, the analysis seems to

indicate that firms’ expectations about how green transition policies affect their individual

firm competitiveness in the future has consequences on firm greening investment behaviour

already today. This shows that competitiveness concerns matter for firms’ greening behaviour

during the transition. In order to investigate potential causal mechanisms behind this result,

we build a dynamic heterogeneous firm model and propose a competition channel in Sections

3 and 4.
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Figure 3: Share of Greening Investors and Expectations of a Firm’s Competitiveness during
a Green Transition (expectations worsen from left to right).

Note: The associated survey question is: “How do you think the planned transformation of the German
economy towards climate neutrality will affect the competitiveness of your company?”
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(1) (2) (3) (4) (5)
Model Logit Logit Tobit LRM LRM

Binary Greening Investment
Dependent variable Greening Investment Share
Negative Expected -0.0770∗∗∗ -0.0810∗∗∗ -0.171∗∗∗ -0.0235∗ -0.0951∗

Competitiveness (-10.96) (-10.27) (-10.48) (-2.31) (-2.57)

Firm age 0.00180∗∗∗ 0.00162∗∗∗ 0.00366∗∗∗ -0.000332 -0.000762
(6.38) (5.31) (9.39) (-1.27) (-0.76)

Size 0.00119∗∗∗ 0.00126∗∗∗ 0.00115∗∗∗ -0.000185 -0.000619
(employees) (5.19) (4.79) (7.48) (-1.47) (-1.39)

East Germany -0.0390∗ -0.0446∗ -0.118∗∗ 0.0563 0.179
(-2.25) (-2.30) (-3.00) (1.96) (1.76)

Energy intensity 0.0303 0.0359 0.125
(2− < 5%) (1.36) (1.29) (1.11)

Energy intensity 0.0697∗∗ 0.0885∗∗ 0.357∗∗

(5− < 10%) (2.88) (3.00) (3.08)

Energy intensity 0.0844∗∗ 0.125∗∗ 0.448∗∗

(10− < 20%) (3.04) (3.28) (3.25)

Energy intensity 0.0920∗∗ 0.127∗∗ 0.430∗

(≥ 20%) (2.76) (3.01) (2.38)

Macro sectors ✓ ✓ ✓

Constant 0.390∗∗∗ -1.314∗∗∗

(8.33) (-7.74)
R2 0.065 0.053
Observations 4202 3364 4202 877 877

Table 5: Negative Expectations of Future Competitiveness and Greening Investment

Note: The table shows results from regressing binary greening investment (columns (1)-(3)) and the greening
investment share (columns (4)-(5)) on an indicator of firms’ negative expectations of competitiveness. The
latter is a categorical variable with five options increasing in the degree of negative expectations for firm
competitiveness. The survey question is “How do you think the planned transformation of the German
economy towards climate neutrality will affect the competitiveness of your company?”. Logit regressions
show average marginal effects. Checkmarks indicate dummies included. Estimates for energy intensity
relative to the base category < 2%. t statistics in parentheses. Levels of statistical significance as follows: *
p < 0.05, ** p < 0.01, *** p < 0.001.
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3 Small Model

We illustrate the firm’s greening decision and the effect of competition in a simple two-

period model. We show that, first, a fall in the current period’s competition which brown

firms (laggards) present increases the share of greening investors. Second, more firms engage

in greening investment if they face lower competition in a future green economy. In a

quantitative model (see Section 4) that is calibrated to the German firm data, we quantify

the effects from our policy experiments.

3.1 Model Exposition

In this simple model, firms live for two periods only. Knowing that the policymaker imple-

ments a greening policy with probability κ in the second period which forces non-greeners

to exit, the firm makes a greening decision in the first period.

in the first period (t = 1), firms draw idiosyncratic productivity z1 from a distribution H(z).

If the resulting firm value V is below zero firms exit at the beginning of the second period.

This gives us a productivity cut-off value z̃P (defined by V (z̃P ) = 0), so that firms produce if

z1 ≥ z̃P . Firms produce at fixed cost f and receive profits π1(z1, p), where the aggregate price

is p. Furthermore, firms need to decide if they engage in greening investment at cost c(.) > 0

or if they do not - in which case there is no cost. Firms with more own funds have better

conditions for financing the necessary greening investment - either by using these funds to

finance greening investment (which is what we see in the data in the previous section) or to

secure better financing conditions for external financing (in Appendix B.1 we show this more

formally). In our model, firm own funds can be proxied by profits. We thus incorporate a

cost function c(π1) with a negative relation between profits and greening cost ∂c/∂π1 < 0.

In the second period (t = 2), the respective low-productivity firms with z1 < z̃P exit and do

not contribute to second period output. Remaining firms draw a new productivity z2. With

probability κ > 0, a transition policy is enacted mandating all firms to use a green production

process in the second period. Firms that invested in the first period will produce. Firms

which did not, cannot produce and exit the economy. In case of a green policy enactment

there would be a shock to the number of firms and the resulting price level. Both variables

would change to new values, namely pg for the price level and Ng for the number of firms.

The degree of competition in the economy is reflected by the number of firms N producing

in the economy. We assume that the aggregate price p negatively depends on the degree

of competition, i.e. ∂p/∂N < 0 (as well as ∂pg/∂Ng < 0). Consequently, the degree of

competition has a negative impact on the profit πt of a firm, ∂πt/∂N < 0 (∂π2/∂Ng < 0).
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The firm value of green investors (see (1)) consists of profits minus greening costs in the

first period. With the probability 1 − κ of a green policy not entering into force the firm

receives expected profits in the second period. With the probability κ of a green policy being

enacted, the firm receives expected profits depending on a different price pg. In this case,

all brown firms have to exit instantaneously, lowering the amount of firms in the economy

Ng leading to a new price pg. The firm value of the brown non-investor (see (2)) consists of

profits in the first period and expected profits in the second period only in case of no green

policy implementation.

