Supplementary Information

I Model Parameters

In this section, we list the parameter and their values shown in table S1.
The default parameters of the government were set to create a representative
setting for the validation exercises and for the counterfactuals in the policy
experiments. The parameter values can be found in table S2.

Parameter Description Value Source of parameter value

(0m)

T Time periods in simulation 360 [1], [Author]
(months)

Nep Number of consumer good pro- 200 [2]
ducers

Nip Number of capital good produc- 20 [1], [Author]
ers

1 Capital good markup 0.2 [1], [Author]

Le Energy producer markup 0.01 [3]

A Max debt/sales ratio 2.0 [2]

[e1, p2] Uniform distribution support [0.1, 0.9] [2]

v R&D investment propensity 0.04 [2]

£ R&D allocation to innovation 0.5 [2]
(industry)

¢GF R&D allocation to innovation 0.5 [3]
(onergy)

(1,2 Firm search capabilities 0.3 [2]

Nge R&D investment in green tech 0.4 [2]

(a1, B1) Beta dist parameters (innova- (3,3) [2]
tion)

[x x] Beta dist support (innovation) [-0.005, 0.005] [1], [Author]

5 New customer sample parameter 0.5 [2]

n Physical scrapping age 60 [2]*

Ne Physical scrapping age energy 240 [3]*
plants

b Payback period (industry) 9 [2]*

be Payback period (energy) 30 [3]"

Qep Household consumption param- 0.75 [1], [Author]
eter

L; Labor units per household 100 [1], [Author]

w Memory parameter 0.8 [1], [Author]

A Labor smoothing parameter 0.7 [1], [Author]

ANW Max liquid assets as ratio of 0.5 [1], [Author]
monthly expenses

Ew Desired wage increase 0.02 [4]

Epn Upper limit markup shock 0.05 [1], [Author]

Df Fossil fuel price 0.2 [1], [Author]

Pp Prob. of changing cp for price 0.05 [1], [Author]

PQ Prob. of changing cp for unsat- 0.05 [1], [Author]
isfied demand

Ve Prob. of seeking different 0.15 [1], [Author]

employer

Table S1: Model parameters used in experiments. Here

* indicates

that the value was taken over and multiplied by 3, as the source models have
quarterly instead of monthly time periods.



Government spending is progressive by default (prog = —0.5), as this is
a true representation of government spending in industrialized countries. Fur-
thermore, the unemployment benefits U B, are fraction 0.7 of the minimum
Wage Wmin, as is (roughly) the case in The Netherlands. With the calibrated
model, further validation exercises were performed, as can be seen in the
section IIT and IV. These exercises largely follow those performed by [2], [4]
and [3].

Gov parameter Description Value
1 Default income tax 30%

K Default capital gains tax 30%

71 Default profit tax 30%

¢ Default carbon tax 0%

= Default energy tax 0%

Winin Minumum wage (per unit of L) 0.5

Unemployment Benefits (per unit of L) 0.7 - win
prog Government spending progressivity -0.5

Table S2: List of default government parameters. They are used in
validation experiments and for the price shock experiments.

IT Global Sensitivity Analysis

In this section, we present and discuss the results of global sensitivity analysis.
We employ the PAWN method proposed by [5]. Unlike variance-based methods
that may be inaccurate for skewed distributions, PAWN evaluates the shape
of the output distribution, including higher moments, making it suitable for
a broader range of distributions. By utilizing the empirical cumulative distri-
bution function (CDF) rather than the probability density function (PDF),
PAWN offers a computationally efficient approach for moment-independent
global sensitivity analysis.

For the estimation of the sensitivity indices, the hyperparameters used to
determine the number of Monte Carlo runs was set to N, = 500, n = 20
and N, = 100. For the M = 12 number of parameters investigated, this
required 24500 model evaluations. For a selection of output variables y, the
output time series were summarized and analyzed using the PAWN method.
The resulting PAWN indices can be found in table S4, and the ranges from
which the parameter combinations were drawn can be found in table S3. The
selection of y was made to reflect both the variables relevant for the validation
exercises and for answering the research question. Our use of the KS-statistic
also allows to quantitatively determine which parameters are of significant
influence, allowing to fix parameters of limited influence during the calibration
process [6]. This can be done by testing if the unconditional and conditional

distributions are significantly different using the K S test and the following



parameter  explored range

Otep 0.4, 1.0]
w [0.0, 1.0]
A [0.0, 1.0]

Xup (0.0, 0.01]

prog [-1.0, 1.0]
M1 [0.0, 0.5]
ew [0.0, 0.1]
e 0.0, 0.1]
pf (0.0, 1.0]
bp (0.0, 0.25]

¥ (0.0, 0.25]

Ve (0.0, 0.25]

Table S3: Explored ranges of parameters during global sensitivity analysis.

