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ABSTRACT

We propose a simple framework for modeling abatement decisions by regulated polluters in a carbon
pricing regime, when firms can reduce emissions both by controlling product output and by adopting new
environmental technologies incrementally. Previous literature only focuses on output control with all-or-
nothing innovation, thereby overlooking the strategic decision of the optimal amount of innovation that must
be adopted to minimize abatement costs. In this paper, we allow for regulated firms nesting incremental
innovation steps into the abatement process. We show that, in equilibrium, for the firm it is optimal to mix
innovation and output control, abating more by means of the strategy that is more cost effective. Since the
marginal cost of abating via output control increases with technological deepening, over time firms deal with
carbon pricing by abating disproportionately more by means of innovation. Increased carbon pricing may
amplify this pattern, thereby widening technological asymmetries between firms and countries. Econometric
analysis on a large sample of firms under the EU-ETS provides empirical evidence consistent with the main

implications of the model.

1. Introduction

The reduction of pollutants caused by industrial production is one
of the key challenges for environmental policy. Existing empirical
evidence (e.g., Shapiro and Walker (2018) and Najjar and Cherniwchan
(2021)) has showed that most of the clean-up effect of environmental
regulations imposing carbon pricing takes place through the diffu-
sion of green innovations, intended as new technologies that allow
firms to reduce pollution per unit of output, including new end-of-
pipe technologies (i.e. technologies reducing pollution at the end of
the pipe, such as scrubbers to be put on smokestacks) and process-
integrated technologies (e.g. fuel-saving engines). Yet, recent evidence
also shows that cross-firms differentials in environmental efficiency (as
measured by input-to-emission ratios) remain very high even within
narrow product-sectors and under a same carbon pricing regime (Belloc
and Valentini, 2024). While most of the previous literature has explored
such heterogeneity looking at the external barriers to environmental
technology adoption (e.g. De Haas and Popov (2023)), still poor is our

understanding of the fundamental mechanisms driving new technology
adoption under carbon pricing and why the incentives to introduce
greener technologies into the production process may change from firm
to firm.!

The extent to which a regulated polluter responds to carbon pric-
ing by adopting a greener technology is difficult to predict ex-ante,
because it depends on how the new technology affects the cost of
pollution abatement at the level of the individual firm. The literature
on how environmental technologies affect the cost of abating pollution
is ambiguous. On the one side, the traditional take on this issue is
that environmental innovation (i.e. the adoption of clean technologies
new to the firm) reduces marginal abatement costs at all pollution
levels (Fischer et al., 2003; Montero, 2002; Palmer et al., 1995; Requate
and Unold, 2003; Calel, 2020). On the other side, a more recent
literature has shown that innovation adoption may increase the slope of
the marginal abatement cost curve while shifting it to the left (Bauman
et al., 2008; Bréchet and Jouvet, 2008; Amir et al., 2008). This con-
troversy has important policy implications. Indeed, when the regulator
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imposes some cost of pollution (e.g. a carbon tax), cost-minimizing
firms always pollute less after innovation than before according to the
traditional approach, whilst pollution may be higher after innovation
according to the more recent literature.

Both these approaches implicitly assume that technology adoption
is an all-or-nothing action, with green technology being an indivisible
hardware that is either adopted or not adopted by the firm. Loosely
speaking, innovation is modeled as a 0/1 variable and innovative firms
are all innovative to the same extent, i.e. they all use the same amount 1
of the new technology. Behind this assumption there is the idea that the
firm can either shrink output under the default technology or innovate
once for all and then shrink output under the new technology. This
equals to say that the two abatement strategies (output control and
innovation) cannot be implemented simultaneously by the firm in a
same time period. In more formal terms, once an innovation is adopted
and the production process is changed accordingly, the firm will switch
to a new marginal abatement cost curve, which only plots the marginal
abatement costs of output control under the new technology.