VI = π1(z1, p(N))− c(π1(z1, p(N))) + κ E π2(z2, pg(Ng)) + (1− κ) E π2(z2, p(N)) (1)

VNI = π1(z1, p(N)) + (1− κ) E π2(z2, p(N)) (2)

A firm’s investment choice thus depends both on idiosyncratic firm productivity (z1 and z2)

and competition (N and Ng), i.e. the amount of competitors in the economy. Firms engage

in greening investment if VI ≥ VNI . After simplifying, the investment condition reads as in

(3).

κ E π2(z2, pg(Ng)) ≥ c(π1(z1, p(N))) (3)

On the left hand side, the benefits of investing are the surplus profits received when investing

and a green policy shock hits relative to the alternative of zero profits in the case of no

investing. Note that these expected surplus profits depend on competition and prices in

an economy with only green firms (pg(Ng)). On the right hand side, the costs of investing

are the greening cost depending on the price and competition in the economy in the first

period. A firm thus decides to invest if the benefits are at least as high as the costs. The

exit conditions are VI < 0 and VNI < 0. Conditional on other variables being exogenous, the

investment cutoff z̃I , i.e. the lowest productivity level at which the firm fulfills the greening

investment condition, is derived using (3) and is given by equation (4). The production

cutoff z̃P , namely, the lowest productivity level at which the firm has a high enough firm

value to produce, can be derived from the brown non-investor’s exit decision and is given by

(5).

κ E π2(z2, pg) = c(π1(z̃I , p)) (4)

π1(z̃P , p) + (1− κ) π2(z2, p) = 0 (5)
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Explanation Functional Form
Production function y = p z
Investment cost function c(π) = c

p z

Profit function π = p z − f

Demand side p = N
1

1−σ

Productivity distribution H(z) =


1

zmax − zmin

, if zmin ≤ z ≤ zmax

0, otherwise
Explanation Parameter Values
Cost of production f 1
Elasticity of substitution parameter σ 3
Cost function parameter c 2
Price (policy experiment) p 0.666

Table 6: Small Model Assumptions: Parameters and Functional Forms

3.2 The Competition Effect

Assuming the functional forms and parameters given in Table 6, we investigate the effect of

competition on the share of investors.

Proposition 1: For a given expectation of a future green policy realisation κ, the incentive

to green is stronger, i.e. the investment cutoff z̃I is lower, if there is less competition today.

Proof. Show that ∂z̃I
∂N

> 0. Using condition (4), we define function F

F (Ng, N, z̃I) = κ (pg(Ng) z̃I − f)− c

p(N) z̃I
(6)

and since σ > 1

∂z̃I
∂N

= − ∂F

∂N

(
∂F

∂z̃I

)−1

=
1

σ − 1

c

z̃I
N

σ
1−σ

(
κpg +

c

pz̃2I

)−1

> 0 q.e.d. (7)

Proposition 2: For a given expectation of a future green policy realisation κ, the incentive

to green is stronger, i.e. the investment cutoff z̃I is lower, if less competition is expected in

the case of a green policy realisation.

Proof. Show that ∂z̃I
∂Ng

> 0. We use function F to show that

∂z̃I
∂Ng

= − ∂F

∂Ng

(
∂F

∂z̃I

)−1

=
1

σ − 1
N

−σ
1−σ
g κz̃I

(
κpg +

c

pz̃2I

)−1

> 0 q.e.d. (8)

We illustrate these findings in Figure 4 which shows the competition effect (Figure 4(b),
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Figure 4(c)) as well as the effect of a change in the green policy probability (Figure 4(a))

in the small model on the greening investment cutoff. For a given productivity level, firms

engage in greening investment if benefits (blue line) are higher than the costs (red line). All

firms with productivity levels higher than (i.e. right from) those at the intersection of both

curves engage in greening investment. If the cutoff value of both curves moves, so does the

amount of greening firms in the economy. Figure 4(a) shows that a higher probability of

a green policy shock being enacted (κ ↑) shifts the greening investment cutoff downwards

and thus increases the share of greening investors. The level of the policy shock expectation

shows with which probability green policies will be enacted in the near future. An increase

in this likelihood changes firms’ expectations thus giving a higher weight to the scenario of a

green economy where all brown firms will exit the economy. The surplus benefit of greening

investment rises and consequently more firms invest in greening today.

Figure 4(b) shows how an increase in competition today (N ↑) increases the investment

cutoff and decreases the number of greening investors. An increase in competition decreases

the aggregate price level; for a given productivity level, decreases profits in the first period π1

and increases costs of greening investment (see the right-hand side of (3)). Thus the share of

greening investors falls. This second graph highlights the main point of our study. If there is

an initially high degree of competition from brown firms that potential green investors face,

there is a negative effect on the amount of greening firms in the economy. In the small model

version, we only show the effect of high competition between brown firms (“laggards”) and

potential greeners that works via financing constraints. In the full quantitative model, we

extend the firm’s greening decision and confirm that this result holds.