K5(0,) > cm/%, (25)

where « is the confidence level and c(a) a value given by c(a) = y/—2Ing.

Here a confidence level of oo = 0.05, will be used, for which c¢(a) ~ 1.358. (See
table S4)

critical condition:

y Qmax W A Xup PTOg H1 €w  Eu Dy Yp Yo YE

CO3 Em 0.03 0.03 0.07 0.24* 0.03 0.05 0.06 0.03 0.24* 0.03 0.03 0.05
E. Percentage 0.02 0.03 0.04 0.6* 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
GDP 0.05 0.07 0.147 0.08 0.14" 0.17%F 0.06 0.04 0.11 0.03 0.03 0.08
Bankr. of CP 0.04 0.08 0.18% 0.05 0.05 0.09 0.07 0.04 0.05 0.03 0.05 0.14f
GINI; 0.03 0.03 0.06 0.04 0.36*0.13 0.05 0.03 0.08 0.03 0.03 0.08
GINIy, 0.08 0.03 0.05 0.03 0.34* 0.03 0.04 0.03 0.05 0.03 0.03 0.04
LIS 0.03 0.03 0.09 0.04 0.02 0.4* 0.05 0.04 0.06 0.02 0.02 0.1

avg 7L P 0.03 0.04 0.06 0.44* 0.03 0.06 0.04 0.03 0.12 0.03 0.03 0.06
avg ApE 0.02 0.05 0.1 0.11 0.03 0.05 0.03 0.03 0.07 0.03 0.02 0.07
avg AgF 0.02 0.05 0.1 0.11 0.03 0.05 0.03 0.03 0.07 0.03 0.03 0.07
Unemployment  0.03 0.05 0.12 0.04 0.06 0.16%* 0.1 0.04 0.06 0.03 0.03 0.2*
Investment 0.04 0.08 0.2* 0.05 0.07 0.19* 0.05 0.05 0.07 0.03 0.03 0.04

Consumption 0.04 0.06 0.08 0.06 0.13 0.26" 0.04 0.04 0.07 0.03 0.03 0.06

Table S4: Mean sensitivity indices for different dependent variables
y. Significance levels of the respective PAWN indices for 10% are indicated
with T, 5% with * and 1% with *.

Table S4 gives both the mean PAWN indices and their respective con-
fidence levels, based on KS statistics. Considering the displayed confidence
levels, some conclusions can be drawn on the relative importance of the
selected parameters on the output parameters y. Firstly, emissions (COs, E.
Percentage) are primarily influenced by the support ¥ of the technological
shock distribution, meaning the primary influence for the green transition is



the extent of technological innovation. Note that the distribution of techno-
logical shocks is symmetric around 0, so xy = —Y. However, Y is also one of the
stronger indicators for GDP development which comes as no surprise, as this
is one of the most agreed-upon facts in macroeconomics [7]. The other major
contributions to GDP overall are A, prog, ¢ and py. The second variable of
significant influence is the price of fossil fuels py, which shows the sensitivity
of output growth to energy prices. This relation is broadly found in empirical
literature (e.g. see [8] or a recent study by [9], both for OECD countries).
The distributional effect of energy price shocks is further examined in the
experiments. Furthermore, the fossil fuel price has a significant effect on emis-
sions, which is caused by the breach of the tax-fossil fuel frontier, as discussed
earlier in the Methods section. This breach causes a quick conversion to green
technologies by the energy producer. To get a clear idea of the influence of
the tax measures on emissions, the fossil fuel price will be set below the
tax-fossil fuel frontier such that the relative emission changes are due to the
tax measures. The effect of p; can be further explained through its significant
effect on the mean labor income share (LIS). The relation between LIS and p4
is negative, as an increase of 1, and with it company profits, must come at
the cost of wages and thus labor income. This relation between markup rates
and LIS was also found in empirical settings. At the same time, an increase
in pp increases capital income of households. This disproportionately benefits
households with higher wealth levels, affecting the income GINI. Another way
to affect income and wealth distributions is through the degree of progressiv-
ity of government expenditure, prog. The significant impact of A on real GDP
growth shows the influence of labor market rigidity. These rigidity delay large
hiring and firing sprees during booms and busts, smoothing the business cycle
and therefore the variance of output growth. This result is similar to the one
found by [4], despite the mechanism for labor market rigidity being different.
Lastly, the probabilities 1 p, 1¢g, the shock parameters €, and €, have no
significant influence on any of the selected outputs. These parameters can be
set to the default value found in preceding literature or to a reasonable value
without extensive calibration efforts.