In this paper, we propose a third view. Most environmental tech-
nologies can be introduced into the production process incrementally,
thereby allowing the firm to measure out the amount of innovation
along a granular (to the limit, a continuous) scale.? This has two
important consequences. One is that the marginal abatement cost curve
of output control increases its steepness at each step of the technology
adoption process, i.e. after each unit of innovation is introduced. This is
because each unit of innovation, by making production more environ-
mentally efficient, increases the amount of output (and hence profits)
the firm has to sacrifice in order to yield a same amount of abatement
(Perino and Requate, 2012). The second is that the process of tech-
nology adoption will have its own, independent marginal abatement
costs, which reflect the increasing cost of additional units of innovation
(each associated to some fixed level of technology-induced abatement,
output being equal). As a result, a firm dealing with a regulatory
constraint (whether it is a Pigouvian tax or an emission standard)
has the possibility to implement a mix of abatement strategies, i.e. to
innovate and to control output simultaneously and to different extents.
The compliance cost minimization problem, therefore, can be seen as
“richer” than in previous literature. In our view, the firm has not only
to set the optimal amount of abatement (with or without innovation),
but it also has to set the optimal amount of innovation.

Based on this premise, in the paper we rationalize with simple
algebra why cost minimizing firms may indeed combine different levels
of both innovation and output control. In a dynamic perspective, our
model may be seen as taking a longer-run view on abatement strategies
with respect to previous models, by looking at how regulated firms
mix incremental innovation steps and output control over time, whilst
the conventional approach so far has been one in which firms play
in a one-shot (i.e. a very short-run) innovation environment.®> The
longer-run perspective allows us to highlight that, since the marginal
cost of abating via output control rises with technological deepening,
over time firms may tend to abate progressively more by means of
innovation. Related to this, we also show that increases in carbon
pricing (whether it is due to a carbon tax, to a sanction in a command-
and-control system, or to a permit price in an emission trading scheme),
by inducing more innovation, may widen cross-firm asymmetries in
the rates of clean technology adoption. To test the empirical validity
of our theoretical arguments, in the paper we run a simple regression

2 Previous literature models innovation as a continuous variable in frame-
works different from the one presented in this paper (e.g., Di Maria and
Smulders (2017)).

3 For instance, Perino and Requate (2012) make a point about new tech-
nology adoption increasing the slope of the marginal abatement cost curve,
but they focus on short-term curves without modeling the optimal mix of
abatement strategies of regulated firms.
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analysis for the case of the European Union Emission Trading System
(EU-ETS), which introduces a source of carbon pricing in the form
of emission permit price. The analysis of the emission behavior of a
large sample of firms regulated under the EU-ETS provides empirical
evidence consistent with the main predictions of our model.

Our paper, therefore, offers new insights on the relationship be-
tween pollution abatement and investments in clean innovation (e.g.,
Requate and Unold, 2003; Bauman et al., 2008; Bréchet and Jouvet,
2008; Amir et al., 2008). In particular, it moves a step ahead with
respect to the approach in which innovation is some form of invest-
ment shifting the marginal abatement cost curve at all pollution levels
without altering its curvature (e.g., Phaneuf and Requate, 2017). In
fact, in this literature, the possibility of the firm to set the degree of
adoption of a new technology (i.e. continuous innovation) is treated
as a special case and how the marginal abatement cost curve changes
along with technological deepening remains unexplored. If any, firm
heterogeneity is introduced by assuming that firms differ in their fixed
adoption costs when taking discrete innovation decisions. To the best
of our knowledge, there are no models analyzing how much polluting
firms invest in incremental (or continuous) new abatement technologies
when they are at different levels of the innovation scale.

In addition, our paper adds to the literature on clean technology
adoption and environmental regulation more broadly (e.g., Shapiro and
Walker (2018), Najjar and Cherniwchan (2021), Calel (2020)).* In a
recent work, Chang et al. (2023) propose a growth model where carbon
pricing exerts both innovation effects and downsizing effects, with the
relative size of these effects depending on the stage of sectoral reallo-
cation from dirty to clean sectors. Looking at the firm-level dimension,
our paper provides a more nuanced picture, in which the effect of
carbon pricing on abatement via innovation relative to abatement via
downsizing depends on the firm-level degree of technological deepen-
ing (i.e. the degree of adoption of clean technologies), this implying
that the effects of carbon pricing on technology adoption should be
expected to be heterogenous also across firms at different stages of
technological sophistication. It follows that environmental regulation
should account for such heterogeneity, if technological convergence has
to be promoted.

The rest of the paper is organized as follows: Section 2 presents
the formal model, Section 3 provides the empirical evidence, Section 4
concludes with some policy insights.