Last, Figure 4(c) focuses on the role of expectations about a green economy, i.e. once a green

policy has been implemented. Note that in the small as well as the quantitative model, we

exclusively focus on the situation before the implementation of such a green economy. The

latter thus only enters the firm’s greening decision in the form of expectations. Figure 4(c)

highlights two aspects. First, it describes expectations about a green economy. If the green

policy shock is implemented, all brown firms are forced to exit the economy. This improves

the competitiveness of all remaining green firms and increases the price level (competition

effect). The green economy equilibrium is thus characterised by higher expected profits

(since firms know that pg > p), so that the left-hand side term E π2 is higher than it would

be under the first-period price level p and contributes to a high surplus benefit of greening

investment. This is how the competition effect increases expected surplus benefits of greening

investment (via high expected profits, in contrast to a high κ in Figure 4(a)) and affects the

benefit-side of the greening investment decision. Second, in the small model, we rationalise
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Figure 4: Investment Decision in the Small Model

Note: This figure illustrates comparative statics in the greening investment decision in (3). Figure 4(a),
shows the effect of an increase in the green policy probability κ on the greening investment decision margins.
Figures 4(b), 4(c) show the effect of an increase in competition today and a decrease of competition in
the case of a green policy shock on the greening investment decision margin. Productivity on the x-axis is
normalised relative to the mean.

the positive relation between expectations of future competitiveness and today’s greening

investment (Fact 3) which we uncovered in Section 2.2.3. Lower expected competition in the

case of a green policy shock (Ng ↓) increases expected profits in the policy case and thus the

benefit from today’s greening investment.

4 Quantitative Model

In the following, we outline the quantitative dynamic heterogeneous firms model which we

calibrate to our firm data and use to quantify the effect of expectations and financing policies.

Since we aim to capture the heterogeneity between profitable and unprofitable firms as well

as greening and non-greening firms, we use a baseline heterogeneous firm model (Hopenhayn,

1992; Hopenhayn and Rogerson, 1993) as a foundation.8 We extend the model with a binary

greening decision - the central decision margin of our interest -, and stylized financing costs

which affect the cost of greening investment. Last, the policymaker can implement a green

transition policy - a feature, we use to analyse how the transition unfolds.

8Note that we use a model with persistent heterogeneity since we are interested in long-term greening
investment decisions which persistently alter the firm’s economic situation - compared to models with non-
persistent heterogeneity.
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4.1 Profit Maximisation

Firms aim to maximise their present discounted value of future profits by choosing inputs

into production and optimal entry and exit. All firms choose labour l. Brown firms also

choose a one-directional binary investment decision into greening their production process

(see Section 4.3). Higher labour input increases current output, while increasing greening

investment serves to avoid future cost when a greener production process is mandated under

a possible green policy.

Firms maximise current period profits π(z) given by (9) by choosing labour input l(z) op-

timally, given the production function in (10). Output is denoted by y(z), the labour share

by α and idiosyncratic productivity by z. In order to produce, firms need to pay a fixed

production cost f valued in labour units. The wage w is constant.

max
l

π(z) = p y(z)− w l − fw (9)

y(z) = exp(z) lα (10)

Optimal labour input is the result of equating the marginal benefit of labour input p ∂y(l)/∂l

to the marginal cost of labour w.

p α exp(z) lα−1 = w (11)

4.2 Green Policy

Each period, with probability κ, the policymaker introduces a green policy mandating a

green production process from next period on. Should the policy be mandated, all firms

which will not have invested in greening their production process with the one-shot greening

investment would receive profits of zero in the period and would have to exit the economy.

This results in a new equilibrium with a new price pg. Two remarks are in order. First,

note that, since we are interested in studying today’s greening decisions, we only focus on

cases where this equilibrium never occurs. Expectations about the economy in such a green

equilibrium, however, determine firms’ greening decisions already today. Second, note that

we thus model an extreme case of a green policy shock which, once it materialises, drives all

brown firms out of the economy. This has the effect that there is no competition from brown

firms towards green firms any more since the economy then only consists of green firms.
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4.3 Investment Decision

Every period, non-transitioned, i.e. brown, firms can choose to engage in one-shot greening

investment g ∈ {0, 1} at cost c(π). Firms choose g to maximise the present discounted

value of profits. Once they do so, they transition into the pool of firms which have adapted

their production process, i.e. green firms. This is a one-directional decision and every firm

permanently remains in the group of green firms until it exits the economy.

In line with the empirical greening fact from Section 2.2.2 we incorporate firm financing

constraints into our model. Due to model tractability, we do so in a stylized way analogous

to the small model (see Section 3). We assume that the size of greening investment depends

negatively on profits. In the Appendix B.1 we show how higher firm net worth (which

collapses to firm profits in our parsimonious model) is negatively related to external funding

costs in an extended version of our firm problem which includes capital, debt and financing

constraints. Since more productive firms have higher profits, our parsimonious approach

implies the well-known fact that more productive (proxying for bigger and older) firms face

less financing constraints. It thus holds in (13) that ∂c(.)/∂π < 0, ∂2c(.)/∂π2 > 0.

The value function for current period brown firms follows (12). Every period, brown firms

decide on their greening investment g by maximising (12). In the first case, if the firm does

not invest in greening the firm value is described by (14). This firm receives profits today. In

the following period this firm only receives profits if no greening policy is enacted, i.e. with

probability (1-κ), and again faces the choice of investing in greening or not. In the second

case, if the firm invests in greening the firm value is described by (13). The investing firm

receives profits and pays greening costs once. In the following period, in case of no policy

shock, the firm’s value function is described by (15). This is the green firm’s value function

in every state after the firm transitioned. Last, (16) is the value function in the case of a

green policy being enacted. In our model, (16) describes an equilibrium that never occurs

in the current period but only enters into the firm’s intertemporal decision in expectation.

