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Abstract

In this paper, we investigate how the complex relationship between environmental regulations and
competitiveness can be modeled through changes in technological developments. We do so by introducing
the effects presented by the Porter Hypothesis in a two-area ecological Stock Flow Consistent model for
Denmark and the rest of the world. Due to empirical evidence, we find it valid to model two underlying
effects presented by the Porter Hypothesis. The first introduces a relationship between environmental
regulations and innovation. The second introduces a relationship between technological development, as a
result of innovation, and competitiveness of the green side of the economy.

We show how the introduction of the PH framework into a macroeconomic model, as expected, will lower
carbon leakages through international trade. We argue that the PH framework should be given equal
consideration alongside the Pollution Haven Hypothesis as suggested by empirical findings when making
political decisions based on carbon leakage for a small open economy like Denmark.

Key words: Stock Flow consistent modelling, Carbon Leakage rates, Innovation & technological
development.
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Section 1 Introduction

The Danish climate goals are by many considered to be highly ambitious, however, the use of territorial
emission for the evaluation is a clear shortage of these goals as it neglects the effect of carbon leakages by
keeping world emission fixed. The importance of analyzing how unilateral climate policies affect emission
outside a regulated area seems especially important for a small open economy like Denmark, where carbon
leakage through international trade can have a relatively large effect on world emission, due to the high
degree of openness®.

Today, most studies analyze carbon leakage issues for a coalition of countries (Antimiani et al., 2013;
Bohringer et al., 2018) or a large country like the US (Fischer & Fox, 2012) typically finding leakage rates
between 10-30% (Carbone & Rivers, 2017). There are only a limited number of studies dealing with carbon
leakage issues for small open economies, typically using single-country partial- or general equilibrium-
models (Copenhagen Economics, 2011; D@RS, 2019; Kjaer Kruse-Andersen et al., 2022). These studies
typically find quite large leakage rates in the range of 40-90%, indicating the importance of further
investigating carbon leakage for small open economies.

In the case of Denmark, leakage through international trade is typically argued to be the most important
channel of carbon leakage?. Within this channel the framework of the Pollution Haven Hypothesis is used,
where the implementation of an environmental regulation will affect relative prices, by increasing
production costs within the regulated country, thereby moving carbon-heavy production outside the
borders (D@RS, 2019; Kjaer Kruse-Andersen et al., 2022). Leakage through this channel therefore always
affects emission outside the regulated area negatively (by increasing emission) whereas this relation is
often used by politicians as the main argument for not implementing environmental regulations in a given
industry.

In the discussion on how environmental regulations affect competitiveness, the Pollution Haven Hypothesis
framework stood alone until the early 1990s when the popular framework was challenged by Porter & Van
Der Linde (1995) presenting what today has come to be known as the Porter hypothesis (PH). Porter & Van
Der Linde (1995) argue that econometric studies showing that environmental regulation raises costs and
harms competitiveness are subject to bias, as net compliance costs are overestimated by assuming away
innovation benefits.

According to them, the debate has been framed incorrectly, coming from a static view of environmental
regulation, where technology, products, processes, and customer needs are all fixed. Arguing for the
adaptation of a new paradigm in which competitiveness is defined as dynamic and based on innovation.
They even argue that firms might benefit from properly crafted environmental regulations that are more
stringent than competitors within other countries, the primary goal being to stimulate innovation.

If the Porter hypothesis holds, and environmental regulations enhance innovation leading to green
technological development and thereby an increase in country-level competitiveness, we find it important
that the Porter hypothesis is considered together with the framework of the Pollution Haven hypothesis
when political decisions are being made. This seems especially important for small open economies like

1 Compared to the small effect a reduction in territorial emission can have, due to a small open economy’s (on a world scale) small
size.

2 D@RS (2019) argue that a larger degree of openness in the economy increases the effect of leakage through international trade,
whereas this channel is argued to be the main channel of carbon leakage for a small open economy.



Denmark where international trade plays a large role, and the effect of green exports can be relatively
large3.

In this paper, we introduce three significant contributions to illustrate the importance of modeling the PH
framework into a macroeconomic model, providing us with a set-up to analyze this framework's effect on
carbon leakage rates: First, we develop an ecological two-area Stock Flow Consistent model representing
Denmark and the rest of the world, even though the model is mainly theoretical, the model is capable of
matching observed data of important variables in both Denmark and ROW. Second, we incorporate the
Porter hypothesis into the model, creating three different models each including different degrees of the
Porter hypothesis®. To the best of our knowledge, we are the first to incorporate the effects of the Porter
hypothesis within a macroeconomic model and thereby analyze how this framework might affect the
economy and environment. Third, we use the three models to analyze the effect on the leakage rate as a
higher degree of the PH framework is introduced.

The remainder of this paper is organized as follows. Section 2 will present the empirical work for the
underlying effects of the Porter hypothesis. Section 3 will present the two-area ecological SFC model used
for the analysis of this paper. In section 4, we provide the calibration strategy and validate the model based
on its ability to match real data. In Section 5, we analyze the effect of introducing a policy mix within the
two-area ecological SFC model including different degrees of the Porter hypothesis. In Section 6, we use the
results of Section 5 to calculate the leakage rate under different degrees of the PH framework. Lastly, we
conclude the main results in Section 7.

31n 2021, Denmark exported 65 billion DKK of green energy technology, estimated to reduce global emission by 5-8-million-ton
CO2 in 2021 alone. But with a long life span of green technology the long run effects are even more interesting, where the
reduction in global emission associated with green exports in 2021 alone is estimated to be 215 million tons of CO2 (The Danish
Energy Agency, 2022a). Furthermore, the Danish government has initiated a climate partnership with several Danish companies,
including specific goals for accelerating exports of green technology. Interviews with leading companies within the green sector
suggest that utilizing the full potential of Danish green technology will result in a total reduction potential of 1.500 million tons of
CO02 in 2030 within the EU borders alone. Through a larger focus from the government on improving green technology within
Denmark, the goal is to double the Danish exports of green technology in the period from 2017 to 2030, thereby reaching 140
billion DKK of exported green technology (The Danish Parliament, 2020).

4 Where a higher degree of the PH framework refers to including more effects of this framework, these effects will be introduced in
Section 2.



Section 2 Literature review

In this section, we will focus specifically on the empirical evidence for the Porter hypothesis, to justify the
implementation of this framework (or parts of this framework) within a macroeconomic model®. For the
remainder of this paper, we will be splitting up the PH framework into three versions following the work of
Jaffe & Palmer (1997). They split up the PH framework into the Weak PH, Narrowly Strong PH, and the
Strong PH visualized in the figure below®. The first arrow represents the Weak PH implying that
environmental regulations lead to an increase in firms’ green R&D spending. The second arrow (upper)
represents the Narrowly Strong PH stating that green firms, through higher green R&D spending, improve
competitiveness through first-mover advantages. The Narrowly Strong PH is a sub-version of the Strong PH
(represented by the lower arrow) suggesting that an increase in green R&D spending can lead to greater
competitiveness for the entire economy, as firms initially are not optimizing profits.

We will now provide the existing empirical evidence associated with each of the three versions. Thereby
providing us with a validation for incorporating these hypotheses within a macroeconomic model.

Disaggregating the PH-

Framework

Innovations improve green
technology leading to
increased competitiveness
through first mover effects for

Properly designed the green side of the economy.

: Increasing Firms R&D
environmental

. spendings.
regulations. e 2
Innovations in general improve
technology, product, processes
increasing competitiveness for

the entire economy.

Figure 1: Disaggregating the Porter hypothesis into the Weak-, Narrowly Strong,- and Strong- Porter hypothesis.

Starting with the Weak PH empirical evidence seems to confirm that environmental regulations enhance
firms’ innovation, usually using R&D expenses or patents data. Jaffe & Palmer (1997) use environmental
compliance cost data, to find a positive coefficient of 0.15 when looking at the relationship between
pollution abatement costs associated with environmental regulations and total R&D expenditures.
Looking at environmentally related patent applications, Lanjouw & Mody (1996), Brunnermeier & Cohen
(2003), Popp (2003, 2006), Arimura et al. (2007), Lanoie et al. (2011), and J. Lee et al. (2011) all show a

5 And thereby to some extent also the empirical evidence for the Pollution Haven hypothesis, as the two hypotheses contradict
each other.

6 Jaffe & Palmer (1997) also present the Narrowly PH, this version states that only certain types of environmental regulations
stimulate innovation. Here the focus of environmental regulations should be on the outcomes and not the process, typically
provided by flexible and market-based regulations (Jaffe & Palmer, 1997). Such policies were mainly introduced throughout the
1990s in the form of carbon taxes, thereby coinciding with the introduction of the PH framework. The higher degree of market-
based regulations introduced since the early 1990s, as advocated by Porter, seems to explain a higher degree of empirical support
for the PH framework since then. Moreover, if market-based instruments generate revenues (e.g., from taxes or permit auctioning),
the efficient recycling of those revenues can improve competitiveness outcomes, thereby enhancing the effects of the PH
framework (Ambec et al., 2013). We will use this later as we introduce an environmental regulation to the Danish economy in the
form of a shock.



positive relationship between environmental regulations and green patents. Thereby, we do find a large
amount of evidence for the existence of the Weak PH in the current literature. A few newer studies further
narrow it down by looking at the effect of environmental regulations on the innovation of renewable
energy technology (using patent and R&D expenditure data) also finding a positive relationship (Bohringer
et al., 2017; Hille et al., 2020; Johnstone et al., 2010; Kim et al., 2017).

