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Carbon pricing drives critical transition to
green growth

Isaak Mengesha & Debraj Roy

Carbon pricing is a crucial tool in the efforts to address and mitigate climate
change. In 2014, only 12% of carbon emissions fell under carbon pricing at
USD7 per tonne; now, about 23% of greenhouse gas emissions are priced at
USD32 per tonne. However, the regressive nature of carbon pricing can dis-
proportionately affect lower-income populations and potentially reduce
political support and public awareness. This raises questions about the
dynamics of increasing carbon pricing rates and the optimal balance between
inequality, emissions, and economic growth. We find that a critical level of
carbonpricing can induce tipping points; incentivizing technological adoption
and fuel switching behaviour of energy producers. By combining carbon pri-
cing with redistributivemeasures at these tipping points, we demonstrate that
emissions can be rapidly reduced while maintaining economic growth and
decreasing inequality. We also introduce real-time metrics for detecting
sector-specific tipping points, without requiring counterfactual analysis. Our
research has important implications for the ongoing debate around the rela-
tionship between economic growth, inequality, and environmental
sustainability.

As carbon emissions continue to rise to unprecedented levels, largely
driven by the burning of fossil fuels, the sixth assessment report from
the Intergovernmental Panel on Climate Change (IPCC) serves to
alleviate uncertainties surrounding the risks associated with current
emission pathways1,2. This comprehensive report reveals the existence
of multiple critical thresholds within the climate system. If these
thresholds are surpassed, they have the potential to trigger abrupt and
irreversible changes in the Earth’s climate3,4. Examples of these tipping
points include the melting of the Greenland ice sheet and the thawing
of permafrost. As emission levels surpass those outlined in the Paris
Agreement, the likelihood of encountering these tipping points
increases, leading to further temperature increases and imposing
direct and potentially catastrophic economic costs. Consequently,
there is an urgent need for coordinated efforts by countries, busi-
nesses, and individuals to limit global warming well below the 2
degrees Celsius threshold. Therefore, it is crucial to evaluate the
effective implementation of socioeconomic interventions5. Among the
promising policy approaches, carbon pricing stands out as it incenti-
vizes low-carbon practices, stimulates innovation, and reduces

costs6–9. Carbon pricing, whether through mechanisms like cap-and-
trade systems such as the EU Emissions Trading System (EU ETS) or
carbon taxes, is widely regarded as the primary policy tool for
addressing the climate crisis. By incorporating the costs associated
with negative impacts on health, the environment, and future gen-
erations, carbon pricing provides strong incentives to reduce fossil
fuel consumption and ultimately achieve net-zero emissions. For
instance, the introduction of carbon taxation can drive decision-
making shifts across sectors, a critical aspect of achieving a sustainable
transformation10. While some nations have embraced such a tax, oth-
ers frequently resort to different strategies to control carbon
emissions11,12 (see Fig. 1). Therefore, it is essential to consider the
potential regressive impacts of such policies on vulnerable commu-
nities and industries reliant on fossil fuels. To mitigate this, combining
carbon pricing with redistribution and targeted support becomes a
solution that addresses equity concerns while minimizing adverse
effects on economic growth and employment13.

The objective of setting an optimal carbon price (CP) is to reduce
greenhouse gas emissions and transition to a low-carbon economy14.
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There’s no universal value for the optimal CP; it varies based on eco-
nomic environments, time frames, and discount rates used in calcu-
lations. Region-specific factors like climate, economic structures, and
social networks also play a role in determining the optimal CP15,16. For
example, areas vulnerable to extreme weather may incur a higher
social cost for emissions17. Policy objectives of governments or orga-
nizations can further influence the CP, as some may aim for quick
emissions reductions, while others might focus on economic
stability18. In this context, we propose quantifying the optimal CP
through the maximization of the ratio of societal welfare to environ-
mental damage. This approach involves establishing a CP that is both:
(1) The reduction of greenhouse gas emissions, serving as a proxy for
mitigating environmental impacts, and (2) The improvement of soci-
etal welfare, evaluated in terms of GDP growth and equitable wealth
distribution. Ultimately, determining the optimal CP is a complex
process that requires careful consideration of the factors mentioned
above. Here we argue that it is important to understand the nature of
the relationship between carbon price and environmental, social, and
macroeconomic outcomes. Do the outcomes vary linearly with
increasing CP, or dowe observe a non-linear critical relationship? Such
an understanding is crucial and should precede discussions on opti-
mal CPs.