In this equilibrium, all brown firms exit the economy and thus the aggregate price in this

economy is pg > p. Note that - in line with our empirical section - our model implies that

more profitable firms are more likely to invest in greening.
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VB(z) = max
g

g W1 + (1− g) W2 (12)

W1 ≡ π(z)− c(π(z)) +
1

r
Ez′|z

[
(1− κ) VG(z

′) + κ VG,κ(z
′)
]

(13)

W2 ≡ π(z) +
1

r
Ez′|z

[
(1− κ) VB(z

′)
]

(14)

VG(z) = π(z) +
1

r
Ez′|z

[
(1− κ) VG(z

′) + κ VG,κ(z
′)
]

(15)

VG,κ(z) = π(z) +
1

r
Ez′|z

[
VG,κ(z

′)
]

(16)

4.4 Timing

The timing of the model is as follows.

1. All firms make exit and stay choices. The marginal green and brown producer’s pro-

ductivity values zGs , z
B
s are determined.

2. New firms enter into production based on expected firm value.9 The marginal entrant’s

productivity value zEs is determined.

3. All firms draw productivity.

4. All firms make static labour choices.

5. Brown firms make intertemporal investment choices. The marginal investor’s produc-

tivity value zIs is determined.

6. Aggregation and household decision take place.

7. All firms receive profits.

4.5 Productivity, Entry, Exit and the Firm Distribution

Idiosyncratic firm productivity follows an AR(1) process in logs, where εz ∼ N (0, σz) and

ρz > 0.

log(z′) = ρz log(z) + εz (17)

At the beginning of each period, firms exit if the expected discounted firm value is smaller

than zero. The exit conditions for the green and brown firm are (18) and (19). They define

the production cutoffs for green and brown firms zGs , z
B
s . For green firms, zGs is defined as the

9In the stationary equilibrium, as many firms are entering as were exiting in the first step.
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lowest productivity value for which (18) holds with equality. Analogously for brown firms.

Ez′|z
[
VG(z

′)
]
< 0 (18)

Ez′|z
[
VB(z

′)
]
< 0 (19)

There is an unbounded set of possible entrants. In timing step 2, firms draw an initial

productivity level z0 from the probability distribution ν(z0) and pay a fixed entry cost fe

valued in labour units. Firms enter if the expected value of entering V E(z0), namely the

expected firm value based on the firm’s expected production and investment decisions given

the idiosyncratic productivity shock hitting in timing step 3, equals the entry cost. The

marginal entrant has productivity zEs and determines the entry condition equation (20). If

an entrant’s productivity is z0 < zEs , firms choose to immediately exit again. Firms enter

into the pool of brown firms initially, but can make greening investment decisions in the

same period. Entrants are equal to incumbents in every following period (see next period’s

firm values in (21)).

V E(zEs )− wfe = 0 (20)

V E(z0) = max
g

g WE
1 + (1− g) WE

2 (21)

WE
1 ≡ π(z0)− c(π(z0)) +

1

r
Ez′|z0

[
(1− κ) VG(z

′) + κ VG,κ(z
′)
]

(22)

WE
2 ≡ π(z0) +

1

r
Ez′|z0

[
(1− κ) VB(z

′)
]

(23)

4.6 Household

Households maximise the present discounted value of utility in (24) subject to the aggregate

budget constraint (25). The choice of labour L is static. The choice of consumption C is

intertemporal. The budget constraint states that the spending on consumption plus the

spending on new entrants MV E and bonds B must not exceed the income from labour wL

plus aggregate firm profits Π plus earnings from bond holdings. Households own all firms.

Household decisions are made just before profits are received. Note that u(.) is a continuous,

twice differentiable function which fulfills the Inada conditions and fL > 0.

U(C) = max [u(C)− f(L)] + β E U(C ′) (24)

p C +M V E +B′ = wL+Π+ rB (25)

In a stationary equilibrium, the parameter w is determined by the first-order conditions for

labour w = fL. Since prices are constant in a stationary equilibrium and households and
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firms discount with the same factor, i.e. β = 1/r, the first-order condition for consumption,

uC = βE[r uC′ p/p′], reduces to uC = uC′ . Consumption is constant. We further assume

aggregate demand to be fixed, i.e. D̄ = p C, where C = Y . Labour supply is consequently

given as in (26). Aggregates are defined in Appendix B.2.

Ls = L =
1

w

(
D̄ +MV E − Π

)
(26)

4.7 Equilibrium

Definition. A stationary equilibrium contains aggregate prices p ≥ 0, a mass of entrants

M ≥ 0, value functions VB, VG, policy functions for exit XG(z), XB(z) and for greening

decisions γ(z) as well as the measures of green incumbents µG, brown incumbents µB and

entrants µE, so that

1. the labour market clears: Ls(µG, µB,M ; p) = Ld(µG, µB,M)

2. VG, VB, XG(z), XB(z), γ(z) and w = fZ solve the firm problem in (12)-(16), and where

VG,κ solves the firm problem in a green equilibrium outlined in Appendix B.310

3. the entry condition V E ≥ wfe is fulfilled with equality for M > 0

4. the measures of incumbents evolve according to the laws of motion:

µ′
G = (1−XG) γ µB + (1−XG) µG +M γ µE

µ′
B = (1−XB) (1− γ) µB +M (1− γ) µE

5 Calibration

We calibrate key parameters to match moments of our firm data. The remaining parameters

are either normalised or set to standard values (see Table 7).