As argued by Klassen & McLaughlin (1996) firms increase environmental innovations to improve
technological development thereby minimizing costs through lower material waste and emission.
Therefore, the Weak PH directly implies that environmental R&D spending will affect green technological
development. One strand of literature investigates this relationship by looking at the effect of both public
and private R&D spending on green patents finding the relationship to be positive and significant
(Backstrom et al., 2014; Nicolli & Vona, 2016). Another strand of literature instead uses emission reduction
measures like CO2 intensity of production to provide evidence that a higher level of green R&D spending
improves technological development (K. H. Lee & Min, 2015; Tobelmann & Wendler, 2019).

Meanwhile the literature seems very conclusive in finding empirical evidence for the Weak PH, the
literature still seems relatively split when it comes to the Strong PH, having difficulties in determining a
relationship between environmental regulations and the overall competitiveness of the economy. A meta-
analysis by Cohen & Tubb (2017) uses 103 studies to investigate the empirical results of the Strong PH; their
findings indicate that more than half the studies find insignificant results. Interestingly, the studies finding
significant results seem to be equally divided between finding negative and positive relationships.
Additionally, they find the empirical evidence to be split up into two categories. The first, using firm- or
industry-level performance as a measure of competitiveness. The second, using country-level
competitiveness measures such as exports.

Looking at firm-level competitiveness Cohen & Tubb (2017) find that most significant relationships between
environmental regulations and competitiveness are negative. However, in the earliest of the two papers
presented by Porter (1991), he examines competition among nations, investigating whether environmental
regulations will positively affect country-level competitiveness. Contrary to the strand of literature focusing
on the firm-level measures, Cohen & Tubb (2017) find that studies looking at country-level competitiveness
are most likely to show positive significant relationships for the Strong PH (See also Grossman & Krueger
(1995), Becker & Shadbegian (2008), Costantini & Mazzanti (2012)).

When looking at country-level competitiveness, most often the two opposing frameworks in the form of
the Strong Porter hypothesis and the Pollution Haven hypothesis are analyzed. And even though the
studies using country-level-measures seem to provide a higher degree of empirical evidence for the Strong
PH compared to the Pollution Haven hypothesis (as most studies find environmental regulations to have a
positive relationship with competitiveness), we will not include the effects of the Strong PH within our
analysis based on the large number of insignificant results showed by Cohen & Tubb (2017)”. This is in
contrast to the carbon leakage literature still including the effects of the Pollution Haven hypothesis in their
calculations.

Instead, this paper will focus on the sub-version of the Strong PH, being the Narrowly Strong PH. At the
moment, there is a limited amount of empirical work looking at the Narrowly Strong PH, still, the empirical
work conducted seems conclusive in finding the effects of the Narrowly Strong PH to exist. One example is
Costantini & Mazzanti (2012) finding that environmental regulations have a positive significant relationship
with green exports for several European countries using different explanatory variables as a proxy for
environmental regulations, thereby supporting the Narrowly Strong PH. Another example is Hwang & Kim
(2017) who finds a negative relationship between environmentally friendly activities, measured by CO2

7 In Appendix D, we show that including the effects of the Strong PH will only have small effects, further lowering the leakage rates
in the main analysis.



intensity and trade performance, indicating that environmentally friendly activities encourage exports,
therefore providing evidence that firms with higher environmental management can experience an
increase in competitiveness as a result of environmental regulations supporting the Narrowly Strong PH.

Overall, the empirical results seem to support the existence of the Weak PH, as well as the Narrowly Strong
PH (when using country-level competitiveness measures). Therefore, when we in the next section introduce
the PH framework into a macroeconomic model, our main focus will be on including these two underlying
versions of the PH framework.



Section 3 Incorporating the Porter hypothesis in a two-area ecological
Stock-Flow-Consistent model

The model used in this paper belongs to the class of SFC dynamic macroeconomic models (e.g. Godley &
Lavoie (2016); Nikiforos & Zezza (2017); Carnevali et al. (2019)). By using this type of model for examining
leakage rates, we move away from the tradition of using CGE models like the popular GTAP-E model®. The
use of SFC models provides us with a simpler setup compared to the CGE models. Since SFC models do not
require optimization, it is possible to include a higher level of complexity when establishing relationships,
useful when measuring different levels of technological efficiency for different stocks and flows of capital.
Furthermore, the dynamic set-up of the SFC model allows us to look at the development of important
variables like emission over time. The SFC model used in this paper is an extended version of the ecological
two-area SFC model developed by Carnevali et al. (2021), modifying the model within a few areas. First, as
the focus is towards a small open economy, we divide the world economy into a small open economy
(represented by Denmark), and the rest of the world (ROW). Second, we implement a fixed exchange
regime as Denmark in 1982 implemented a fixed exchange rate against the DEM and later the EUR®. As a
result, one unit of output will always be worth the same in both economies. Third, we incorporate the
effects presented by the PH framework whereas the focus of this section will be to introduce the equations
used for incorporating this framework.

In Figure 2, we present a directed acyclic graph (DAG) to visualize how the implementation of the Weak-
and Narrowly Strong- Porter hypothesis is carried out'®. We have highlighted new variables added to the
model of Carnevali et al. (2021) marked by the filled circles?. Three main effects should be considered
when looking at the DAG represented by the red colored arrows:

1) First, when a policy mix is introduced to the economy, the underlying carbon tax should affect
firms spending towards green R&D through the effects of the Weak PH, additionally the
revenue of the carbon tax should be used on government spending towards green MOIS
(mission-oriented government spending) and green R&D subsidies, all three improving the
greenness of green capital over time!?,

I.) As green capital becomes greener, the effects of the Narrowly Strong PH should be at play,
increasing green exports and thereby also improving the country-level competitiveness of
green firms.

Il.) As our goal is not only to include the effects of the Porter hypothesis but also to calculate how
the implementation of this framework enables a small open economy like Denmark to affect
emission in ROW, there should be a mechanism improving the greenness of the capital stock in
ROW as they import a higher level of green capital from Denmark, as well as when green
capital in Denmark becomes greener.

By including these effects within the model, we allow for the combination of two research areas, the first
area being the literature performing empirical testing of the underlying versions of the PH framework. As
we presented in Section 2, these relationships are shown to exist through empirical evidence, confirming
the link between environmental regulations and innovation (Weak PH), and the link between

8 For more information about the GTAP-E model see Truong et al. (2007).

9 As Germany later changed its currency from the German D-mark (DEM) to the Euro (EUR).

10 The DAG figure is built from the perspective of the Danish economy, an almost similar figure could be made from the perspective
of the rest of the world.

11 1n the model, capital is divided into green and conventional capital, both green and conventional capital can be used for
producing a specific good, but green capital will be associated with a lower energy intensity, CO2 intensity, material intensity as
well as a higher share of renewable energy to total energy used for production.

12 We will describe this policy mix and its underlying components in Section 4.1.



environmental regulations and competitiveness of green firms (Narrowly Strong PH). Still, no one seems to
analyze the larger perspective of how the effects of the PH framework might provide channels of carbon
leakage. This second area of research, concerned with carbon leakage rates, is still only relying on the
Pollution Haven hypothesis framework when it comes to international trade, even though the empirical
evidence looking at this hypothesis is still relatively split with a large share of insignificant results as shown
by Cohen & Tubb (2017).

Renewability
share of the
capital stock in
ROW (nrow)

Renewability
share of green
capital in
Denmark (npx )

Figure 2: DAG-figure representing the newly added equations to the model of Carnevali et al. (2021), and the implementation of the
Weak- and Narrowly Strong- Porter hypothesis.

3.1 Implementing the PH framework

Starting with the implementation of the Weak PH, we should start by looking at the equation for firms'
green R&D investments. As we indicate by the red arrow going from Co22X to INV,%{% a relationship
between the total amount paid by firms in carbon taxes and firms’ investments in green R&D is introduced,
shown by the last term in the equation describing the dynamics of green R&D investments®3:

INVEE, = exp (IPX + IPK « Log(INVyy) + [P¥ + Log(Co28K,)) Eq.1

Thereby an increase in firms’ costs associated with environmental regulations (for example a carbon tax)
will increase the incentive for firms to invest in green R&D, as suggested by the Weak PH.

13 For simplicity we set I;'PX = 1 to keep firms green R&D investments as a fixed share of firms’ total investments (INV,) when the
Weak PH is not active in the model.



We should now focus on how green R&D spending improves the greenness of green capital within the
model. As Denmark’s largest source of green technology is within renewable energy (The Danish Energy
Agency, 2022b) we endogenize the share of renewable energy to total energy used (in the rest of the paper
referred to as the renewability share) when using green capital in the production (ngf)”. We do so by

modelling improvements in the renewability share of green capital (r)ianp,,) making it a function of the

lagged total R&D expenditures in the economy (GOV,@th_1 + INV,%)g{"Dt_l)“’.