IIT Validation with Stylized Facts

In this section, a set of additional validation exercises was conducted to assess
the model’s conformity to stylized facts. These exercises involved running 100
simulations of the model using the default parameter values outlined in Table
S2. The validation methodology is based on the approaches employed by [2].
Figure S1 investigates a range of macroeconomic observable. The first aspect
examined in (a) is the endogenous growth of output with persistent fluctuations
(SF1), indicating sustained growth alongside temporal variations. The relative
volatility of consumption and investments in relation to output is also observed
in (b), highlighting their variations relative to the overall output(SF4). Fur-
thermore, the synchronization of the business cycle and emission dynamics is



demonstrated in (c)&(d), emphasizing the concurrent patterns between fluc-
tuations in the business cycle and emissions (SF6). Time series data were
analyzed using the band-pass filter (bpf) for monthly frequencies [10]. A
selection of time series from a typical simulation demonstrates key stylized
facts. To summarize, the analysis suggests a model proficient in encapsulating
intrinsic economic growth dynamics, differential responses of consumption and
investment to economic cycles, and a synchronization between business cycle
and emissions, reflecting a modern economy where these factors are closely
intertwined.
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Fig. S1: Validation of SF1/4/6 Time series of real GDP (output), con-
sumption C, investments (I), energy demand (EnDem) and emissions (Em).
Panel (b) and (d) show the bpf (18, 96, 36) series for monthly frequencies.

One of the validation exercises focused on verifying the fat-tailedness of
quarterly real GDP growth rates (SF2). Figure S2 illustrates the distribution
of these growth rates. It can be inferred that the model is capturing extreme
events or outliers in economic growth rates, which is a characteristic often
observed in real-world economic data. This fat-tailedness might be reflecting
the inherent complexities and heterogeneities in the agents’ behaviors or in the
corresponding economic system modeled.
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Fig. S2: Validation of SF2/3.Distribution of quarterly real GDP growth
rates and normal fit (left); Recession durations and their exponential fit (right)

Another validation exercise examined the distribution of the duration of
recessions. Figure S2 (right) showcases the distribution along with an expo-
nential fit, suggesting a rough adherence to an exponential pattern. This may
suggest that the model captures some aspects of business cycle dynamics.
The exponential pattern could be indicative of the memory-less property often
associated with exponential distributions, where the probability of exiting a
recession may not depend on the length of the recession thus far. This might
imply a certain level of realism in how the model portrays economic downturns
and recoveries.

Jarque-Bera  Shapiro-Wilkes ~ Anderson-Darling ‘

test stat 5376.31 0.86 24.77
p-val 0.00 0.00 0.00

Fig. S3: Validation of SF7 on the left and SF8 on the right. On the left
the results for normality tests for log-sizes of firms, showing the non-normality
of firm sizes. On the right, distribution of firm size is right skewed.

Next, we validate SF'7 by investigating firm size distributions. The right-
skewed firm size distribution mirrors empirical findings observed in real-world
economic systems (see Fig. S3). In the table on the left we the results of vari-
ous statistical tests that indicate a significant deviation from normality. This
skewness typically arises due to a larger number of small firms and a few very
large firms. Therefore, the model seems to capture this inherent characteristic



of firm size distribution realistically, suggesting a good empirical alignment.
The observed distribution indicates that the model incorporates a level of
heterogeneity among firms. This heterogeneity could arise because of firm’s
technological capabilities or financial resources. The model’s ability to repli-
cate real-world firm size distributions can be instrumental in policy analysis
and risk assessment, especially when studying policies or scenarios that might
disproportionately affect firms of different sizes.