First, we set the discount factor β to receive an annual real interest rate of 4%. The curvature

of the labour input in the production function is set to 0.66 - a value which is standard in

the real business cycle literature. Second, we set the fixed cost of production to an arbitrary

value and choose the fixed entry cost as a fraction of production so as to match the entry

rate from German firm data. We use sectoral data for firm entry rates from the Federal

Statistical Office of Germany and weigh each sector with the firm share in our firm dataset

on greening investment.11 This allows us to match the model’s entry rate closely to this

10Note that this equilibrium is never reached in our analysis, but enters into our problem in expectation.
11For the Federal Statistical Office of Germany, see the webportal DESTATIS: https://www.destatis.

de/EN/Home/_node.html.
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weighted empirical entry rate (see Table 8). We choose the functional form for the cost

function to be c(.) = c1
(p y)c2

and match the cost parameter c1 to imply the share of green

investors to match the one in the data (see Table 8) for a given value of c2 and the lowest

policy parameter in our grid (κ = 0.05). Since we analyse the beginning of a green transition,

we thus assign the data to the lowest possible policy probability. Furthermore, together with

the greening parameters, we choose the parameters of the productivity process - mean µz,

standard deviation σz and autocorrelation ρz - to match the firm distribution of green and

brown firms in the data. We construct both size distributions over four bins of equally

spaced intervals over log employees of green and brown firms separately. Figure 5 shows the

brown and green firm size distributions in both model and data. The shape of the green

fim size distribution is matched rather well with the majority of firms located in the first

two quartiles and a peak in the second quartile. For the brown firm distribution the mass is

generally matched with the overall mass in the first two quartiles. Third, we normalise the

remaining parameters as given in Table 7.

Explanation Parameter Values
Standard parameters
Discount factor β 0.96
Risk-free rate r 1/β
Labour share α 0.66
Standard deviation of the productivity process σz 0.1
Mean of the productivity process µz 0
Autocorrelation productivity process ρz 0.85
Matching firm data
Fixed cost of production f 30
Fixed entry cost fe 0.48 × f
Greening investment cost parameter c1 87.8
Greening investment cost parameter c2 0.1
Normalised parameters
Number of productivity grid points Nz 200
Wage w 2
Aggregate demand D̄ 400

Table 7: Full Model: Calibration

Description Moment Data Model
Share of green investors Ni/N 0.3698 0.3684
Entry rate M/N 0.0678 0.0614

Table 8: Full Model: Targeted Moments
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((a)) Brown firm size distribution: data and model ((b)) Green firm size distribution: data and model

Figure 5: Brown and Green Firm Distributions: Model and Data

Note: The figure shows the brown and green firm size distributions comparing our dataset to the model
results. The bins are constructed over equally spaced intervals of log employees.

6 Results

In this section, we show how competition from brown firms hinders the green transition in

the quantitative model. Further, we show how expectations about future competitiveness

positively influence the green transition. Last, we highlight the role of financing constraints

and show the non-linearity of effects for different transition speeds.

6.1 Competition from Brown Firms hinders the Green Transition

In our heterogeneous firm model, we focus on analysing the effect of a green transition

on the firm side and its implications for the number of greening firms. We conceptualise

the transition by thinking that throughout the transition process, all firms will eventually

either become green (by making greening investment) or have to exit the economy until

there are only green firms left (green economy). In order to disentangle the influence of the

competition effect during a green transition, we conduct an experiment that isolates today’s

reduction in the number of firms from additional effects on firm value. We fix the green

policy probability at κ = 0.05 and sequentially remove different shares of the brown firm

distribution - from left to right - thus simulating the changes in greening firms that only

come from the competition effect during a green transition process. Figure 6 shows that

with increasingly removing larger shares of the firm distribution, the aggregate price in the

economy increases (see Figure 6(a)). Due to both an increase in individual firm profits as

well as a decrease in greening costs, the number of greening firms increases (see Figure 6(b)).
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The marginal greener’s productivity shows how the cutoff of the greening decision in the

firm distribution falls simultaneously (see Figure 6(c)).
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Figure 6: Competition Effect in the Quantitative Model: Brown Firm Exit

Note: This figure shows the change in prices (Figure 6(a)) (as a ratio of new/baseline), the increase in
greening firms (Figure 6(b)) (in % relative to the initial amount of greening firms) and productivity of the
marginal greener (Figure 6(c)) from an experiment where different shares of the brown firm distribution
are removed (starting from left to right), thus simulating the exit of brown firms (starting with the least
productive) during a green transition.

6.2 Positive Expectations about Competitiveness in a future
Green Economy increase Greening Investment

In this section, we first show how the policymaker realises a green transition by increasing the

likelihood of a green policy shock happening (κ). We then present our main second result,

namely that we can replicate the remaining finding (Fact 3) from the empirical section.

Policy Experiment Setup. Table 9 shows aggregate and firm-specific moments under a

subset of policy shock values, where all values are normalised to one except for the share

of green firms. With an increase in the green policy probability, the firm value of the least

productive firm drops below zero and the respective firms exit the economy (analogously to

the small model in section 3). This leads to an upward shift of the production cutoffs, a

decrease in the number of brown firms and a drop in brown output. With an increase in

the productivity cut-off, less productive firms are driven out of the economy and average

productivity should increase. At the same time, the greening investment cutoff falls. The

overall effect is thus ambiguous. We see that the average brown productivity falls slightly.

A higher policy probability decreases the benefit of not-investing in the second term of

equation (12), i.e. the non-investor’s gain in case of no policy, whereas the effect on the

investor’s firm value is less clear. It thus makes non-investing less likely.12 The greening

12Here you equally see the main difference between the investment decision in the small model and the
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investment productivity cutoff thus falls, increasing the share of green firms and green output.

The average green productivity increases as well.

Policy probability κ = 0.05 κ = 0.35 κ = 0.55 κ = 0.75
Share of green firms 0.3684 0.8325 0.8531 0.8717
Average green productivity 1 2.8357 3.0895 3.3678
Average brown productivity 1 0.3153 0.2932 0.2724
Number of green firms 1 3.0065 3.2962 3.6152
Number of brown firms 1 0.3529 0.3311 0.3104
Green output 1 2.5964 2.8209 3.0719
Brown output 1 0.2614 0.2410 0.2223

Table 9: Full Model: Aggregate Moments at Different Levels of the Green Policy Probability

Note: This table shows aggregate moments from comparing stationary equilibria with different green policy
shock probabilites. Note that all variables are normalised to 1 for κ = 0.05 except for the share of green
firms.