2. Theoretical framework
2.1. A graphical example

A firm produces output with a bundle of inputs, causing pollution
(e.g. carbon dioxide emissions). The firm is subject to an environ-
mental regulation (say, a linear Pigouvian tax) which implies that
the firm must pay a fixed tax for each unit of emissions. To keep
things simple, assume that the pollution tax is given and that it is not
changed by the regulator in the short-run. A profit maximizing firm
will want to minimize compliance costs. The result is that, starting
from the business-as-usual (BAU) level of emissions, the firm will abate
emissions as long as the marginal abatement cost is lower than the
cost of emissions. Absent environmental innovation (intended as any
modification of the production process resulting in lower emissions per
unit of output), emissions can be reduced only by shrinking output
under the default technology. Under the assumption that variations in
a firm’s output do not reflect into variations in product prices (i.e. the
demand of goods faced by the individual firm is sufficiently elastic),
lower emissions means lower profits. The marginal abatement cost
(MAC) curve is the first derivative of the profit function with respect to
emissions (McKitrick, 1999). Let us refer to the MAC curve associated
with output control under the default technology as MACP.

4 Teixid6 et al. (2019) survey the empirical literature on the effects of the
EU-ETS on clean technological change.
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Fig. 1. Abatement with all-or-nothing innovation.

Look at Fig. 1. We start by assuming that the regulator sets a
Pigouvian tax in such a way that the firm, absent any innovation, will
abate its emissions via output control from the BAU level in point B
down to the level in point D, which corresponds to some given public
policy target (e.g. a socially optimal level of emission). That is, in
correspondence of point D, MACP intersects the horizontal line of the
cost of emissions.

Suppose now that a new environmental technology becomes avail-
able. Initially, let us follow the standard approach, according to which
innovation is an all-or-nothing action that, if taken, changes the entire
MAC curve, thereby leading the firm to face a new curve, denoted by
MACT .

The standard framework posits that the adoption of an environmen-
tal innovation reduces the marginal abatement cost for all pollution
levels, which means a reduction in the slope of the MAC curve with
respect to before innovation, as shown in Fig. la. After innovation,
the firm will abate its emissions until point F, to the left of point D.
Compliance costs before innovation are OACB. Compliance costs after
innovation are lower, namely equal to OAEB. By reducing output after
adopting the new technology instead of doing it before innovation, the
firm will gain in terms of reduced compliance costs by the area BCE.

The new technology, however, may determine a different MAC”
curve, namely one that is shifted left and has a higher slope with respect
to MACP. This is a reasonable outcome if the adoption of the new
technology implies a fixed drop in emissions and at the same time
makes abatement via output control more costly than before (because,
thanks to the new technology, each unit of output is now associated
to a lower amount of emissions). This alternative case is represented
in Fig. 1b. In this other situation, after the firm has adopted the new
technology, in equilibrium it will abate until point H, which is to the
right of point D. Compliance costs before innovation are OACB, while
compliance costs after innovation are now OAGL. Still, compliance
costs are reduced after innovation (notice, however, that a MACT
curve with higher slope and/or with a smaller shift may determine
higher compliance costs than before innovation; in such case, being
carbon pricing unchanged, we should expect that innovation would
not be adopted). Here, abated emissions are lower than those abated
before innovation and a trade-off between private and social optimal
abatement may emerge. Indeed, while point D is not longer optimal
after innovation, the socially optimal level of emissions may continue
be to the left of point H, if the total external damage due to the
increased pollution after innovation is higher. This adverse effect could

be addressed by imposing a quantity-based regulation (i.e. a fixed limit
to allowed emissions under a command-and-control regime, in the new
social optimum), thereby reverting the usual ranking of environmen-
tal policy instruments (which sees market-based instruments before
pollution standards).®

The contrast between the results from these two approaches criti-
cally depends on the assumption that innovation cannot be portioned.
Suppose instead that the new technology is divisible and that a firm can
adopt any amount of the new technology, possibly along a large range
of levels of innovation. A close to ideal example is scrubbers to be put
on smokestacks in a very large factory. The firm can adopt as many
scrubbers as it wants, from zero to a very high number. Assume that
the cost of the first scrubber is very low (nearly zero), whilst the cost of
introducing additional scrubbers increases due to the use of funds that
the firm would have otherwise employed for more profitable uses.

In this third scenario, a firm has the possibility to mix innova-
tion and output control, both implying increasing marginal abatement
costs. On the one hand, the marginal abatement costs of innovation
are increasing because of the increasing cost of adding more pieces
of innovation to the production process. On the other, the marginal
abatement costs of output control are increasing because of two mech-
anisms: first they increase because of the “baseline” increasing cost
of additional reductions in output (i.e. with innovation levels being
equal), second they increase due to the increasing cost of reducing
output after incremental steps of innovation.