Table S5: Validation of SF8. Results for normality test of skewness and
kurtosis [11], where the null hypothesis assumes normality

GDP_growth firm_growth firm_size

skew test stat -6.11 8.24 19.18
skew p-val 0.00 0.00 0.00
kurt test stat 3.94 8.7 14.23
kurt p-val 0.00 0.00 0.00

Again, the fat-tailed nature of the firm growth rates distribution implies
that the model is capturing extreme events or outliers. On the other hand, the
skewness statistics indicate asymmetry in the distributions. For instance, the
negative skew for GDP growth suggests a longer tail on the left side of the
distribution, while the positive skew for firm growth and firm size suggests a
longer tail on the right. The kurtosis statistics, which are significantly different
from zero, suggest heavier or lighter tails than a normal distribution would
have. Higher kurtosis values indicate heavier tails and a peaked nature of
the distributions. The models complex, multi-agent interactions give rise to
non-normal statistical properties. The presence of fat-tailed distributions and
significant skewness and kurtosis values suggests that the model may be well-
suited to studying extreme events or systemic risks in the economy. This can
be seen as evidence of a higher level of realism in the model.

(a) capital good producers (b) consumer good producers
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Fig. S4: Validation of SF9.Average technology levels with the 75% per-
centile range of all technology levels at a given time, for 100 simulations with
the same parameter set. Results are averaged over 20 runs, while the bands
indicate one standard deviation.



In figure S4 we observe the average technology parameters for capital
and consumer goods producers. The persistence of productivity differentials
between firms indicates the model’s capability to capture long-term trends,
crucial for studying structural changes. It also hints at the model’s ability to
reflect differing firm-level responses to energy and carbon policies, which is
relevant for policy analysis in the context of climate change. Furthermore, the
model could offer insights into competitive dynamics between firms, aiding
the understanding of how productivity and efficiency disparities impact mar-
ket structures and firm competition.
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Fig. S5: Validation of SF10. Investment to capital ratios for the 0.02 and
0.2 thresholds to show investment lumpiness.

The validation of investment lumpiness through the observation of
investment-to-capital ratios at specified thresholds suggests that the model
effectively captures the sporadic nature of firm-level investments often seen in
real-world scenarios (see Fig. S5). This feature is crucial for a realistic repre-
sentation of firm financial behaviors, where investments are not made smoothly
over time, but rather in discrete chunks due to various factors such as bud-
get constraints, project availability, or strategic decisions. By demonstrating
investment lumpiness, the model offers a closer reflection of actual firm finan-
cial dynamics, which is essential for understanding and analyzing investment
patterns and their implications on firm growth and economic cycles. This
substantiates our observation of the effects of carbon pricing on the economy.



IV Validation of Household Dynamics

Lastly, we turn toward the income and wealth distribution of households (see
Fig. S6). By utilizing a Gaussian kernel density method, the model provides
smoothed distributions, allowing for clearer analysis. The fat-tailed wealth dis-
tribution, more so than income, demonstrates a realistic capture of economic
inequalities commonly observed in real-world scenarios. This validation under-
scores the model’s credence in studying the impacts of economic policies or
shocks on wealth and income distributions.
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Propensity to Consume at Different budgets and Time Steps
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Fig. S7: Household Marginal Propensity to Consume over Available
Budget. Propensity to consume at different budget levels, shown over multi-
ple moments in the simulation run. Each line depicts the average consumption
of the corresponding bin, highlighting a decreasing marginal propensity to con-
sume as budgets increase. The diagonal dashed line illustrates the theoretical
equality of budget and consumption.
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Fig. S8: Tracking effects of price shocks. Result of fuel price shock on absolute
nominal wealth and absolute nominal income of different tercile groups.
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Figure S7 illustrates how household consumption varies with budget lev-
els over multiple time steps in a simulation. Each line, representing a different
moment in time, shows that as the average budget increases, consumption also
rises, though not in direct proportion. This suggests a decreasing marginal
propensity to consume, indicating that households tend to save a higher
proportion of their income as their budget increases. The behavior matches
with empirical observations of a decreasing propensity to consume in higher
wealth /income groups [12-14]. The closely clustered lines across different times
suggest stable consumption patterns relative to budget changes over the sim-
ulation period. The diagonal dashed line serves as a reference, indicating
equal consumption and budget, highlighting the deviation of actual consumer
behavior from this baseline.

We explore the impact of fuel price shock on real wealth and income in
the Figure S8. The gray area demarcates the duration of the shock. All other
parameters were kept in their default setting. We observe a clear reduction in
both showing an unfavorable development of nominal incomes concerning the
cost of living during and after the shock. However, they equilibrate back to
baseline in roughly 30 time steps after the end of the shock.