Ny = exp((impvd® + impvPX « log(GOVES,  + INVES, ) Eq.2

This allows us to calculate the renewability share associated with using green capital for production:
DK _ DK DK
Ngr = Ngr,_, + Nimpv Eq.3

As a change in the renewability share of green capital does not mean that already produced green capital
will be automatically updated, only the newly produced green capital should be associated with the
renewability share at the time of production. To estimate the average renewability share of green capital
we create a moving average equation, here we allow for the assumption that parts of the already existing
green capital can be updated to the new renewability share shown by the parameter (1 — imppg). Looking
at the first term in the equation below, we observe how new green capital (Ky&y ) is updated using the
renewability share in the current period (ngf)le. In the second term, the share of already existing green
capital that will not be updated will have the average renewability share of the previous period (772"}’0‘_‘]”_1).
Lastly, the share of already existing capital, which we assume will be updated, has the renewability share of
the current period (ngf). From this equation, we obtain a new average renewability share for the total

stock of green capital (12} gr)-

DK

KI\LI)Z{?(Wgr . K;TK - KNEWgr . Eq4
ngll/'(GgT' = ( KgDTK ) * r]grl'{ + IMppg * KgDTK * ngll/'(Ggrt_l + (1 - lmpDK)
DK DK
. (Kg‘r - KNEWgT') " T]DK
KDK gr
gr

A similar moving average equation is made for the imported green capital in Denmark. However, we do not
allow for already existing imported green capital to be updated when the producing country improves the
renewability share'’. The equation for the renewability share of imported green capital (nﬁ{,((;grim) can be
seen below, where we now use the renewability share of green capital in ROW (r)SQW) in the moving
average equation.

DK DK DK
DK _ KNEWgrim ROW Kgrim B KNEWgrim DK Eq.5
AVGgrim — DK gr DK AVGgrim
n i —K *1 + X * 1)
grim grim

14 We assume that the share of renewable energy to total energy for green capital can exceed 100%, whereas the additional energy
produced will be used for conventional production. Still, the share of renewable energy to total energy associated with the total
capital stock never exceeds 100%.
15 We add together the government’s and firms’ R&D spending as we assume these to have similar effects on green technology.

DK

16 New green capital (K4, ) is calculated using the following equation: K@iy g, = KoK — KJX | and new imported green capital

introduced later (Kygygrim) is calculated using the equation: Kz grim = Kgrim — Korim,_,-
17 This assumption implies that the renewability share of Danish exported green capital will not automatically be updated as
Denmark improves its renewability share of newly produced green capital. We find this case to be the most realistic, but as

presented in Appendix D relaxing this assumption does not change the conclusions of this paper.



As we have now introduced the average renewability share of domestic green capital (nﬁ{,"cgr) and
imported green capital (nﬁ’{fcgrim), these measures are now used for calculating the average renewability
share of the total capital stock (7pg), multiplying the renewability shares on their associated weights:

DK DK DK
_ ..DK % Kgr + DK % grim DK % KCOTL Eq'6
Mok = nAVGgr K nAVGgrim K con K
DK DK DK

Thereby, the implementation of the Weak PH is complete, showing how an increase in the carbon tax
increases firms’ investments in green R&D increasing the renewability share of newly produced green
capital in Denmark which then has two indirect effects, first increasing the average renewability share of
green capital in Denmark (indicated by the arrow going from ngﬁ" to KgDrK), and second, increasing the
renewability share of the green capital exported by Denmark (indicated by the dashed red arrow going

from npX to XoK)®.

We will now start the implementation of the Narrowly Strong PH, allowing green technological
development (measured by the renewability share) to improve the country-level competitiveness of Danish
green firms (measured by green exports)®. We first introduce a link between green exports and the
renewability share of newly produced green capital as shown below?°:

XK = exp(Qf + f * log(Xp) + QF = log(n5X)) Eq.7

From the second term, we see that green exports are also dependent on total exports as we assume that a
fixed share of new exports is green exports?..

With only the Weak PH active, the introduction of a carbon tax improves the renewability share of green
imported capital by ROW. With the introduction of the Narrowly Strong PH, not only will the renewability
share of green imported capital for ROW improve, but ROW will now also increase the level of imported

green capital by ROW (indicated by the red arrow going from ngF to X X).

Lastly, The equations allowing for the Weak- and Narrowly Strong- PH in Denmark to affect the renewability
share of green capital in ROW will follow the red arrows shown in the DAG figure going from Xé)rK to
IMEPY, from IMEPY to INVSZY, and lastly from INV,Y9)V to the renewability share of the total capital
stock in ROW (zow)-

First, the increase in Danish exports of green capital is by identity equal to an increase in imports of green
capital by ROW:

IMEPW = XDK Eq.8

As only firms are capable of importing green capital, the entire stock of imported green capital by ROW is
directly associated with firms’ investments in imported green capital.

18 Which is the same as increasing the renewability share of green capital imported by ROW.

19 In the literature review we found empirical evidence for the Narrowly Strong PH (e.g. Costantini & Mazzanti (2012) and Hwang &
Kim (2017)), while the evidence for the Strong PH was not sufficient (see Cohen & Tubb (2017)). Therefore, the implementation of
an environmental regulation should not increase the total exports. For this reason, we model the export of conventional firms to be
the residual (X2X = Xpx — XgDTK) whereas this variable in most cases will fall as the green exports increase. This implies that an
increase in the competitiveness of green firms happens at the expense of the competitiveness of conventional firms.

20 We assume that the Narrowly Strong PH is only active for Denmark, as the main argument for a country experiencing the effects
of the Narrowly Strong PH is due to first mover advantages. Similar assumptions are used when estimating spillover effects when
experiencing technological development (e.g. Bosetti et al. (2008)).

21 As we set QF = 1 green exports will be a fixed share for total exports when the Narrowly Strong PH is not active, this is
equivalent to the strategy applied for firms’ green R&D investments as noted above.
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INVROW = IMEOW Eq.9

grim

As we indicate by the dashed red arrow going from ngf to Xé)rK, these investments are associated with the
renewability share of green capital in Denmark, and with Danish green capital having a higher renewability
share than in ROW, this will improve the renewability share of the capital stock in ROW (nzow)**

This concludes the equations needed for the implementation of the PH framework within the two-area
ecological SFC, allowing the renewability share of the capital stock in ROW to be affected by environmental
regulations in Denmark through international trade. In the next section, we discuss the calibration strategy
and validate the model.

22 One could argue that an increase in competitiveness for Danish firms, and thereby an increase in imports of green technology
made by ROW would lower competitiveness of green firms in ROW which might lead them to reduce investments in green R&D.
We do not include this effect in our analysis based on the lack of empirical evidence for this effect.

11



Section 4 Calibration and validation of the model

In this section, we both cover the calibration of new parameter values, associated with the implementation
of the PH framework, as well as already existing parameter values used by Carnevali et al. (2021) as we
calibrate key variables such as GDP, government spending, and consumption to match the observed data
for Denmark and ROW?2, As we create three different baseline models with different versions of the PH
framework active, the three models will include slightly different parameter values?.

4.1 The calibration strategy

To set existing parameter- and initial values used in the model of Carnevali et al. (2021) we use real data
from both Denmark and ROW to make the adjustments, thereby creating realistic parameters in the sense
that they replicate the observed trends of important variables for the two areas. Additionally, we include
differences in parameters like the tax rate, rate of consumption, CO2 intensity, energy intensity, and others
between the two areas, again, to make the model as realistic as possible. To create a realistic starting point
for the model, we allow for a calibration period from 1960-2017 using a small databank consisting of the
most central variables. After 2017 the model is made endogenous and does not require any data inputs.

When calibrating new parameters, we will have a specific focus on making the implementation of the PH
framework as realistic as possible, whereas we mostly base these parameter values on empirical findings,
using the evidence presented in the literature review from Section 2.

Starting with the parameters for the Weak PH we should look at the relationship between the carbon tax
(which we will introduce later) and firms' investments in green R&D (I'PX)?, to set this parameter, we use
the empirical evidence presented by Jaffe & Palmer (1997) finding a coefficient of 0.15, implying that a 1%
increase in the costs associated with the carbon tax increase green R&D spending by 0.15%%°.

For the relationship between green R&D spending and the improvements of the renewability share we set
the parameter impv?PX using the empirical evidence presented by Backstrém et al. (2014) and Nicolli &
Vona (2016) who both find a significant estimate for the elasticity to be around 0.3?7. Additionally, we set
Important initial- and parameter values determining how R&D spending affects the renewability share of
green capital in Denmark to match the growth rate of the renewability share observed in real data®.

We will now turn towards the calibration of parameters for implementing the Narrowly Strong PH. Here,

we set the parameter determining how the renewability share of green capital affects green exports (Q%()
equal to 0.5 implying that a 1% increase in the renewability share of green capital increases green exports
by 0.5%. This coefficient is set according to the empirical evidence found by Hwang & Kim (2017) who find

23 All parameter values will be presented in Appendix B.

24 When we start including different channels using log relationships, the starting values of some variables change, therefore we
adjust the starting value of these variables to be as close to each other as possible, still this might create small differences across
the three baseline models.

25 The Weak PH is also active in the rest of the world through the parameter FZROW, but will have no effect as no carbon tax is
introduced here.

26 This estimate of 0.15 is also used by Bosetti et al. (2008) when analyzing international spillovers of technological development.
We do perform a sensitivity analysis lowering this estimate to 0.1 which does not seem to change the results, this analysis can be
seen in Appendix D.