Expectations about the Green Economy. In the following, we show that an increase

a firm’s future expected competitiveness in a green economy increases the greening invest-

ment share today - for high values of the green policy probability. In this experiment we

thus replicate the qualitative results from our empirical section on expectations about future

competitiveness (see Section 2.2.3). In an alternative scenario to the standard policy ex-

periment outlined above (the dark green line/“no expectations” in Figure 7(a)), we replace

VG,κ by VG in (13). This means that potential greening firms do not expect a green economy

without competition from brown firms after the policy shock has happened. However, firms

now expect firm value determined in an economy with all brown firms, i.e. more competition

than in the green economy. We thus model a scenario where firms expect less favourable

conditions concerning their competitiveness. When comparing the difference between the

baseline (= lower competition) with the alternative scenario (= more competition), we find

in Figure 7(a) the greatest impact of a change in expectations about future competitiveness

on the right of the graph. These are scenarios where the greening policy probability is high.

A high greening policy probability weighs the term on expectations about the green economy

equilibrium in the potential greening firm’s value function more. Figure 7(b) shows that the

more relevant expectations become in the firm’s greening decision, the higher is the percent-

age point increase of the greening firm share coming from the difference in expectations.

Quantitatively, we find that for a green policy probability of more than 50%, the increase in

quantitative model. While in the decision in the small model, we were able to cancel the terms with (1−κ),
this is not possible in the quantitative model where we are more specific about what happens to both types
of firms in the case of no green policy shock.
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Figure 7: The Influence of Positive Expectations about a Green Equilibrium on the Greening
Firm Share

Note: Figure 7(a) shows the share of greening firms in the baseline case compared to an alternative case
without positive expectations about firm competitiveness in a green equilibrium. In the alternative case
expected firm value in a green economy (VG,κ) is replaced by the firm value in the baseline economy (VG)
in the brown firm’s value function (13). We thus show the difference in the share of greening firms (Figure
7(b)) when comparing an economy without positive expectations about green firm competitiveness in a
green economy with an economy with positive expectations (= baseline). Note that in the green economy,
all brown firms have to exit, reducing the competition for green firms (previously coming from brown firms)
and improving the remaining green firms’ competitiveness.

the greening firm share due to positive expectations about firm competitiveness in a green

economy lies between roughly 2-6%.

6.3 Easing Financing Constraints raises Greening Investment

In the following, we show results from lowering financing constraints for potential greening

investors and the effect it has on the share of greening firms. In this experiment, greening

costs are reduced by 50%. We compare the share of green firms and the loss in brown

output across different green policy probabilities. A decrease in greening costs decreases

costs of greening investment and thus increases today’s firm value of potential investors.

This lowers the productivity cutoff of greening investment and thus increases the share of

greening investors. Figure 8(a) shows that this effect is most dominant at the beginning

of the transition, i.e. with low green policy probabilities. Greening costs in our model are

thus a barrier especially at the beginning of the transition. An increase in greening firms

of initially roughly 20%-points comes at the cost of a loss in brown output of roughly 40%.

For higher values of the policy probability, the brown output loss stabilises at a still very
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high level of 5-10%. We see strongly non-linear reactions. The trade-off between the loss in

brown output and the increase in green firms is strongest for low policy probabilities.
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Figure 8: The Influence of Financing Constraints on Greening Firm Share and Brown Output

Note: The figure shows the share of greening firms (Figure 8(a)) and the brown output loss (Figure 8(b))
over different policy probabilities from an experiment of reducing greening costs by 50% for all firms. The
output loss is computed as the difference between the equilibrium with 50% less greening costs and the
baseline case relative to the baseline case.

6.4 The Speed of the Transition

In this section, we suggest how to think about the effect of the speed of the transition on

the economy with the use of the quantitative model. In this experiment we simulate an

instantaneous radical green transition where all brown firms are forced to exit the economy

immediately. We conduct this experiment for different degrees of the green policy probability,

i.e. different probabilities with which firms expect a transition to happen. We then compare

the effect of this exit on key variables with the baseline state of the economy before the

experiment - for the fixed green policy probability. We thus compare an economy with both

brown and green firms (high degree of competition) with an economy with only green firms

(low degree of competition).

This experiment offers several insights. First, it shows the workings of the competition

effect in another experiment. Figure 9 shows that the price level in the economy increases

following the outlined experiment (see Figure 9(a)). The price level is negatively related to

the number of firms and output in our model. Following a forced exit of all brown firms,

both the number of firms and output fall, leading to an increase in prices. The remaining

firms thus experience an increase in profits. Due to a negative relation of greening cost and
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firm profits (see Section 4.3), greening costs for individual firms fall. Figure 9(a) shows how

greening costs are permanently lower than in the baseline. Figure 9(b) shows the resulting

change in the amount of greening firms relative to the initial amount of green firms.

Second, the effect of competition is non-uniform across different stages of the transition. The

green policy probability in our model reflects firms’ expectations about the implementation

of future transition policies. And firms react based on these probabilities, i.e. expectations.