V Impact of IMM on economic growth and resilience

In principle, introducing an international money market (IMM) could have
inflationary effects on the economy. In this study, we explore the distribution
and total amount of money under default parameter settings and in the absence
of shocks. When firms borrow from the IMM to address temporary liquidity
needs, debt repayments are prioritized over dividends or further investments.
As a result, only very mild fluctuations are observed, contributing to the over-
all stability of the system. The money stock in our model is designed to remain
stable, with the different monetary aggregates representing nominal values.
This stability ensures that the model generates an average inflation rate of
zero, providing a consistent monetary environment that allows for the isola-
tion and analysis of fiscal and financial policy effects without the confounding
influence of fluctuating money supply. Consequently, in this setup, real prices
may decline, and real GDP can increase, reflecting productivity improvements
and economic growth rather than inflationary pressures.
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Tracking money stock over time
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Fig. S9: Confirming stability of money supply. While there are slight vari-
ations in the distribution of the (nominal) money stock, after the warm-up
period, each component remains quite stable and the overall money supply is
fairly constant. (gov=government, kp=capital good producers, cp=consumer
good producers, if=index fund, ep=energy producer, hh=households). In this
experiment the system remained unperturbed after the warm-up period.

To further illustrate, we present the Debt/GDP ratio in the context of the
model. As depicted in the overview (Fig. 2), only capital good producers (KP)
and consumer good producers (CP) have access to borrowing from the IMM,
which prevents credit constraints among producers. This mechanism ensures
that producers can always secure funding from the IMM for investments in
machinery or production, as detailed in sections iii) and iv). Consequently,
all interactions between the IMM and the economy are reflected in the debt
levels of CP and KP. Firms with zero market share or negative total assets are
declared bankrupt and removed from the model.

The figure S10 examines the impact of a carbon tax shock on overall debt
(to the IMM) as a share of the overall money supply. At time step 300, the car-
bon tax induces a shock to the equilibrium, leading firms to require increased
liquidity for investments in new machinery, while the rate of bankruptcies also
increases, prompting new firms to enter the market. This results in a corre-
sponding increase in the overall money supply. However, producers prioritize
debt repayment over dividend distribution, leading to a rapid depletion of the
additional money supply through the IMM.
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Debt Development of Producers
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Fig. S10: Impact of Carbon Tax Shock on Debt. The figure shows the evolu-
tion of liquid assets (black), Debt/GDP ratio (red), and bankruptcy rate (blue)
over time. A carbon tax introduced at time step 300 causes a sharp spike in
Debt/GDP and bankruptcy rate, followed by stabilization as firms prioritize
debt repayment. Producers’ liquid assets also show a transient decrease before
returning to equilibrium.

Lastly, we investigate the influence of the liquidity provided by the IMM
on firm dynamics. Observed effects were small - in the range of 5%. For low
IMM involvement, we observe a reduction in bankruptcies and GDP. As IMM
involvement increases there is a slight uptake in bankruptcies but also in overall
GDP. More aggressive expansion and investments result in higher risks to firms
but overall economic benefit.
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Varying access to IMM Varying access to IMM
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Fig. S11: Varying maximum possible debt producers can attain as a frac-
tion of sales. The parameters were changes for the entire duration of the
simulation. All other variables were kept to standard setting. (Left) GDP-
Bankruptcies (Right) Unemployment-Bankruptcies. Note that unemployment-
and Bankruptcy-rates are measured during the taxation shock, which explains
their high values. See Section "Money supply” in Methods. Results are aver-
aged over 20 runs, while the error bars indicate one standard deviation.

VI Impact of permanent carbon tax

We investigate the effect of a taxation shock on the debt to GDP ratio in
Figure S10. We observe that the unperturbed economy borrows very little
from the IMM. During the carbon shock, many firms attempt to counter ris-
ing bankruptcy rates by borrowing. Given that firms in our model do not
form sophisticated anticipations, they aim to operate profitably under the
changing conditions immediately. This raises the question: To what extent
does a permanent carbon tax policy exhibit the same behavior as our tempo-
rary experiment? In Figure S12, we show that the stronger intervention of a
permanent carbon tax does not result in qualitatively different outcomes. A
non-linear response emerges after 7¢ ~ 0.3, which can be leveraged by policy-
makers. For a discussion of the policy implications, we refer to the main paper.