27 In Appendix D we perform a sensitivity analysis including a decreasing trend based on how close the average renewability share
is to 100%. We do so as the development of renewable technologies are argued to slow down as the technologies mature (Beck &
Kjaer Kruse-Andersen (2020)). Overall, the more advanced relationship does not change the conclusions of this study whereas we
go with the simpler setup presented in Equation 2.

28 Using data on the renewability share for Denmark and the EU from Eurostat starting from 2004 up until 2021.
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that reducing the CO2 intensity by 1% increases green exports by 0.46%2°. Other important parameters
affecting green exports are calibrated so that green exports are approximately 8% of total exports in 2021,
matching the share presented by The Danish Energy Agency (2022b).

Besides the parameter values presented above, the remaining parameter values are given realistic and
reasonable values (see Appendix B for an overview of the parameter values), to reproduce the trends
observed for the Danish economy as will be shown in the next section when performing the validation.
Before presenting the validation, we will provide an overview of the three different baseline models used in
this paper.

Baseline 1 does not include any of the effects presented by the PH framework and will be used as a basis
for comparison as we start implementing this framework, still the effect of green technological
development is included within this scenario, and the channel in which green technological development in
Denmark affects emission in ROW will be active.

Baseline 2 introduces the coefficient of I'PX = I'ROW = (.15 and thereby includes the Weak PH where
environmental regulations affect firms spending towards green R&D.

Baseline 3 will like Baseline 2 include the effects of the Weak PH but also introduce the Narrowly Strong PH
by setting the coefficient Q§ = 0.5 thereby creating a relationship between the renewability share of green
capital and green exports within Denmark.

4.2 Validation of the three baseline models

We now turn to the validation of the three baseline models using the figures presented below. Here we
plot the simulated values of GDP and emission in Denmark and ROW, together with the observed data. We
observe that the simulated values of GDP overall fit the trend of the data both before and after 2017 for
both Denmark and ROW. Looking at emission, the model matches the data up till 2017 for the rest of the
world, while we observe an overshoot in the Danish emission especially from 2000-2017, with the main
reason being that all other measures than the renewability share and CO2 intensity are held fixed over
time3°, After 2017, we see that the overall trend of emission starts falling in both areas mainly as a result of
a higher green capital to total capital ratio as well as the greenness of the capital stock improving3Z.
Overall, we can validate the three baseline models as we observe that they are capable of matching the
trends observed in the data®.

29 Costantini & Mazzanti (2012) estimate a significant coefficient to lie within a range of 0.1-0.55 using different measures, while
Hwang & Kim (2017) using two different explanatory variables find the coefficient to be between 0.46 and 0.22. As the estimate of
0.46 is found to be significant on a higher significance level we use this coefficient in the main analysis, still, we perform a
sensitivity analysis shown in Appendix D setting the parameter to 0.22 which also matches the range found by Costantini &
Mazzanti (2012).

30 Measures like energy intensity and matter intensity for both green and conventional capital are unchanged over the entire
simulation (just as in Carnevali et al. (2021) ). As we do not want to overcomplicate the model we accept this overshooting, as this
should not change the overall effects relative to each other.

31The increasing share of green capital is a result of an exogenously set growth rate of firm’s green investments (INVgDTK, INVg’;OW).
Whereas the improved greenness of the capital stock is a result of the endogenization of the renewability share of green capital
(n5%,n82W), and the exogenously determined degrowth of the CO2 intensity of green capital (B2, B&PW).

32 As there is almost no difference between the three baseline models, the lines representing each model lie on top of each other.
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Figure 3 Validation of the three baselines using GDP and Emission for Denmark and the rest of the world.

We have now presented the calibration strategy and validation for the two-area ecological SFC model used
in this paper. In the upcoming section, we will introduce a shock to all three baseline models, in the form of
a policy mix, whereas differences across the three models should be attributed to what versions of the PH
framework are active. The focus of the analysis will be on changes in emission both within Denmark and the

rest of the world, which will allow us to calculate the carbon leakage rates for each of the three models in

section 6.
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Section 5 Introducing a policy-mix in the Danish Economy

We start this section by providing a description of the policy mix later introduced as a shock to the three
baseline models presented in the previous section. Next, we analyze the effect on emission when
introducing this shock, comparing the results of each scenario relative to each other, we will attribute
differences to the inclusion of the Weak- or Narrowly Strong- PH.

5.1 The policy-mix

Most often the leakage rate literature bases their calculations on the implementation of a carbon tax, we
take a similar approach as this type of flexible and market-based regulation is also preferred by the PH
framework (Ambec et al., 2013). We use the political agreement recently presented by the Danish
parliament (2022) setting the carbon tax to 50 USD in 2025, with increments of 12 USD each year until
2030; thereafter it is held fixed at 110 USD (per ton CO2). Additionally, we allow the government to recycle
the revenue of the carbon tax to spur innovation, further enhancing the effects of the PH framework
(Ambec et al., 2013). Given this, the policy mix will have three important effects: I.) Increasing the firm's
costs associated with emission through a carbon tax. Il.) Increasing government spending towards green
MOIS through recycling of the carbon tax revenue. lIl.) Increasing government spending towards green R&D
also through the recycling of the carbon tax revenue. In the next section, we will see how these three
effects play into the economy and the ecological sector, as the policy mix is introduced in Baseline 1
(Scenario 1), Baseline 2 (Scenario 2), and Baseline 3 (Scenario 3).

5.2 Analyzing the effect on emission within the three scenarios

For the comparison of Scenarios 1, 2, and 3, this analysis will focus on the effect on emission, as the change
in emission is used in Section 6 to calculate the leakage rate for each scenario. As we are not using a fully
empirical model the exact magnitude of a change in emission should be interpreted carefully, instead, the
focus should be on the relative differences between Scenarios 1, 2, and 3. As Scenario 1 does not include
any of the effects presented by the PH framework, we will mainly use this scenario as a basis for
comparison. When looking at the change in emission associated with the implementation of the PH
framework two overall channels are in play as the policy-mix is included. The channels will go through
changes in output and changes in the renewability share of the capital stock®,

33 See Appendix C Figure 1 for a visualization of the two channels affecting emission.
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Figure 4 Changes in GDP when implementing the policy mix within each of the three baseline models.

Looking at the first channel, we observe that GDP increase in both Denmark and ROW for all three
scenarios, the approximately 1% increase in Danish GDP is mainly associated with the increase in
government spending, as the government recycles the carbon tax revenue, meanwhile, the approximately
0.006% increase in GDP for ROW is a result of Danish imports increasing (associated with the higher level of
Danish GDP)3“.

Looking at the change in GDP in each scenario relative to each other, we find only small differences when
including the effects of the PH framework in Scenarios 2 & 3, where the effects seem to increase output in
both Denmark and ROW by a small amount3>. The main reason for this minor relative difference should
mainly be associated with the Weak PH increasing green R&D investments3®. Besides the effect of the Weak
PH, the minor differences between Scenarios 2 & 3 seen in GDP for the rest of the world should mainly be
associated with the effect of climate damages due to different levels of emission.

34 We see that the change in GDP relative to GDP in the baseline in both Denmark and ROW is following a downward-sloping trend
after the carbon tax is held fixed in 2030. This is mainly because of the level of CO2 emission, where lower CO2 emission will reduce
the tax income for the government thereby also reducing the green R&D spending by the government, reducing the positive effect
on GDP through this channel over time. If emission at some point hits zero, or the carbon tax rate is set to zero, the downward
trend observed for both Denmark and ROW will stop and will reach a value close to the level of GDP in the baseline model.

35 |n the plots showing the effect in Denmark, Scenario 2 including the Weak PH, and Scenario 3 including both the Weak- and
Narrowly Strong- PH will lie on top of each other, whereas the green line showing the effect for Scenario 2 is not observed.

36 As this is a substitute for conventional investments and will therefore lower the total capital stock, meaning a lower level of
depreciation.
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Figure 5: Changes in the renewability share of the capital stock when implementing the policy mix within the three baseline models.

We now turn to the second channel, associated with changes in the renewability share of the capital
stock®. Starting with Denmark shown to the left in the plot above we see that the average renewability
share of the total capital stock increase in all three scenarios. Looking at the effects relative to each other,
the difference between Scenario 1 and the two other scenarios should be attributed to the inclusion of the
Weak PH, where the higher level of R&D spending made by firms both increases the renewability share of
Danish green capital and the share of green capital to total capital®®. As one would expect, the effect of
introducing the Narrowly Strong PH in Scenario 3 does not affect the average renewability share of the
capital stock in Denmark, as it only increases the share of Danish green exports.

Looking at the rest of the world, the effect of implementing the policy mix in Denmark increases the
average renewability share of the total capital stock in all three scenarios. We see that relative to the effect
in Scenario 1, the inclusion of the Weak PH in Scenario 2 further increases the effect, as the Danish green
exports become more efficient. Furthermore, as we look at the effect in Scenario 3, including both the
Weak- and Narrowly Strong- PH, the effect is again further increased as the share of imported green capital
to total capital increases in ROW.