The continuum over different probabilities of the green transition policy being enacted in the

following period, can thus be interpreted as different stages of the transition process. For a

low green policy probability, agents do not expect a green transition policy being enacted in

the following period. If such a policy is enacted, it thus represents an extreme case of a fast

transition. This results in enormous costs and gains. The loss in output is 55% and the rise

in greening firms is roughly 60%. Such a transition seems not to be realistic scenario. For

a high policy probability, on the contrary, agents already expect a green transition policy

being enacted in the following period with almost certainty. The transition has already taken

place and a subsequent enactment of the green policy represents one of the last steps in a

slow transition. However, our model still predicts sizeable losses in output of around 3% in

the last probability value and increases in the share of greening firms of similar amount.
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Figure 9: Competition Effect in the Full Model: Extreme Transition

Note: This figure shows the change in prices (Figure 9(a)) (in %), greening cost (Figure 9(b)) (in %) and
output lost (in %) (Figure 9(c)) from an experiment where all brown firms are forced to exit the economy
relative to an economy with both green and brown firms when keeping the green policy probability fixed.

7 Conclusion

We have analysed the role of competition between green and brown firms for heterogeneous

firms’ investment into greening the production process. In our empirical analysis, using a

novel dataset on German firm data, we found three motivational facts. The more productive
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and less financially constrained firms are the higher their propensity to invest into greening.

These two facts are used to motivate our quantitative model. The third empirical fact shows

that the propensity of firms to green is higher for firms with positive expectations about

their future competitiveness in a green economy. The third fact was rationalised in our

quantitative model. We built a heterogeneous firm model with endogenous entry and exit

in which a firm’s binary decision to engage in greening investment positively depends on

productivity. We showed, that in our model a decrease in competition (i.e. the number of

firms producing) increases the price, firm profits, lowers greening costs and thus increases the

incentive to engage in greening investment. Furthermore, we showed that when incorporating

positive expectations about a firm’s future competitiveness, the share of greening investors

is higher. More specifically, for a high probability of a green economy in the next period, the

share of investing firms was shown to increase by 2-6% when taking positive expectations

into account.
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Appendix

A Empirical Analysis

A.1 Data Cleaning

We use four macro sectors from the KfW Climate Barometer, which are defined as follows:

Macro sector WZ-codes

Manufacturing 10-33, 58, 95

Construction 41-43

Trade 45-47

Services 37-39, 49-53, 55, 56, 59-66, 68-75, 77-82, 85-88, 90-93, 96

Other 1-3, 5-9, 35-36

Table A1: Definition of Macro Sectors

Note: The underlying data uses the German industry classification WZ2008 which is al-

most identical to NACE Rev.2 2-digit industry codes. For the specific differences see

https://www.destatis.de/DE/Methoden/Klassifikationen/Gueter-Wirtschaftsklassifikationen/

Downloads/klassifikation-wz-2008-3100100089004-aktuell.pdf?__blob=publicationFile, p.17

A.2 Additional Empirical Results

Based on assuming a standard production function Yt = f(At, Kt, Lt), where capital Kt is

measured by assets, Lt is measured by the number of workers and Yt is measured by turnover,

we construct two more productivity measures. First, we construct labour productivity AL,t =
Yt

Lt
as the log of the ratio of turnover over employees. Second, we construct a measure of

sectoral total factor productivity (TFP), i.e. At, using industry-wide estimates for the

output elasticity of capital and labour from CompNet (2020). We construct TFP for firm

i in sector j as TFPij = log(turnoveri) − αj log(totalassetsi) − βj log(employeesi), where

αj, βj are 2-digit industry-wide estimates for the output elasticity of capital and labour from

OLS estimation of revenue-based translog production functions at the 2-digit industry level

provided by CompNet (2020). Industries are 2-digit NACE code industries.

Using conventional measure of labour productivity. Figure A1 shows in a simple scatterplot

that labour productivity is strictly positively correlated with the share of firms investing in

greening.
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Figure A1: Share of Greening Investors over Labour Productivity (deciles)

Note: Figure A1, shows the share of firms engaging in greening investment over labour productivity

(log(turnover/employees)) deciles.

Using the more general binary greening investment to analyse TFP, Table A2 shows that an

increase of TFP by 1% is associated with a probability increase of 2-3%-points of engaging

in greening investment. Furthermore, bigger, older and more energy intense firms are more

likely to invest, as are firms located in West Germany.
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(1) (2) (3) (4) (5) (6) (7)

Model Logit

Dependent variable Binary Greening Investment

TFP 0.0227∗∗∗ 0.0289∗∗∗ 0.0275∗∗∗ 0.0268∗∗∗ 0.0154 0.0260∗∗∗ 0.0340∗∗∗

(3.88) (6.16) (4.26) (3.82) (1.91) (3.34) (6.04)

Size 0.000497∗ 0.000422∗ 0.000600∗∗

(employees) (2.36) (2.29) (2.62)

Year 2022 0.162∗∗∗ 0.160∗∗∗ 0.151∗∗∗ 0.166∗∗∗ 0.165∗∗∗ 0.155∗∗∗ 0.166∗∗∗

(7.50) (7.42) (5.58) (6.56) (6.59) (6.76) (7.72)

East Germany -0.0590∗∗ -0.0520∗ -0.0792∗∗ -0.0763∗∗ -0.0659∗ -0.0511∗ -0.0504∗

(-2.70) (-2.35) (-2.84) (-2.93) (-2.53) (-2.17) (-2.29)

Firm age 0.00199∗∗∗ 0.00126∗∗∗ 0.00242∗∗∗

(6.06) (3.67) (8.30)

Energy intensity 0.0516 0.0507

(2− < 5%) (1.59) (1.87)

Energy intensity 0.115∗∗ 0.107∗∗∗

(5− < 10%) (3.18) (3.48)

Energy intensity 0.0482 0.110∗∗

(10− < 20%) (1.05) (2.85)