In our model, the “duration” of the tax to form expectations in not avail-
able to the agents, thus rendering the tax as permanent. In scenarios of high
green capacity, once the tax-price frontier reaches approximately 0.3, there is
a marked decrease in indexed emissions as depicted in Figure 3 (main paper).
Below this threshold, emissions and GDP remain largely unchanged. At and
beyond this critical juncture, a shift towards a fully green economy occurs.
Post-transition, continuing the carbon tax would have minimal impact, render-
ing it effectively negligible. Conversely, in scenarios of low green capacity, the
temporary tax fails to induce a green transition, leading to economic collapse
at higher carbon tax levels (around 0.6). Here, continuing the carbon tax does
not influence our research question since the economy has already exhausted
its capacity for green energy transition. Our results, driven primarily by green
energy adoption of energy producer rather than policy anticipation by agents,
are robust.
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100 GDP & Emissions for high green Capacity 100 GDP & Emissions for low green Capacity
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Fig. S12: Robust results with permanent carbon tax. Changing the
intervention to a permanent carbon tax does not qualitatively influence the
major result of our analysis. Note that the benefits of progressive redistribution
contact the stronger disruptions of high carbon taxation for high green capacity
in the regime higher than 0.6. The GDP and the Emission Index is the mean of
the last 30 time steps of 20 simulations. The error bars indicate one standard
deviation.

VII Causes for Economic Responses

Here we explore effect of carbon taxation on various economic metrics to under-
stand the systems response. This is for default parameter settings and without
additional shocks. It is concerning that despite the potential adverse effects of
carbon taxation, namely an increase in energy costs, we observe increases in
overall GDP with increasing carbon tax (as observed in figure 4c). To explain
this we need to combine multiple observations: (1) Looking at figure S7 we note
decreasing propensity to consume with increasing wealth/income levels. (2)
This explains the increase in consumption observed with increasing carbon tax
in figure S14. The default progressive distribution, (prog = —0.5), distributes
tax revenue from households with a lower propensity to consume (affluent) to
ones with a higher propensity (destitute). (3) This is again confirmed by figure
4c, where increasing progressivity further increases consumption-driven GDP
growth and the GINT coefficients of both wealth and income in figure S14. The
next plausible question is, why does GDP collapse after increasing the carbon
tax beyond a certain value. As we can see in figure S13 the fiscal burden on
capital good producers results in a significant increase in their bankruptcies
around 7¢ = 0.6. Consumption is thwarted by the ability of the economy to
provide further goods. However, this might be more attributable to the plan-
ning capacity of firms and assumptions on firm entry and exit taken in this
model. Given that we immediately replace bankrupt firms we might observe a
weaker effect than in real economies.
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Fig. S13: Investigating cause for economic collapse. Following the
constituents of GDP over varying carbon taxes, as well as bankruptcies of
consumer (CP) and capital goods (KP) producers. This indicates a trade-off
between benefits to the economy from redistribution and disadvantages from
slowed technological innovation, as KP drive innovation. Note the decrease in
CP bankruptcies is driven by unsatisfied demand of households, due to limited
production capacity of KP. For this experiment gz = 0.8, and results are
averaged over 20 simulations, with bands indicating one standard deviation.
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Fig. S14: Identifying increased consumption as driver to economic
growth. Highlighting the influence of progressive and increasing carbon taxa-
tion on the broader economy. This explains the facilitation of economic growth
via the carbon tax. As we redistribute to lower welfare individuals (see lowering
Gini) with a higher propensity to consume we increase overall consumption.
For this experiment gjimix = 0.8, and results are averaged over 20 simulations,
with bands indicating one standard deviation.
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VIII Impact of Schumpeterian exit and entry dynamics
on growth

Firms with negligible market shares or negative net assets are routinely phased
out at each period’s end, replaced by new entrants to maintain a constant
firm count, embodying Schumpeterian dynamics where entrants are typically
smaller and less equipped than incumbents, drawing from empirical observa-
tions [15, 16]. These new firms adopt the latest technology and their knowledge
potential is modeled through a Beta distribution, influenced by their rela-
tive position to existing firms and aligning with sector-specific technological
regimes, as discussed in [17].