In graphical terms, this leads us to Fig. 2. In particular, in Fig.
2a we plot what happens when a firm implements discrete steps of
incremental innovation. To simplify the graphical representation of our
argument, we disentangle the marginal costs functions of innovation
and output control as they were associated to two different MAC curves,
with the MAC curve referred to innovation denoted by MACM and
the MAC curve referred to output control after each innovation step
denoted by MACT. As it is easy to see in Fig. 2a, each innovation

5 What we have described is just an example. Other types of MAC? curves
in Fig. 1b may determine different outcomes (see Perino and Requate (2012)).
Indeed, pollution level after innovation will be lower than before, if the MACT
curve intersects the horizontal line of the cost of emissions to the left of
point C. It might also be the case that the fixed abatement due to innovation
(i.e. segment LB in Fig. 1b) is small enough to make total compliance costs
after innovation higher than before, thereby inducing the regulated firm to
abate emissions via output control under the default technology.
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Fig. 2. Abatement with incremental innovation.

step has an increased cost and causes a fixed drop in pollution (output
being equal); moreover, at each innovation step the slope of MAC”
increases. The firm combines the two strategies in order to minimize
total compliance costs, i.e. when innovation can be introduced incre-
mentally for the firm it is optimal to both introduce some degree of
innovation and downsize output. In Fig. 2b, we simply boil together
the two marginal cost functions in a continuous setting. The resulting
MAC curve is denoted by MACNT. The firm will abate its emissions
until point N, which corresponds to a lower emission level and lower
compliance costs than before innovation.

2.2. The model

Consider a representative firm, which produces a desirable output
with a bundle of inputs and generates some form of pollution. Carbon
pricing is introduced, causing positive compliance costs for the firm un-
der the business-as-usual. Hence, the firm is required to abate polluting
emissions to some extent in order to ensure profit-maximization.

Denote with a the abatement level of polluting effluents x by the

representative firm, starting from the business-as-usual pollution level
xBAU, i.e.

a=x - X (€Y

where x is the chosen (actual) level of emissions of the firm.

Suppose that the firm can abate its emissions in two ways. One is
reducing output (or output control), given the technology (i.e. given
the level of innovation). The corresponding abatement level is ay.
The other one is technology adoption, i.e. the adoption of new or
additional pieces of technology that reduce the level of emissions the
output being equal. The corresponding abatement level is ay. The
two strategies differ in terms of efficiency coefficients: m; denotes the
baseline efficiency coefficient associated with output control and my
the efficiency coefficient of the new environmental technology (m; can
be greater or lower than my).

The abatement cost functions associated with the two strategies are
respectively
Cr = %aiz(a,v) and Cy = mTNa%V+%a?ri(aN) @
where my; > 0 (with H = T, N) and A(ay) is a positive function of ay
capturing the influence of new technology adoption on output control
costs (with A'(ay) > 0 and 2”(ay) < 0). To simplify the notation, we

assume that all the units of innovation generate the same abatement.®
The marginal abatement cost functions are the first derivatives of (2).
They write
% =mpapMay) and ﬁ = mNaN+%a§.A'(aN) 3

The regulated firm chooses the optimal level of emissions that
minimizes its compliance costs. This equals maximizing total abatement
subject to a set of constraints (i.e., the cost minimization problem can
been seen as the dual of an abatement maximization problem), as
follows:

max  ar+ay 4
{ar.an}
. _ mr 5.
s.t. [il apmpi(ay) =aymy+—-ari(ay)

2
[ii]] armpAlay) <o

liii] ay +ap <X

where ¢ is the unit cost of emissions as due to regulation (i.e. ¢ is the
unit tax or sanction, or the price of emission permits, which we assume
for simplicity to be exogenously given for the firm and fixed over the
short-run), and where X equals xPAU under cap-and-trade and taxes
while it equals xBAU — x* (with x* being the emissions cap) under
command-and-control regulation. Constraint [i] directly implies that
constraint [ii] is equivalent to aymy + “La7. 4 (ay) < o.