After looking at the change in output and the average renewability share of the capital stocks for both
Denmark and ROW, we can now turn towards the change in emission shown in the plot below:

37 This second channel is affected by several underlying channels, to help the reader understand the underlying dynamics of this
channel see Figure 2 in Appendix C.

38 The share of green capital increases as the higher level of green R&D investments is a substitute for conventional investments
thereby lowering the conventional investments and thereby the total capital stock while keeping the stock of green capital fixed.
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Figure 6 Changes in emission when implementing the policy mix within the three baseline models.

Starting with emission in Denmark (left side plot above), we again observe a difference between Scenario 1
and the two other scenarios, which is also consistent with our analysis of the two underlying channels.
Again, the relative difference can be attributed to the higher level of R&D spending associated with the
Weak PH, which results in a greater increase in the average renewability share of the total capital stock
observed in the previous plot.

As we turn towards the change in emission outside Denmark, the effect on emission in the rest of the world
seem to be almost similar for Scenarios 1 & 2. The main reason is that the two underlying channels have
offsetting effects, as we in Scenario 2 see a higher level of GDP, reducing the magnitude of the fall in
emission, but at the same time observe a larger increase in the average renewability share of the capital
stock relative to what is observed in Scenario 1. For this reason, taking into account the Weak PH alone
appears to have little or no effect when analyzing emission outside Denmark®.

Looking at the introduction of the Narrowly Strong PH in Scenario 3, the relative difference compared to
Scenario 1 is much larger, with the main reason being the increments in the average renewability share of
the total capital stock, as a result of a higher level of Danish green exports and a higher renewability share
associated with this green export.

The results provided in this section should be in accordance with expectations and thereby substantiate the
inclusion of the PH framework in a macroeconomic model. Furthermore, the results also indicate the
importance of including the Narrowly Strong PH together with the Weak PH when analyzing environmental
regulations' effect on emission in macroeconomic models. In the next section, we will use the obtained
results to calculate the leakage rate within each of the three models and discuss whether political measures
to spur innovation could be capable of enhancing the green transition on a world basis.

39 |n the sensitivity analysis we isolate the effect of the Narrowly Strong PH, and see that the exclusion of the Weak PH lowers the
effect on ROW emission, whereas the Weak PH in combination with the Narrowly Strong PH seems to have a larger effect on
emission in ROW (see appendix D)
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Section 6 Estimation of the leakage rates

D@RS (2019) presents five main channels of carbon leakage when providing an overview of the current
leakage rate literature, the channels are I.) Leakage through the fossil fuel market, Il.) Leakage through the
European quota system (ETS), lll.) Leakage through political incentives, I1V.) Leakage through technological
spillovers, V.) Leakage through international trade®.

As presented by D@RS (2019) carbon leakage through international trade is in the case of Denmark argued
to be the main effect of carbon leakage, and seems to play a larger role the higher degree of openness in the
economy. A calculation of this channel for a small open economy is provided by Copenhagen Economics
(2011) estimating carbon leakage rates for energy-intensive industries in Denmark using a partial equilibrium
model. The model only accounts for leakage through international trade and finds a leakage rate of 88
percent from a particular tax reform in Denmark, thereby finding the effect to be quite large.

Throughout this paper, our main focus has been on the relationship between environmental regulations and
country-level competitiveness, where the literature has mainly focused on the two opposing frameworks in
the form of the Porter hypothesis and the Pollution Haven Hypothesis. Even though we find empirical
evidence for the PH framework, the effects within this framework are negated when looking at the leakage
rate literature*, while on the other hand, the Pollution Haven hypothesis seems to be unquestioned.
Thereby, carbon leakage through international trade can only lead to increases in emission outside
Denmark®,

In this paper, we show how the PH framework can be included within a macroeconomic model allowing us
to analyze how the PH framework affects leakage rates.

We will now use the results presented in Section 5 to calculate the leakage rates associated with
implementing the policy mix within the three models. When calculating the leakage rate, we use the
equation presented below with Ly being the leakage rate, AEgoy, being the change in emission for ROW,
and AEpk being the change in emission for Denmark, all as a result of implementing the policy-mix within
Denmark.

L = AErow Eq.10
R =—

It is important to highlight, that none of the above-mentioned channels of carbon leakage presented by
D@RS (2019) are included in the results of this paper®®. Whereas the leakage rate estimated in this section
should only provide us with the effects associated with the implementation of the PH framework. This, and
the fact that the model used in this paper is only partly empirical means that the magnitude of the leakage
rates should not be interpreted as the total leakage rates for Denmark, instead, we should focus on the
relative differences using Scenario 1 to compare with the results of Scenario 2 & 3.

As we use a dynamic model, some of the effects take time to play in, for this reason, we show how the
leakage rates develop over time, again the focus should be on the relative difference between the three
models. We also provide the reader with the cumulative change in emission for Denmark, ROW, and the

40 See D@RS (2019) for a further explanation of these five channels of leakage.

41 Often the argument is that these effects are difficult to model, but the flexible set-up of the model used in the paper allows us to
include this effect.

42 Following the Pollution Haven hypothesis even if a firm does not move its production elsewhere, a carbon tax in Denmark will
force Danish firms to increase prices. As a result, customers might seek towards competitors operating outside the regulated area,
thereby increasing production in the less environmentally regulated areas, and thereby still increasing emission outside Denmark.
43 This also implies that this analysis only applies to industries not being part of the EU-ETS.
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Figure 7: Accumulative change in emission for Denmark, ROW, and the World (million tons CO2), and the associated carbon leakage
rates when implementing the policy mix within the three baseline models.

Looking at the upper left-, upper right-, and lower left- corner of the plot in Figure 7, we show the
cumulative change in emission within Denmark (AEpg), ROW (AERoy ), and the World (AEy, 514) @s a result
of introducing the policy-mix in Denmark in all three models. Lastly in the bottom right plot, we calculate
the leakage rate associated with the cumulative change in emission for Denmark and ROW*,

We see that including the effects of the PH framework in Scenarios 2 & 3 reduces the leakage rate (relative
to the results obtained in Scenario 1), especially when including the Weak- and Narrowly Strong- PH
together in Scenario 3*. Thereby, taking into consideration the PH framework when calculating carbon
leakage through the channel of international trade, will (as expected) lower the estimate of the leakage
rate®®.

Politically this result is of great importance, as carbon leakages in the future should be playing a large role
in designing political tools for reaching the Danish climate goals. If the idea is only to meet the Danish
climate goals while not considering carbon leakage, the most cost-efficient policy is argued to be a uniform
carbon tax across all industries*” (D@RS, 2018; Kjeer Kruse-Andersen & Birch Sgrensen, 2021).

When introducing the effects of carbon leakages, several new political measures are taken into use mainly

4 In Appendix D we show the estimations of the leakage rates associated with all sensitivity analyses performed. Looking at the
estimates relative to each other they all provide us with a similar conclusion that the leakage rate drops as a higher degree of the
PH framework is introduced.

45 |n the sensitivity analysis in Appendix D, we look at the effect of the Narrowly Strong PH in isolation, where we find that having
the Weak PH active enhances the effect of the Narrowly Strong PH.

46 Still the results do not indicate the magnitude in which the PH framework might lower the leakage rate, and whether including
the effects of the PH framework might even lead to negative estimations of the leakage rate.

47 Besides the industries included in the ETS.
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to minimize the counter-effect on international competitiveness presented by the Pollution Haven
hypothesis where firms relocate investments from one country to another to reduce costs associated with
emission (Fischer & Fox, 2012; Kjeer Kruse-Andersen & Birch Sgrensen, 2021). For this reason, taking into
account leakage rates, the most optimal type of policy is argued to be a system of border carbon
adjustments, imposing a tax on the estimated carbon content of imported goods, and offering a rebate for
some of the domestic carbon tax on the production of exported goods. This type of regulation is argued to
reverse the negative effects on competitiveness implied by the Pollution Haven hypothesis (Bohringer et
al., 2012; Fischer & Fox, 2012; Hoel, 1996). However, as argued by Cosbey et al. (2019) border carbon
adjustments will most likely be challenged under the current WTO rules, as they involve a risk of starting a
trade war. This has led to different alternatives like |.) Differentiating carbon tax rates across sectors to
mitigate leakage (Hoel, 1996), Il.) Including different types of subsidies for green production, IIl.)
Introducing consumption taxes on internationally traded goods (Kruse-Andersen & Sgrensen, 2019).

As mentioned above, all these initiatives assume that competitiveness can only be negatively affected by
the introduction of environmental regulations. However, the results provided in this paper suggest that the
PH framework might introduce new aspects to this discussion. Therefore, we will now present two focus
areas for political initiatives to maximize the decrease in ROW emission through the effects of the PH
framework.

The first political initiative is motivated by the discussion of the impact of technological development on
carbon leakage in a small open economy, where D@RS (2019) argue that this effect should be minimal as
the diffusion of new technologies is dependent on the innovator’s world market share, which for
companies in a small open economy is considered to be low. Still, we argue that some Danish companies,
especially within the green sector, seem to have large world market shares, with a company like Vestas
having more than one-fifth of the world market share within the wind power industry (Fernandez, 2023).
For this reason, a focus area could be to differentiate the rate of a carbon tax based on an industry’s world
market share, thereby introducing a higher rate for firms with larger world market shares, while at the
same time providing them with a higher rate of subsidies towards green R&D. This could enhance the
diffusion of new green technology through green exports, as these companies already have strong
international relationships.