GDP development over Carbon Tax
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Fig. S15: We observe a surge of bankruptcies when the economy is subject
to a carbon taxation shock around time step 300. Indeed, as expected this
has a significant impact on GDP development, as the economy is “scarred” by
the reduction in firm population, increasingly so with increasing carbon tax.
Results are averaged over 20 simulations, with bands indicating one standard
deviation.

Long-term trends of business population from major economies (e.g. UK
and US) shows a stable population of firms even during crises. Therefore, our
motivation to follow the Schumpeterian exit and entry dynamics is rooted in
theoretical as well as empirical research. Further, it is common practice in
evolutionary dynamics to randomly initialize new entering individuals into a
population and observe the changes to the dynamic equilibrium [18]. The point
of random initialisation is to get rid of biases with respect to the treatment
of new entries, given that there are virtually infinite possible variations to the
test. Finally, we argue that instead of the fixed number of firms, how the new



18

firms perform under a given economic situation is more important. As shown
in Figure 3 in the main paper, even with a fixed number of firms, a high carbon
tax rate can cause a wave of bankruptcy that results in significant collapse in
GDP.

If we do not allow every firm to be replaced - the population of firms will
decline as a function of bankruptcies e.g. caused by shocks (see the left Figure
S15). This limits the production capacity of the economy, the technological
development, and in extreme cases competition dynamics. All of which we
expect to result in significantly lower GDP. We conducted varied the proba-
bility of whether or not a firm gets replaced (replacement rates), making the
number of firms variable. A replacement rate of 0.6 indicates that the chance
a bankrupt firm will be replaced is 60%. We observe a surge of bankruptcies
when the economy is subject to a carbon taxation shock around time step
300. Indeed, as expected this has a significant impact on GDP development, as
the economy is “scarred” by the reduction in firm population, increasingly so
with increasing carbon tax. However, the response to the carbon tax is rather
small (see the right Figure S15) as the energy producer monopolist mainly
determines it.

IX Impact of carbon tax on Climate sensitivity

The change in global mean surface temperature (AT can be estimated using a
combination of radiative forcing F' = «-In(CC; 1), where C is the atmospheric
COg4 concentration, Cy is the reference concentration (typically 278 ppm), and
the radiative forcing coefficient o ~ 5.35 W/m? is sourced from [19]. The influ-
ence of radiative forcing on temperature is governed by the climate sensitivity
parameter A and can be taken from IPCC reports with A = 0.8°C per W/m?
[20]. Resulting in S = X - a = 4.28°C, for the combined climate sensitivity
parameter.This equation is widely used in IAMs due to its empirical basis and
effectiveness in linking emissions to temperature outcomes. It captures the log-
arithmic relationship between COs concentration and radiative forcing, and
the linear relationship between radiative forcing and temperature change.

AT:A.a-ln(gO) (26)

We calibrated emissions based on 1990 data, which recorded 22.75 Gt annu-
ally [21]. Our results align closely with Lamperti et al. (See Figure 9b in [3]).
Two key observations emerge: first, the non-linearity around a 0.3 carbon tax
is evident, and second, we observe further emission reductions beyond this
critical threshold.
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Temperature Anomaly Over Time for Different Carbon Tax Simulations (after warm-up period)
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Fig. S16: Temperature anomaly computed based on carbon emissions in the
model. With a baseline emission based on 1990 data, we run the model for 30
years (360 model time-steps) after the warm-up Two key observations emerge:
First, the non-linearity around a 0.3 carbon tax is evident, and second, we
observe further emission reductions beyond this critical threshold. Results are
averaged over 20 simulations, with bands indicating one standard deviation.
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X Sensitivity of energy efficiency to carbon tax
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Fig. S17: Sensitivity of energy efficiency to carbon tax We track the
resulting average technology level of capital and consumer goods producers as
response to carbon taxation. We note moderate response overall, and more
pronounced as selection pressure increases. results are averaged over 20 simu-
lations, with bands indicating one standard deviation.

As depicted in Fig. S17, both consumer and capital goods producers adjust
their technologies in response to the magnitude of carbon taxation, albeit mod-
erately. Note that during the plateau, the energy producer undergoes major
adoptions to reduce cost. Prevailing research on synergetic effects between
policy instruments, such as [22], suggests the efficacy of combining policy
instruments (e.g. incentivizing technological innovation with carbon pricing).
The modeling of these interventions hinges significantly on the presupposed
effectiveness of government subsidies for innovation.
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