The three constraints in (4) have the following meaning. Constraint
[i] follows from the fact that, absent abatement fixed costs, compliance
costs minimization requires the firm to abate with output control and
innovation up to the point where the marginal abatement costs of the
two strategies are equalized. If one unit of abatement with one strategy
is costlier than abating with the other strategy, for the firm it is cost

6 This may seem a strong assumption, as one may expect either diminishing
returns to innovation (i.e. more efficient innovations are adopted before
less efficient ones) or increasing returns to innovation (due to knowledge
cumulativeness). However, the introduction of a parameter accounting for
non-constant returns to innovation would complicate the model significantly.
Moreover, the assumption that all the units of innovation generate the same
abatement allows us to use the term ay to denote both abatement via
innovation and innovation adoption itself, greatly simplifying the notation of
the model. While this assumption here might lead to some limitation to the
generalization of the model’s results, it is also worth emphasizing that non-
linearities in the relationship between innovation and abatement are indirectly
captures, at least partly, by the function A(ay).
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efficient to make one step further with the latter, the former being the
same: at the margin, this implies choosing a; and ay levels so that
constraint [i] is met. Constraint [ii] is straightforward: compliance costs
minimization is not achieved if the firm faces marginal abatement costs
above ¢. Constraint [iii] simply implies that total abatement has not to
be greater than xBAU — x* under command-and-control regulation (this
follows from the fact that ¢ = 0 Vx < x%: hence, the firm does not

BAU under taxes and cap-and-trade

need to emit less than x;‘,) and than x
regulation.

Manipulating constraint [i] and substituting it in constraint [iii]
and in the objective function itself, and manipulating constraint [ii],
problem (4) can be re-written only in terms of abatement by means of

output control:

max  ar (1 + :::_T (A(aN)— A (;N)a-r>> (5)
ar N
st. '] ay= aT::—T <,1(aN)— A (;N)aT>
N
.. o
S iy

my +mpA(ay) + \/(mN +mpAay))’ = 2mpmy ¥ (ay)%
mpA(ay)

Problem (5) can be solved directly from analyzing constraints [ii’]
e [iii'"]. We have two alternative cases, depending on whether the
right-hand-side term of constraint [ii’] is lower or higher than the right-
hand-side term of constraint [iii’] and hence on whether, respectively,
constraint [ii’] or constraint [iii’] is active. Let us proceed by excluding
the latter case, under the assumption that marginal abatement costs
are sufficiently high such that zero pollution is not optimal.” Hence,
constraint [ii’] is active and the optimal abatement levels are

[iii'l ap <

af = —2—

T mypMay)

. _ o #ay)o 6
ah, = = (1- —~2=

N my 2my May)?

and the corresponding marginal abatement costs will be

. mr
aymypiay) = a}‘va+7TaT2/1’(aN) =0 @)

2.3. Discussion

With respect to previous literature, our simple model may be seen
as a long-run framework, where the firm chooses which level of innova-
tion to implement, whilst previous models look at one-shot, short-run
decisions. From this point of view, our model may reconcile the two
opposing literatures mentioned at the beginning of this paper. More
explicitly, our model may generate an outcome that is compatible with
both literatures. On the one side, by combining MAC” and MACY in
a global MACNT curve, we may end up with a convex “long-run”
MACNT curve similar to the one resulting after innovation in the works
of Palmer et al. (1995), Montero (2002), Requate and Unold (2003),
Fischer et al. (2003) and Calel (2020), as represented in Fig. 1a, that is
a MAC curve after innovation which originates at the same pollution
level as the MAC curve before innovation. On the other side, the
average slope of this global “long-run” MACNT curve may be higher
or lower than the MAC curve before innovation, thereby resulting in a
total abatement level optimal for the firm (i.e. a}, + a}., according to
our model’s notation) respectively lower or higher than total optimal
abatement without innovation (as shown in the short-run by Bauman
et al. (2008), Bréchet and Jouvet (2008) and Amir et al. (2008)).

It follows that is by looking at our model in a dynamic perspective
that its main implications emerge.

7 It can be showed that, if constraint [iii'] is active, ay +a; = X (i.e. under
Pigouvian taxes or permits, the firm abates all its emissions).
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It is easy to see that in equilibrium the firm will abate its emissions
more largely with the strategy (among innovation and output control)
that is more cost efficient. In particular, from (6) we see that the firm
will abate relatively more through innovation if

. my + \/mfv +2myp A (ay)o ®
>
@) 2myp

Since higher abatement levels via innovation imply higher levels of
AMay), the probability that (8) holds increases over time as the firm
climbs the innovation scale. At some point, for high levels of inno-
vation, additional abatement will be mostly obtained by means of
incremental innovation and positive changes in a*T‘ (i.e. reductions
in output volumes) will become infinitely small. This is because the
marginal cost of emission abatement via output control increases with
technological deepening, becoming sooner or later very high and, to
the limit, infinite.