Recent empirical work suggests a neutral tomild positive effect of
carbon taxation onGDP growth19,20. Metcalf et al. further highlights the
importance of careful design in carbon taxation systems, considering
factors like revenue recycling, distributional impacts, and com-
plementary policies21. However, challenges persist with the metho-
dology used to analyze the relationship between carbon taxes and
GDP, including concerns related to endogeneity, omitted variables,
time frame, and model specification22. These problems limit the
accurate assessment of the causal relationship between carbon taxes

and GDP growth, underestimating the long-term impact, and creating
ambiguity in estimating effects. All of this makes it challenging for
policymakers to design optimal carbon taxation systems and achieve
desired environmental and economic outcomes.

Economic models, such as the Solow-Swan model, dynamic sto-
chastic general equilibrium modeling (DSGE), and integrated assess-
mentmodels (IAM), play a key role in explaining policy differences and
their implications23,24. Within these models, General Equilibrium
models have been particularly influential25. These models also effec-
tively capture the sector-specific effects of carbon pricing, revealing
both challenges and growth opportunities across different
industries26,27. Furthermore, they address distributional impacts,
emphasizing the need for equitable outcomes through revenue
redistribution mechanisms28,29. However, it is crucial to acknowledge
the challenges these models face. Real-world economies are intricate
systems characterized by complexity and feedback mechanisms,
whichcanbeoversimplified in thesemodels25,30. Consequently, there is
a risk of limited representation of economic dynamics and potential
mischaracterization or omission of feedback mechanisms. Addition-
ally, the assumption of homogeneity across economic agents in Gen-
eral Equilibrium models overlooks the heterogeneity present in the
real economy. These limitations can compromise themodel’s ability to
capture different agents’ diverse behaviors and responses to policy
interventions31. Furthermore, the reliance of these models on static
equilibrium assumptions inhibits their capacity to effectively capture
time-dependent effects and the dynamics associated with policy
changes, as they assumea steady statewithout accounting for dynamic
adjustments and transitional periods32.

A promising approach to address these limitations is agent-based
computational economics (ACE), which is the intersection between the
agent-based modeling paradigm and economics. Here, economic

Fig. 1 | Development of global carbon pricing schemes. The gray bars track the percentage of global emissions subject to pricing schemes. The colored lines track a
selection of regions/countries and their respective carbon price (if existent) over time.Weobserve a clear trend towards larger coverage andprices. (Data source: ref. 100).
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processes are presented as the product of the dynamic system of
interacting economic agents33. ACE models allow for greater hetero-
geneity in agent attributes and behaviors, with agents typically exhi-
biting non-fully rational behavior. This modeling paradigm is well-
suited for micro-founded macroeconomic models, where agents’
behavior is shaped by a diverse range of behavioral and expectation
rules of varying complexity and rationality in response to the envir-
onment or policies in place34–36. This adaptability renders ACE models
particularly suited for meeting the increasing need for realistic,
empirically substantiatedmodels in policy analysis37–39. When it comes
to carbon pricing, it is crucial to consider the diverse behaviors,
groups, and interactions involved in the broader economy—especially
when considering inequality40. Partly because public support for cli-
mate mitigation policies depends on the careful balance and dis-
tribution of costs within the population and achieved emission
reductions41. Here, we present an Agent-based model (ABM) that
integrates the energy sector, refined household behavior rooted in
both rational and bounded rationality as per behavioral economics
literature, and nuanced firm and labor market dynamics. While Lam-
perti et al. (2018) included heterogeneity in labor productivity, it is
conceptualized as productivity shock to firms due to climate effects,
not as an inherent property of households42. This model can provide a
rich platform to explore the interplay between carbon taxation, tech-
nological adoption rates, and their ripple effects across different
income brackets within the economy. Furthermore, building on
insights by Foramitti et al. we chose to focus on the most promising
policy instrument of carbon pricing via emission taxation43,44. Our
model’s capacity to reflect non-linear technological adoption rates and
the potential re-distributive impacts of carbon taxation serves as a
bridge to align broader climate policy discourse with micro-level
economic dynamics, fostering a nuanced understanding essential for
effective climate policy design amid global warming mitigation
endeavors. Our study has two main goals: first, to understand how CP
affects environmental, social, and macroeconomic outcomes; second,
to explore scenarios where emissions can be rapidly reduced with

minimal economic disruption. We are particularly interested in the
economic regime that emerges after applying CP.