The second political initiative is based on the results of a questionnaire performed by several green Danish
companies taking part in the climate partnership arranged by the Danish parliament. This questionnaire
showed that Danish green technology has an estimated potential of reducing emission within Europe with
up to 1500 million tons of CO2 (The Danish Parliament, 2020). One of the main obstacles being to create
international relationships thereby creating opportunities for green firms to export their green
technologies. Even when these relationships are established Munch & Schaur (2018) argue that exporters
initially are uncertain about the foreign partner’s reliability. These obstacles provide a strong rationale for
governmental policies that encourage the diffusion of environmental technologies, like offering guidance
and protection when engaging in exports (Jaffe et al., 2005). Therefore, a focus on governmental promotion
and protection of Danish green exports could enhance the effects of the PH framework?®.

This concludes the two focus areas presented in this paper looking at how political initiatives might further
enhance the effects presented by the PH framework. In the next section, we will present the main
conclusions of this paper.

48 In Denmark, all governmental trade-promotion activities are organized under one roof in the Trade Council under the Ministry of
Foreign Affairs with a yearly budget of approximately USD 65 million (Munch & Schaur, 2018).
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Section 7 Conclusion

In this paper, we investigate the importance of including the dynamic relationship between environmental
regulations and competitiveness introduced by the PH framework, when analyzing carbon leakage rates.
Based on our results, we conclude that introducing this relationship will lead to lower estimates of the
leakage rate, thereby questioning the magnitude of this measure found in the literature today.

Including the PH framework in the leakage rate calculations seems especially important for understanding
how a small open economy like Denmark might be able to affect emission through international trade,
whereas the modeling of international trade in the literature today only allows for negative effect when
introducing an environmental regulation, as the effects of innovation and technological development have
shown to be difficult to model and are therefore excluded. Leaving out the effect of the PH framework
might cause a bias in political decisions, where industries are excluded from environmental regulations
using the argument that emission will just move elsewhere, inspired by the Pollution Haven hypothesis.
Hopefully, the methods used, as well as the results presented in this paper will lead to an overall
acceptance of the PH framework as a part of the leakage rate literature and will in the future provide a
more adequate picture for future political decisions to be made.
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Appendix -A Moadel equations:

I.) Disposable income, wealth, and taxes
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ROW  _ 1,ROW ROW
KGrNew - kgr - kgrt_1
KROW KROW _ KROW
ROW _ NEWgrim * nROW grim NEWgrim ROW
nAVGgrim - KROW gr KROW nAVGgrim
grim grim

BEY = B2+ (1 - M)
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KA KAOW — KA
gr ROW gr gr ROW
KROW ) * Bgr + improw * ( KDK > *
gr gr
K};OW — grow

, g NEWgr
+ (1 — impgrow) * (W) * BRoW
agr

ROW _
ﬁAVGgr - (

AVGgTe—1

ROW

ROW ROW __ 1rROW
ROW _ NEWgrim DK grim NEWgrim
ﬁAVGgrim - KROW * gr + KROW ﬁAVGgrim

grim grim

Newly added or changed equations (DK)

DK DK KDK
_ DK gr DK grim DK con
Hpk = Hgr * K + grim * K + Ucon K
DK DK DK
DK DK KDK
ﬁ _ ﬂDK % ar +ﬂDK % grim DK % con
DK — PAVGgr K AVGgrim K con K
DK DK DK
DK DK
KpK K K
gr grim con
€pk = Egi * +ebX K

. % € *
grim con
KDK KDK KDK

DK DK DK
_ .. DK % Kgr + DK % Kgnm + DK % Kcon

Npk = nAVGgr K nAVGgrim K con K
DK DK DK

log(nfhiow) = impvg + impvy * 1og(GOVEES, + INVE)

DK _ .,,DK DK
ngr - ngrt_l + Th‘mpv
NEw K5 — KiEw
DK — ar DK 3 gr gr DK .
Navegr = ( KDK ) * Ngr + IMpPpg * <— ) *Navegre., T (1 — imppk)
agr

KDK
DK DK
Kgr _KNEWgr
| ——— *nDK
KDK ar

DK — 1,.DK DK
KNEWgr - kg‘r —k

grt-1
DK DK DK
DK _ KNEWgrim « pROW Kgrim B KNEWgrim DK
Navegrim = K DK gr KDPK
grim grim
DK _ DK _ 17DK
KNEWgrim - Kgrim Kgrimt_l

B = BB, + (1= gB)

*Nave grim



KGDrlf\Iew DK 4 - Kg%K B K(?rlf\lew DK ,
ﬁAVGgr =( KDK ) * ﬁgr + imppg * T Kbk * :B,cwagr,:_1 + (1 — imppg)
agr

DK DK
Kgr — Kgrnew DK
T )7

DK gr
T

KDK KDK

DK
KNEWgrim ROW Kgrlm KNEWger
ﬂAVGger - .8 ﬁAVGger
grim grim

XIll.) The ecosystem: damages and feedbacks

ROW:
dROW = 1 — (1 + dROW . T,y 4+ dROW . T2, + qROW . TjRow) ™!
8 = 6FOW + (1 — 6FOW) - (1 — adfoW) - dFOW
DK:

dRK =1 — (14 dPK - Typ + dB¥ - TZ + df¥ - T2PK) ™

Spx = 655 + (1= 85%) - (1 — adR™) - dPX,

XIV.) Carbon tax

ROW:
Co2R0W = (emisgoy * Co2R2%) /100
DK:

Co2PK. = (emispk * Co2BK )/100

XV.) Redundant equations

HPK = Pk

HROW = gROW
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Appendix -B Parameter Values:

notation Baseline 1 value  Change in Baseline 2 Change in Baseline 3

values values
Danish capitalists’ propensity to alK 0.49
consume out of income*
Danish workers’ propensity to afulf 0.89
consume out of income*
ROW capitalists’ propensity to akow 0.49
consume out of income*
ROW workers’ propensity to akow 0.79
consume out of income*
Danish capitalists’ propensity to abk 0.02
consume out of wealth*
Danish workers’ propensity to abk 0.03
consume out of wealth*
ROW capitalists’ propensity to a,grow 0.02
consume out of wealth*
ROW workers’ propensity to akow 0.02
consume out of wealth*
Parameter in Denmark export &o -6.1
equation
Parameter in Denmark export & 0.92
equation
Parameter in Denmark export &y 0
equation
Parameter in Denmark export &3 0.5
equation
Parameter in Denmark green Qg -3.75 -2.25
export equation
Parameter in Denmark green Qf 1
export equation
Parameter in Denmark green Q%( 0 0.5
export equation
Portfolio parameter of demand Ao 0.2
for Danish bills by Danish
capitalists
Portfolio parameter of demand A1 1
for Danish bills by Danish
capitalists
Portfolio parameter of demand A1z 1
for Danish bills by Danish
capitalists
Portfolio parameter of demand A3 0
for Danish bills by Danish
capitalists
Portfolio parameter of demand = 4,, 0
for Danish bills by Danish
capitalists
Portfolio parameter of demand A0 0.3
for ROW bills by Danish
capitalists
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Portfolio parameter of demand
for ROW bills by Danish
capitalists
Portfolio parameter of demand
for ROW bills by Danish
capitalists
Portfolio parameter of demand
for ROW bills by Danish
capitalists
Portfolio parameter of demand
for ROW bills by Danish
capitalists
Portfolio parameter of demand
for ROW bills by ROW capitalists
Portfolio parameter of demand
for ROW bills by ROW capitalists
Portfolio parameter of demand
for ROW bills by ROW capitalists
Portfolio parameter of demand
for ROW bills by ROW capitalists
Portfolio parameter of demand
for ROW bills by ROW capitalists
Portfolio parameter of demand
for Danish bills by ROW
capitalists
Portfolio parameter of demand
for Danish bills by ROW
capitalists
Portfolio parameter of demand
for Danish bills by ROW
capitalists
Portfolio parameter of demand
for Danish bills by ROW
capitalists
Portfolio parameter of demand
for Danish bills by ROW
capitalists
Portfolio parameter of demand
for ROW shares by Danish
capitalists
Portfolio parameter of demand
for ROW shares by Danish
capitalists
Portfolio parameter of demand
for ROW shares by Danish
capitalists
Portfolio parameter of demand
for ROW shares by Danish
capitalists
Portfolio parameter of demand
for ROW shares by Danish
capitalists

0.4

0.0008

0.05

0.01

0.01
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Portfolio parameter of demand
for ROW shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by ROW
capitalists
Portfolio parameter of demand
for Danish shares by ROW
capitalists
Portfolio parameter of demand
for Danish shares by ROW
capitalists
Portfolio parameter of demand
for Danish shares by ROW
capitalists
Portfolio parameter of demand
for Danish shares by ROW
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for ROW shares by ROW
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Portfolio parameter of demand
for Danish shares by Danish
capitalists
Shares issues to investment
ratioin ROW
Shares issues to investment
ratio in Denmark
Real supply of shares in
Denmark