The model also has useful implications for environmental regula-
tion. Again from (6), we see that an increase in the cost of emissions, o,

. . . v
increases abatement via innovation by —— — % and abatement
| my  mympAay)

—— . This means that, if
mpAay)

14+ /1 +4mpA(ay)o

2my

via output control by

May) > ) €)]
abatement via innovation is more responsive to changes in carbon
prices than abatement via output control. This feature of the model may
explain why firms with different technological sophistication respond
to environmental regulation by mixing incremental innovation and out-
put control to different extents. Indeed, (9) is more likely to hold at high
levels of technological deepening. Hence, a higher carbon pricing may
induce more technologically advanced firms to innovate progressively
more than less innovative firms, thereby causing a polarization among
firms, with leading ones innovating at an increasing rate (per unit of
abatement).

3. Empirical evidence
3.1. Hypotheses and empirical strategy

Our theoretical discussion points directly to some testable predic-
tions, which can be put as follows:

Hypothesis 1. —An increase in carbon pricing leads to more abatement
via innovation, i.e. carbon pricing induces technological deepening
among regulated firms

Hypothesis 2. —Under positive carbon pricing, abatement via inno-
vation increases with technological deepening, i.e. clean technology
divergence across regulated firms is self-reinforcing

Hypothesis 3. —The effect of an increase in carbon pricing on abate-
ment via innovation is disproportionately larger for firms at higher
levels of technological deepening, i.e. increases in carbon pricing ac-
celerate clean technology divergence across regulated firms

Central to the possibility of testing the empirical validity of these
hypotheses is the availability of an appropriate measure of the degree of
clean innovation at the firm level (technological deepening). To observe
and to measure the intensity in the use of clean technologies for large
samples of firms is difficult, virtually impossible. However, if data on
emissions and labour inputs are available, technological deepening can
be proxied as follows.

Suppose that emissions x;, of firm i at time ¢ are a function of
the product output y;, and more precisely they depend on y;, and
on an environmental efficiency parameter r;,, which is the inverse of
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technological deepening #;,, i.e.

Xig =Tigdig (10)

the
higher r;, and therefore x;,, output y; , being equal. Suppose, moreover,
that output is produced by means of a single variable input (labour):®

with r;, = nL Hence, the lower the level of clean innovation # ,,

Yig =9wi; 1D

where w;, is the number of workers employed in production and 9; is a
time invariant firm-specific labour productivity parameter, encompass-
ing the quality of both physical and human capital and everything else
influencing the productivity of the firm. Substituting (11) into (10) and
manipulating, we obtain

Wiy
9, — =n;, 12)

Xit

In terms of empirical predictions, Hypothesis 1 implies that an

increase in carbon pricing p, induces an increase in n;,,,, Hypothesis
2 implies that an increase in n;, induces an increase in n;,,;, and
Hypothesis 3 implies that an increase in p, induces increases in n;
disproportionately larger for firms where »n;, is higher. These three
predictions can be tested with the simple regression model (where lags
are shifted backward, to keep notation as standard)

niy=a+ Py + Bopy + Bany X poy + 1, 13

w; .
where n;, = 9;—* and 7;, are the residuals.” We do not observe 9,

it
which however can be absorbed in a regression context by firm-level

8 Clearly, pollution always comes from some polluting input. We consider
a production process where workers transform polluting inputs into output by
using physical capital in a fixed proportion and hence assume that each unit
of labour implies some units of pollution.

9 Empirically, technological deepening could be proxied also by the ratio
between capital input and emissions. However, data on capital inputs are
typically available as expressed in monetary terms and this would require
to assume perfectly competitive input markets to rule out price bias in the
estimation. By using labour input, as measured by the number of workers, we
exclude this possible source of bias here.

fixed effects (FE;). Hence, we estimate
Wir aty Wi -1 Frap s 47 Wjs—1
-— = 1T tNnb-1t7

Xit Xit—1 Xit—1

Xp1+ICiy +01,+ FE; +¢;, (14)

where all the variables are expressed in logarithmic terms (logs are
avoided in the formula to simplify the notation) and where y;, are
the residuals. Parameters y,, y, and y; are expected to be positive and
statistically significant. In (14), we also include a vector of controls
C;,, with I' being its corresponding vector of parameters (details on
the control variables are provided below) and a linear time trend 7,,
with parameter 6, to capture generalized technological progress.