Results
Integrated framework for carbon policy experiments
ABMs have become increasingly instrumental in examining climate
mitigation policies38. Themain extension of this inquiry to the existing
body of models is the introduction of explicit models of boundedly
rational heterogeneous households. There is considerable hetero-
geneity regarding the way agent behavior is modeled in ABMs of cli-
mate mitigation policy. Different authors suggest distinct ways to
classify behavior and decision-making45–47. Here, we use the widely
accepted classification of rationality and bounded rationality in
behavioral economics48,49. It has the advantage of limiting the number
of behavioral categories, and facilitating a comparison of ABM studies
of climate policy with the dominant literature on climate policy mod-
eling, which uses rationality as a starting point25.

The backbone of our ABM is the Keynes+Schumpeter (KS) family
of models50, renowned for their capacity to mirror innovation-driven
economic growth, and of special interest concerning energy efficiency
vis-a-vis carbon pricing. Furthermore, we introduce a stylized energy
producer from an IAM by Lamperti et al. to account for structural
dynamics in the energy mix42. The behavior of this energy producer
reflects Hartzmark et al. notion of impact elasticity, which captures the
response in emission reduction of firms to varying financing cost51.
Additionally, we integrate nuanced labor market dynamics, as pro-
posed by Dosi et al. together with the consumption behavior of
households from Lengnick, with the intent tomore accurately capture
heterogeneous and consumption-driven endogenous changes52,53.
Since we are interested in the endogenous response to carbon pricing
of these three interconnected actors (households, consumers- and
capital good producers), we opted for established formalizations of
them. The agent interactions depicted in Fig. 2 can be described as
follows: Households consume goods produced by first solving their
inter-temporal choice problem (with respect to consumption) and

Fig. 2 | Schematic representation of the underlying economicmodel. Agents that exhibit adaptive behavior are colored blue. Gray agents serve only redistribution or
liquidity purposes. Note that individual households will only maintain specific connections to a limited set of commodity producers not to all at once53.
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then consuming based on the prices of the subset of commodity
producers they are in contact with. Additionally, households interact
with both capital and commodity producers via the labor market,
seeking to optimize wages. All producers attempt to maximize profit
through innovation and/or technology adoption. The government and
Index Fund (IF) serve as mechanisms for redistribution via taxes
(progressive) or dividends (regressive). The international monetary
market acts as a guarantor of liquidity, ensuring that producers are
never constrained by liquid assets. However, it is designed to avoid
inflationary effects on the economy. Note that entities are colored gray
to act as mediators to redistribute capital gains or provide necessary
liquidity. They neither change the total money supply nor influence
production capacities directly (See Fig. S9). In the following we vali-
dated our model by comparing its behavior to established stylized
facts, as is common practice in agent-based economicmodeling. For a
more detailed explanation and justification of design choices, see
Methods section.

Validation with empirical regularities
Here, we present the validation of our model using stylized facts.
Employing stylized facts as benchmarks for model validation is justi-
fied due to their empirical robustness, generalizability, and their ability
to encapsulate complex macroeconomic dynamics. Specifically, we
leverage a set of stylized facts outlined in Table 1, which parallel those
identified by Lamperti et al.42 and Dosi et al.52 and expand upon them
with SF11 and SF12. These facts were chosen for their relevance in
scrutinizing the research questions at hand: They encompass critical
aspects of economic behavior, such as endogenous growth, fat-tailed
GDP growth rates, and business cycle synchronization with emission
dynamics, that are inherently linked to the effects of carbonpricing. By
aligning our model with these empirical regularities, we aim to ensure
not only itsfidelity to real-world phenomenabut also its applicability in
answering questions central to the effective design and implementa-
tion of carbon pricing mechanisms.

Our model aligns closely with the cross-correlations of macro-
variables in SF5, as shown in Fig. 3. Pro-cyclical variables include
consumption, investments, average labor productivity, RD

investments, energy demand, and emissions54,55. Moreover, Fig. 3 also
validates SF12’s anti-cyclical behavior of labor income share. Lagged
cross-correlations within the model indicate a positive correlation
between past GDP growth and current debt levels, whereas higher
current debt levels negatively correlate with future growth rates.