Energy intensity 0.136∗∗ 0.142∗∗

(≥ 20%) (2.59) (3.24)

Invest. Intensity 0.242∗ 0.253∗∗ 0.260∗∗

(2.43) (2.74) (2.83)

Macro sectors ✓ ✓ ✓ ✓

Observations 2368 2317 1468 1666 1666 2013 2317

Table A2: Binary Greening Investment and TFP

Note: The table shows average marginal effects of regressing a binary greening investment measure on

TFP (constructed using industry-wide estimates for output elasticity of capital and labour from CompNet)

and control variables using a logit model specification. Checkmarks indicate dummies included. Estimates

for energy intensity relative to the base category < 2%. t statistics in parentheses. Levels of statistical

significance as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
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B Quantitative Model

B.1 Financing Constraints

In this section we show how the intuition for stylized financing constraints can be derived

when augmenting the firm problem with capital k and borrowing b. In addition to the

assumptions from the main paper, firms make capital choices and can borrow at price q.

Financial frictions are introduced with a standard borrowing constraint (31), following Jo

and Senga (2019) and dividends D cannot be negative. The discount factor of capital is

δ, the Lagrange multiplier of the borrowing constraint λ > 0 and the leverage factor of

borrowing is θ. The inter-temporal firm problem now comprises idiosyncratic states z, k, b

and the firm value is denoted V .

We shown that there is a negative relationship between the firm’s cash-on-hand (which

collapses to profits in our quantitative model in the main section) and the cost of financing.

V (z, k, b) = max
l, k′, b′

{
p y − w l − fw − qb+ (1− δ)k + b′ − k′ + βEV (z′, k′, b′)

}
(27)

s.t. (28)

D ≥ 0 (29)

yi = exp(z) lαkγ, α+ γ ≤ 1 (30)

b′ ≤ θk′, θ ∈ [0, 1] (31)

The first order conditions with respect to labour, capital and borrowing are found as follows.

p α exp(z) lα−1 = w (32)

βE
[
p ∂y(z′, k′)/∂k′ + (1− δ)− θλ

]
= 1 (33)

q = λ+ β (34)

We define cash-on-hand m as follows. Note that for a given productivity level, labour is

determined as well and cash-on-hand m(k, b) depends on capital and borrowing.

m(z, k, b) = p y − w l − fw − qb+ (1− δ)k (35)

Following Jo and Senga (2019), we determine a threshold level m̄ above which firms have

enough cash-on-hand to be unconstrained and below which firms are constrained. Con-

strained firms do not pay dividends so that the threshold is found by focusing on optimal
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capital choices k∗ and substituting the binding borrowing constraint into the

0 = m+ θk − k (36)

m̄(k) = (1− θ)k∗ (37)

For a constrained firm at given productivity (see (38)) it thus holds that cash-on-hand lies

below the threshold level and debt financing costs q are higher than for an unconstrained

firm (see (39). The constrained firm’s additional cost of financing arises due to the binding

borrowing constraint (which implies that λ = 0). The additional wedge in the cost of bor-

rowing that a constrained firm faces (relative to an unconstrained firm) is thus the additional

cost that comes precisely from the constrained firm’s status. Note further, that the more

constrained a firm is, the higher the Lagrange multiplier on borrowing λ and the higher the

financing costs.

constrained firm : m < m̄ ⇒ q = λ+ β (38)

unconstrained firm : m > m̄ ⇒ q = β (39)

In our model in the main paper, cash-on-hand is represented by profits alone (and cash-on-

hand collapses to profits without this section’s extensions). We have thus shown that there

is a negative relationship between the firm’s period-resources (cash-on-hand or profits) and

the cost of financing when financing constraints matter.

B.2 Aggregation

We denote as HG(z) and HB(z) the distribution of green and brown firms.

Aggregate costs comprise costs by new investors - coming both from the group of incumbents

(first summand of (40)) as well as entrants (second summand of (40)).1

Cost =

∫ ∞

zIs

c(π(z)) dHB(z) +M

∫ ∞

zIs

c(π(z)) dν(z) (40)

1Note that all aggregation happens at step 6 when this period’s investment and production decisions
have been made.
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Aggregate labour demand comprises variable and fixed labour demand of incumbent investors

and non-investors as well as entrants’ labour demand and fixed entry costs.

Ld =

∫ ∞

zGs

[l(z) + f ] dHG(z) +

∫ ∞

zBs

[l(z) + f ] dHB(z) +M

∫ ∞

zEs

l(z) dν(z) +Mfe (41)

Aggregate output comprises output by investors and non-investors as well as entrants’ out-

put.

Y =

∫ ∞

zGs

y(z) dHG(z) +

∫ ∞

zBs

y(z) dHB(z) +M

∫ ∞

zEs

y(z) dν(z) (42)

Aggregate profits Π are found as follows in terms of aggregate variables.

Π = pY − wLd(µG, µB,M)− Cost (43)

B.3 Green Equilibrium

Definition. A green stationary equilibrium contains aggregate price pg ≥ 0, a mass of

entrants M g ≥ 0, a value function VG,κ, a policy function for exit Xg
G(z) as well as the

measures of incumbents µg
G, and entrants µE

g , so that

1. the labour market clears: Ls(µg
G,Mg; pg) = Ld(µg

G,Mg)

2. VG,κ, X
g
G(z) and w = fZ solves the firm problem in (16)

3. the measure of green incumbents evolves according to the law of motion:

µg
G
′ = (1−Xg

G) µ
g
G +M g µE

4. the entry condition V E
g ≥ wfe is fulfilled with equality for Mg > 0, where it holds that:

V E
g (z0) = π(z0) +

1
r
Ez′|z0

[
VG,κ(z

′)
]
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