AIOO

/1101

1102

1103

/1104

fROW

gDK

eDlK

0.05

0.0001

0.01

0.01

0.05

0.01

0.01

0.1

0.01

0.01

0.01

0.01
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Real supply of shares in ROW
Unit price of shares in Denmark
Unit price of shares in ROW
Parameter in Denmark import
equation
Parameter in Denmark import
equation
Parameter in Denmark import
equation
Parameter in Denmark import
equation
Parameter in Denmark green
import equation
Parameter in Denmark green
import equation
Parameter in Denmark green
import equation
Average tax rate onincome in

Denmark*
Average tax rate on income in
ROW*
Initial value of depreciation rate
in Denmark*
Initial value of depreciation rate
in ROW*
Capital adaptation coefficient in
Denmark*
Capital adaptation coefficient in
ROW*

Parameter of total investment
function in ROW*
Parameter of total investment
function in ROW*
Parameter of total investment
function in ROW
Parameter of total investment
function in Denmark*
Parameter of total investment
function in Denmark*
Parameter of total investment
function in Denmark
Parameter of Danish green
investment function
Parameter of Danish green
investment function
Parameter of Danish green
investment function
Parameter of ROW green
investment function
Parameter of ROW green
investment function
Parameter of ROW green
investment function

Ha
H3
oM
oM
oM
9DK

eROW

DK
8o

ROW
8o

adR¥

adfoV

ROW
Yo

ROW
Y1

ROW
Y2

DK
Yo

DK
V1

DK
Y2

DK
X1

DK
X2

DK
A3

ROW
X1

ROW
X2

ROW
X3

-0.45

0.5

1.45

-3.75

0.32

0.14

0.08

0.08

0.75

0.75

0.09

1.008

0.005

0.0007

1.008

0.005

0.2

0.02

0.09

0.2

0.02

59.91
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Rate of increase for green
investments in Denmark
Rate of increase for green
investments in ROW
Parameter of Danish green R&D
investment function
Parameter of Danish green R&D
investment function
Parameter of ROW green R&D
investment function
Parameter of ROW green R&D
investment function
Parameter of ROW green R&D
investment function
Parameter of Danish green R&D
investment function
Wage share to total income in
Denmark
Wage share to total income in
ROW
Profit retention rate of Danish
firms
Profit retention rate of ROW
firms
Percentage of money held in
Denmark deposits
Percentage of money held in
ROW deposits
Parameter of dividend yield in
ROW
Parameter of dividend yield in
Denmark
Share of exogenous green
government spending going
towards green MOIS in
Denmark
Share of exogenous green
government spending going
towards green R&D in Denmark
Share of exogenous green
government spending going
towards green MOIS in ROW
Share of exogenous green
government spending going
towards green R&D in ROW
Material intensity of green
capital in Denmark (Kg/USD)
Material intensity of green
capital in ROW (Kg/USD)
Material intensity of
conventional capital in Denmark
(Kg/USD)

DK
9erinv

ROW
Ierinv

FDK

WRrow

retpg

Upk

Vrow

ROW
Tgy

DK
Tgy

DK
SMOIS

DK
SR&D

ROW
SMOIS

ROW
SR&D

DK
Hgr

ROW
ﬂgr

DK
Heon

0.015

0.0075

-2.305 -1.42

0 0.15

0 0.15

0.62

0.62

0.02

0.02

0.7

0.7

0.006

0.006

0.95

0.05

0.95

0.05

0.71

0.71

0.86

-1.42

0.15

0.15
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Material intensity of
conventional capital in ROW
(Kg/USD)

Energy intensity of green capital
in Denmark (Ej/USD)
Energy intensity of green capital
in ROW (Ej/USD)

Energy intensity of conventional
capital in Denmark (Ej/USD)
Energy intensity of conventional
capital in ROW (Ej/USD)
CO2 intensity of green capital in
Denmark (Gt/Ej)**

CO2 intensity of green capital in
ROW (Gt/Ej)**

CO2 intensity of conventional
capital in Denmark (Gt/Ej)**
CO2 intensity of conventional
capital in ROW (Gt/Ej)**
Coefficient of CO2 annual
emissions in Denmark (mean)**
Coefficient of CO2 annual
emissions in ROW**
Parameter of Danish
improvements of the
renewability share of green
capital
Parameter of Danish
improvements of the
renewability share of green
capital
Parameter of ROW
improvements of the
renewability share of green
capital
Parameter of ROW
improvements of the
renewability share of green
capital
The share of green capital stock
not upgraded to new efficiency
in ROW
The share of green capital stock
not upgraded to new efficiency
in ROW
Degrowth rate of co2 intensity
in ROW
Degrowth rate of co2 intensity
in Denmark
Carbon tax rate in Denmark ($
tax per ton co2)

Carbon tax rate in ROW (S tax
per ton co2)

ROW
Hcon

DK
Egr

ROW
Egr

DK
€con

ROW
€con

DK
ar

ROW
gr

DK
con

ROW
con

DK
0

impv Bk

impvPK

impv&oW

impvRoW

improw

lMppk

ROW
IBgr

DK
9Bgr
Co2PK,

ROW
Cozrate

0.86

3.65

7.95

4.65

9.95

0.035

0.035

0.055

0.055

0.0098

4.4902

-2.282

0.31

-4.383

0.31

0.85

0.85

0.015

0.03
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Temperature at the lower-
ocean level
Speed of adjustment parameter
in atmospheric temperature
function
Heat loss from the atmosphere
to the lower ocean in
atmospheric temperature
Heat loss from the atmosphere
to the lower ocean in lower
ocean temperature
Equilibrium climate sensitivity
Pre-industrial CO2
concentration in atmosphere
Pre-industrial CO2
concentration in upper
ocean/biosphere
Pre-industrial CO2
concentration in lower ocean
CO2 transfer coefficient
CO2 transfer coefficient
CO2 transfer coefficient
CO2 transfer coefficient
CO2 transfer coefficient
CO2 transfer coefficient
CO2 transfer coefficient
Land-use CO2 emissions
Rate of decline of land-use CO2
emissions (after 2020)
Radiative forcing over pre-
industrial levels (W/mA2)
Increase in radiative forcing due
to doubling of CO2
concentration
Radiative forcing due to non-
CO2 greenhouse gases
Annual increase in radiative
forcing due to non-CO2
greenhouse gases
Waste generated by production
activities in Denmark (Gt)
Waste generated by production
activities in ROW (Gt)
Recycling rate in Denmark
Recycling rate in ROW
Conversion rate of material
resources into reserves in
Denmark
Conversion rate of material
resources into reserves in ROW

co25RE

co2fRE

co2PRE

$11
b12
$21
$22
$23
$32
$33
emis;
g1

0.027

0.018

0.005

2156.2

4950.5

36670

0.9817
0.0080
0.0183
0.9915
0.0005
0.0001
0.9999

0.044

2.3

3.8

0.28

0.005

0.023

10.98

0.2
0.2
0.00034

0.00034
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Conversion rate of non-ren.
energy resources into reserves
in Denmark
Conversion rate of non-ren.
energy resources into reserves
in ROW
Initial value of matter resources
of Danish (Gt)

Initial value of matter resources
of ROW (Gt)

Initial value of non-renewable
energy resources in Denmark
(Ej)

Initial value of non-renewable
energy resources in ROW (Ej)
Initial value of socio-economic
stock of Danish (Gt)
Initial value of socio-economic
stock of Danish (Gt)
Coefficient converting Gt of
carbon into Gt of CO2
Parameter of damage function
in Denmark
Parameter of damage function
in Denmark
Parameter of damage function
in Denmark
Parameter of damage function
in Denmark
Percentage of damages in
Denmark
Parameter of damage function
in ROW
Parameter of damage function
in ROW
Parameter of damage function
in ROW
Parameter of damage function
in ROW
Percentage of damages in ROW
Proportion of durable discarded
in Denmark every year
Proportion of durable discarded
in ROW every year
Share of renewable energy to
total energy in Denmark,
conventional capital
Share of renewable energy to
total energy in ROW,
conventional capital
Share of renewable energy to
total energy in Denmark, green
capital

resPX

resRowW

resP¥

ROW
Ncon

DK
Ngr

0.00177

0.00177

3031.426

395549.5

4617.11

602454.3

0

0

3.67

0

0.00284

0.000005

6.6754

0.0028

0

0.00284

0.000005

6.6754

0.0028
0.015

0.015

0.05

0.05

0.05
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Share of renewable energy to
total energy in ROW, green
capital
Initial government green
spending in Denmark after 1990
Initial government green
spending in ROW after 1990
Initial government conventional
spending in Denmark*
Initial Government
conventional spending in ROW*
Coefficient of government
conventional spending function
in Denmark*
Coefficient of government
conventional spending in
Denmark*
Coefficient of government
conventional spending function
in ROW*
Coefficient of government
conventional spending in ROW*
Return rate on government
bonds in Denmark
Return rate on government
bonds in ROW
Interest rate on loans in
Denmark
Interest rate on loans in ROW
Exchange rate Denmark
Exchange rate ROW
Return rate on equity & shares
in Denmark

Return rate on equity & shares
in ROW

ROW
Ngr

GOVRK
GO%};OW
GOVeon
GOVegn"”
Vgcl){VO
V(I;Jcl){vl
ROW

YeGov,

ROW
Ycov,

0.05

0.0098

1.5938

0.018

2.380

0.076

1.003

0.076

1.003

0.03

0.03

0.035

0.035

0.03

0.03
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Appendix -C Figures:
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Figure 8 Appendix C: visualizing the simple relationships between the implementation of a policy-mix in Denmark and emission in

Denmark and ROW.
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Figure 9 Appendix C: Visualizing the underlying effects going from the change in the renewability share in Denmark, to the average

renewability share in Denmark and ROW.
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Appendix -D Sensitivity analysis.