3.2. Data and results

We obtain the data required for running the regression model by
merging data from the European Union Transaction Log (EUTL), which
collects information on verified CO,-equivalent emission levels for each
installation regulated under the European Union Emission Trading Sys-
tem (EU-ETS), and data from Orbis, provided by Bureau van Dijk, which
contains a large set of balance-sheet variables (including the number of
employees) at the firm level for a broad sample of firms over the years
covered by EUTL data. We first use EUTL data to compute total CO,-
equivalent emissions (in tons) at the firm-year level by summing up the
emissions of all the regulated installations belonging to the same parent
firm. Then we match firm-level CO,-equivalent emissions for each firm
in EUTL with firm-level variables as provided in Orbis. The match is
conducted by using concordance tables elaborated by the European
Commission’s Joint Research Centre (see Letout (2021)). After data
cleaning, we remain with about 11,500 firm-year observations, over
the years 2005-2019.'° The distribution of our main variable of interest
n;,, in logarithms, is shown in Fig. 3. Data on carbon pricing (i.e. the

10 Data on the years of the Covid-19 pandemic are intentionally excluded,
because emission levels were affected by mandatory interruptions of produc-
tion activities and other factors due to the pandemic. The firms included in the
final sample are distributed across the following countries: Austria, Belgium,
Bulgaria, Croatia, Czech Republic, Denmark, Estonia, Finland, France, Ger-
many, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg,
Netherlands, Norway, Poland, Portugal, Romania, Slovak Republic, Slovenia,
Spain, Sweden, UK.
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Fig. 4. Empirical within-sector heterogeneity

Note. EUTL-Orbis matched data. 11,464 firm-year observations. Years from 2005 to 2019. CO,-equivalent emissions per-employee (emission intensity) is the inverse of our proxy

for green innovation (i.e., %) Added value (AV) per-employee (i.e., Ji

and 10th percentile of the within-sector distributions, respectively.

yearly average price of emission permits under the EU-ETS), finally,
are taken from the Carbon Pricing Dashboard maintained by the World
Bank (World Bank, 2023).

To help grasping the heterogeneity across firms in environmental
performance, in Fig. 4 we show the ratio between firms at the 90th
and 10th percentile of the within-sector distributions of CO,-equivalent
emissions per-employee (emission intensity) (i.e., the inverse of our
proxy for green innovation, %), by sector. As a benchmark, in Fig.
4 we also show the 90-10 rat‘if) computed for added value (AV) per-
employee, which is a standard proxy for labour productivity. It is
evident the greater heterogeneity in emission intensity compared to
labour productivity. This suggests that firms are at very different stages
of capital deepening and that environmental performance differs across
firms well more largely than economic performance, thereby pointing
to the need for an empirical investigation of the underlying sources of
such heterogeneity.

We estimate (14) in three different ways to check the robustness
of the results, which are reported in Table 1: a standard OLS model
in column [1], a FE-panel model in column [2], an Arellano-Bond
GMM model (Arellano and Bond, 1991) in column [3].!" All the models
include the following vector of time-varying firm-level controls: capital-
to-labour ratio (in logarithms), intangible-to-tangible assets ratio (in
logarithms), liquidity ratio (in logarithms), firm age, foreign ownership
(dummy variable), multi-site firm (dummy variable), medium-small
firm (i.e., firm below 50 employees; dummy variable). In Table 1, we
also report the results of the standard diagnostic tests, that confirm the
statistical validity of our model specification.

Consistently with our hypotheses, we find that the three parame-
ters of interest are positive and statistically significant across all the
econometric specifications. Since both the dependent variable and the
independent variables of main interest are in logarithms, the estimated

11 The Arellano-Bond estimator is derived by first differencing the panel
model equation and by using moment conditions in which lags of the de-
pendent variable and first differences of the exogenous variables (i.e., in our
model, the control variables) are instruments for the first-differenced equation.

~+) proxies for labour productivity. 90-10 ratio means the ratio between firm-year observations at the 90th

Table 1
Econometric results.

Inp;,y

Wiy

In

Xig-1

(0.010) (0.049)

In f""’l' xInp;, 0.0097** 0.016%*

' (0.003) (0.002) (0.007)
Firm-level controls YES YES YES
Time trend YES YES YES
Estimation method OLS Panel FE GMM
R? 0.953 0.850
AR(1) test: Pr > z 0.000
AR(2) test: Pr > z 0.199
Hansen test: Pr > y? 0.712
Number of observations 11,464 11,464 11,464

Wiy

Note. Dependent variable: In o Standard errors are in parentheses. Firm-level controls:
capital-to-labour ratio (logs), intangible-to-tangible assets ratio (logs), liquidity ratio
(logs), firm age, foreign ownership (dummy), multi-site firm (dummy), medium-small
firm (i.e., below 50 employees; dummy).

* Statistical significance: * =10%.

** Statistical significance: ** =5%.

*** Gtatistical significance: =1%.

coefficients can be interpreted as elasticities. According to the GMM
model reported in column [3], this means that 1 percentage point
increases in carbon pricing, in technological deepening and in their
interaction in ¢ — 1 are associated with an increase in technological
deepening in ¢ of, respectively, 0.081, 0.663 and 0.016. The magnitude
of these estimates is economically significant and plausible. There are
no similar estimates in the literature that can be used as reference.
However, previous studies found that the introduction of the EU-ETS
induced some positive but small improvement in clean technology
diffusion (e.g., Calel (2020)). Hence, our estimate of a 0.081 percentage
point increase in technological deepening in response to a 1 percentage
point increase in permit prices (augmented by an additional 0.016
when also past technological deepening increases by 1 percentage
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point) seems realistic, particularly if one considers that our estimates
have to be interpreted as an average over the first three EU-ETS Phases
(including the first years of the EU-ETS, when permit prices were
continuously low and poorly binding). Unsurprisingly, on the other
hand, the correlation between past and contemporaneous technological
deepening is much stronger in magnitude, this pointing to a tendency
of technologically cleaner firms to reinforce their abatement capability
via innovation with respect to abatement via output control. The OLS
and FE-panel models reported in columns [1-2] provide qualitatively
similar results.!?

In conclusion, even if they cannot be interpreted in causal sense,
taken together our econometric estimates reassure us that the main im-
plications of the theoretical framework are coherent with the empirical
patterns showed by the data.

4. Conclusions

In this paper, we show that firms may tend to intensify over time
the use of clean technologies as an abatement strategy, particularly if
they are subject to carbon pricing. The basic underlying intuition is
simple: if new clean technologies can be introduced in the production
process incrementally and if they increase the cost of abating via
output reductions, it follows that profit-maximizing firms will abate
progressively more via innovation with respect to output control. In
regulated industries, this pattern may be reinforced by increases in
carbon pricing, because higher emission prices require firms to abate
relatively more. Moreover, if green innovations imply improved pro-
duction performance, then carbon pricing, by widening technological
asymmetries, may also amplify productivity asymmetries, fueling a
self-reinforcing polarization dynamics across firms.

From a broader perspective, our analysis may provide useful in-
sights for policy. In particular, our results point to uniform international
environmental regulations (and increases in the stringency of such
uniform regulations) as possibly retarding technological convergence
across firms and countries that are at different stages of technological
development. This side effect may be addressed by enriching environ-
mental regulations with more articulated architectures of measures that
take into account firm heterogeneity. Examples of such measures may
include mandatory technology standards aimed at reducing technologi-
cal differences, combined with financial support for firms at the bottom
of the learning curve where technology adoption is more costly as an
abatement strategy than output control.

As a final remark, it is worthwhile highlighting that our results are
not incompatible with the well-known evidence that the first phases
of the EU-ETS have induced a significant decline of carbon emissions
(Dechezlepretre et al., 2023) whilst having a modest effect in stimu-
lating the adoption of low-carbon technologies (Teixidé et al., 2019).
With the lens of our framework, this may be explained by the fact
that relatively too low allowance prices have been hitting the marginal
abatement cost curves of individual firms at levels where the marginal
cost of abating emissions via downsizing was still lower relative to the
cost of abatement via innovation. This seems to be indeed the case
according to available data, showing that allowance prices languished
even below €10 for many years before the end of Phase 3 and reached
more stable picks above €50 only after 2020 (World Bank, 2023).

12 Our estimation results remain substantially unchanged also if we run our
regression model on a subset of observations, after excluding observations from
Phase 1 of the EU-ETS (when banking of excess permits was not allowed)
and multi-site firms (which may be firms with both regulated and unregulated
establishments). The results are available upon request.
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