Including the effects of the Strong PH. (51)

In the below, we introduce a new scenario also including the effects of the Strong PH to the analysis. When
including the Strong PH, we allow for a relationship between technological efficiency in Denmark and the
total Danish exports. We observe that the inclusion of the Strong PH mainly influences the emission in
ROW, as the change in the technological efficiency is increased.

Change in GDP DK Change in GDP ROW

0007
L

= h\

= \
o

Scenario 1: No PH effects active

Scenario 2: Weak PH active

Scenario 3: Weak PH & Narrowly Strong PH active

Scenario 4: Weak PH, Narrowly Strong PH & Strong PH active
= i

0.006
L

Scenario 1: No PH effects active
Scenario 2: Weak PH active

Scenario 3: Weak PH & Narrowly Strong PH active

Scenario 4: Weak PH, Narrowly Strong PH & Strong PH active

% deviation from baseline
4 0.
! I
1
N
% deviation from baseline
0.002 0003 0.004 0005
I I !
1
N
7

S ¥
1=}
=
E
=

= g

= 7 =27
E

. . . . . ‘ . . . . . ‘
1960 1880 2000 2020 2040 2060 1960 1880 2000 2020 2040 2060
“rear “rear
Change in technological efficiency DK Change in technological efficiency ROW
o g
@

Scenario 1: No PH effects active
Scenario 2: Weak PH active

Scenario 3: Weak PH & Narrowly Strong PH active

Scenario 4: Weak PH, Narrowly Strong PH & Strong PH active

—— Scenario 1: No PH effects active
Scenario 2: Weak PH active

—— Scenario 3: Weak PH & Narrowly Strong PH active

Scenario 4: Weak PH, Narrowly Strong PH & Strong PH active

% deviation from baseling
]
!

% deviation from baseling
0005 0010 oms
I ! I
|
i

o
=
= o g 4
E
T T T T T T T T T
1880 1880 2000 2020 2040 2060 1880 1880 2000 2020 2040 2060
ear ear
Change in emission DK Change in emission ROW
5 J
E
= d
) \
g J
E
o 7 @
2 g
= =
2 2
2 2
= — Scenario 1: No PH sffects active = — Scenario 1: No PH sffects active
£ == Scenario 2: Weak PH active 2 S J = Scenario 2: Weak PH active
= == Scenario 3: Weak PH & Narrowly Strong PH active 5 =< == Scenario 3: Weak PH & Narrowly Strong PH active
£ o Scenario 4: Weak PH, Narrowly Strong PH & Strong PH active & Scenario 4: Weak PH, Narrowly Strong PH & Strong PH active
= =
o
g |
=
w
o
T T T T T T ! T T T T T T
1960 1980 2000 2020 2040 2060 1960 1980 2000 2020 2040 2060
“ear “ear

Figure 1 Appendix D: Introducing the effects of the Strong PH. (S1)
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Comparing the three versions in isolation. (S2)

Below, we compare the three versions of the PH framework in isolation, thereby looking at three scenarios:
First, only activating the Weak PH (same as Scenario 2 in the main analysis). Second, only activating the
Narrowly strong PH. Third, only activating the Strong PH. We look at the main results being changes in
emission as well as the two underlaying channels affecting emission (Output, and the average renewability
share of total capital).
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Figure 2 Appendix D: Comparing the three versions in isolation. (52)
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Changing assumption of imported green capital improvements. (S3)

In this sensitivity analysis, we change the assumption that already imported green capital cannot be
updated to the new efficiency of green capital. We do so by allowing 15% of the already existing stock of
imported green capital to be updated every period, thereby matching the effect on domestic produced
green capital. We look at the main results being changes in emission as well as the two underlying channels
affecting emission (output, and the average renewability share of total capital). No major changes seem to
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Figure 3 Appendix D: Changing assumption of imported green capital improvements. (S3)
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Sensitivity analysis for coefficient used when activating the Narrowly strong PH. (54)

In this sensitivity analysis, we change the coefficient introduced when activating the Narrowly Strong PH,
using evidence provided by Costantini & Mazzanti (2012) and Hwang & Kim (2017) setting the coefficient

Q‘;‘ to 0.22 instead of 0.5. We look at the main results being changes in emission as well as the two

underlying channels affecting emission (output, and the average renewability share of total capital). The
main difference found when lowering this estimate is seen on the change in technological efficiency for

ROW, as the lower estimate will both affect the amount of green import by ROW, and the average

efficiency of the capital imported.
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Figure 4 Appendix D: Sensitivity analysis for coefficient used when activating the Narrowly Strong PH. (54)
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Changing assumption of the Weak PH. (S5)

In this sensitivity analysis, we change the assumption that introducing the carbon tax does not have a level
effect on firms R&D spending when activating the weak PH. This assumption was mainly introduced for
simplicity and could be seen as canceling out the opportunity costs argued to be a part of the weak PH. In
this sensitivity analysis we allow firms R&D investments to increase from 10% of investments to 15% as the
carbon tax is introduced. The main difference seems to be an increased effect on output as a result of
implementing the Weak PH, as the higher level of firms R&D investments leads to a lower accumulation of
capital and thereby lower depreciation.
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Figure 5 Appendix D: Changing assumptions in the Weak PH. (S5)
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Lowering green government spending. (S6)

In this sensitivity analysis, we lower the share of green government spending. In the main analysis this

share is set to 20% mainly to be able to match the observed data for the Danish renewability share of total
production. Using data from Denmark’s statistics indicate that this share instead should be close to 5%

which is the share used in this sensitivity analysis. We look at the main results being changes in emission as
well as the two underlying channels affecting emission (output, and the average renewability share of total

capital). As a result, the relative differences seems to be the same, while the magnitudes are smaller.
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Matching trade balance with 2017 data. (S7)

In this sensitivity analysis, we set exports and imports to match the percentage of GDP observed in real

data for the year 2017%. In the main analysis we calibrate import and export to match observed values in

1960 as this creates more realistic starting values for other variables like GDP, consumption, and

investments. We look at the main results being changes in emission as well as the two underlying channels
affecting emission (output, and the average renewability share of total capital).
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Figure 7 Appendix D: Matching trade balance with 2017 values. (57)

49 Data used for calibrating import and export to 2017 values is found following this link:

https://www.macrotrends.net/countries/DNK/denmark/imports
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Sensitivity analysis for coefficient used when activating the Weak PH. (S8)

In this sensitivity analysis, we change the coefficient introduced when activating the Weak PH, setting the
coefficient FZDK & FZROW to 0.1 instead of 0.15. We look at the main results being changes in emission as
well as the two underlying channels affecting emission (output, and the average renewability share of total

capital).
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Figure 8 Appendix D: Sensitivity analysis for coefficient used when activating the Weak PH. (S8)
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Sensitivity analysis for coefficient used when activating the Weak PH. (S9)

In this sensitivity analysis, we change the set-up of equation 2 showing the relationship between total R&D
expenditures and the share of renewable energy used in production. We modify the equation in the
following way:

Nimpw = (exp(=3.56 + 0.31 * log(GOVgy,  + INVEZS, ))) * (1.02)100-pk*100)

Thereby the improvements of the renewability share drops as renewability technologies become more
mature measured as how close we are to using 100% renewable energy in the production. Doing this, we
see a further decline in the later years as the Danish renewability share is getting close to 100%. Following
the above approach allows us to obtain a renewability share following the real data from 2004-2021 very
close.
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Figure 9 Appendix D: Sensitivity analysis for coefficient used when activating the Weak PH. (S8)
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Leakage rates in the different sensitivity analysis

In this table, we show the calculated leakage rates for all sensitivity analyses (besides from sensitivity
analysis 2) together with the results obtained in the main analysis.

Table 1 Appendix D: Calculations of the leakage rate for sensitivity analysis 2-8.

ScenariO\ Main S1 LR S3 LR S4 LR S5 LR S6 LR S7 LR S8 LR S9 LR
Measure analysis

Lg
Scenario 110 0.85 0.85 0.80 0.64 085 092 078 0.85  0.59
years
0.49 0.49 0.42 0.31 049 054 046 049  0.35
years
Scenario 130 0.32 0.32 0.22 0.13 032 036 031 032  0.25
years
Scenario 2 10 0.71 0.71 0.65 0.61 043 080 063 076 050
years
0.42 0.42 0.34 0.27 027 047 038 045 031
years
Scenario 2 30 0.28 0.28 0.18 0.06 019 032 026 030 0.3
years
Scenario 3 10 0.43 0.43 0.13 0.16 003 043 022 041  0.33

years

Scenario 3 20 -0.09 -0.09 -0.51 -0.49 -0.32 -0.08 -0.30 -0.10 0.06
years
Scenario 3 30 -0.53 -0.53 -1.08 -1.06 -0.65 -0.44 -0.75 -0.50 -0.10
years

S A I T O
years
I I R I I N
years
years
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