After de-trending time series data using a band pass filter, output,
investment, and consumption exhibit the well-known roller-coaster
dynamics54–56. Consistent with empirical data, consumption shows less
volatility compared to GDP, while investment fluctuations are notably
more volatile, see Fig. S1. Here we can also see the endogenous growth
of output with persistent fluctuations (SF1) and the synchronization of
the business cycle and emission dynamics (SF6). To account for dis-
tributional effects, the model needs to produce endogenous income
and wealth inequality. In Fig. S6 we see the final distribution of wealth
and incomes. These distributions remain (roughly) stable and exhibit
inequality as emergent fromheterogeneous preferences regarding the
faced inter-temporal optimization problem. This replicates the SF11
formulated right-skewed but for wealth more concentrated distribu-
tion of assets57.

The supplementary information (SI) presents the validation of the
remaining stylized facts. Utilizing default parameters, we observe
endogenous output growth with persistent fluctuations (SF1), differ-
ential consumption and investment volatility (SF4), and synchronous
business and emission cycles (SF6), as shown in Fig. S1. The model’s
reproduction of fat-tailed GDP growth rates (SF2) and the exponential
distribution of recession durations (SF3), as depicted in Fig. S2, signals
its capability to capture real-world economic extremes and cycles.
Additionally, skewness and kurtosis in firm size and growth distribu-
tions (SF7 and SF8), along with the non-normality of these distribu-
tions confirmed by statistical tests in Table S5, Fig. S3. Additionally, we
also observe heterogeneous labor productivity across firms (SF9) as
shown in Fig. S4, which all together suggests realistic heterogeneity in
firm dynamics.

Collectively, these outcomes underscore the model’s proficiency
in reflecting complex economic phenomena. This validation is essen-
tial for accurately assessing the impact of carbon pricing on key
macroeconomic performance metrics. A more thorough analysis of
the model behavior (e.g. effect of price shocks on producers or the
influence of progressive taxation) can be found in the SI (see Fig. S4
and following). Additionally, a global sensitivity analysis has been
conducted to explore the combinatorial impacts of various model
parameters, following the common practice for computational mod-
eling approaches as detailed in the Supplementary Material section II.

Mapping effective energy policies
Here, we investigate the potential effects of aggressive carbon pricing
on emissions and economic growth. We implement a temporary car-
bon tax (approximately 2 years) to investigate whether the economy
reverts to fossil fuels once the tax is removed. This approach helps
confirm the robustness of a new, more sustainable economic equili-
brium and is common in critical transitions theory. In our model,
agents do not consider the duration of the carbon tax; instead, they
treat it as a boundary conditionwithinwhich they optimize. Additional
experiments with permanent carbon taxation, detailed in the SI sec-
tion VI Fig. S12, show results that resemble those discussed here. This
analysis addresses the Lucas Critique, which argues that agents use all
available information to form expectations about economic variables.
Ignoring this could lead to inaccurate conclusions. However, our
objective is not to advocate for a temporary carbon tax policy, but to
assess the robustness of the regime shift under varying policy incen-
tives. If a temporary carbon tax can successfully initiate a permanent
transition, the risk of political backtracking becomes less concerning.
The effectiveness of this approach depends on the specific environ-
mental and technological constraints faced by each country. Specifi-
cally, we have examined two complementary scenarios in our analysis.

Table 1 | Overview of stylized facts (SF), the calibrated model
exhibits

SF Description

SF1 Endogenous and self-sustained growth of output, with persistent
fluctuations.

SF2 The distribution of GDP growth rates is fat-tailed.

SF3 The duration of recessions is exponentially distributed.

SF4 Aggregate consumption is less volatile than GDP, and aggregate
investments are more volatile than GDP.

SF5 Cross-correlations of macro-variables:

– Consumption, net investments, productivity, R&D investments, and
energy demand are pro-cyclical.

– Unemployment, markups, and the inventories-sales ratio are
counter-cyclical.

SF6 Synchronization of the business cycle and emission dynamics.

SF7 Firm (log) size distribution is right-skewed.

SF8 The distribution of firm growth rates is fat-tailed.

SF9 Labor productivity heterogeneous across firms and persistent pro-
ductivity differentials between firms. Persistent energy and carbon
efficiency heterogeneity across firms.

SF10 Lumpy investment rates at firm level.

SF11 Both the wealth and income distributions are right-skewed, but the
wealth is more concentrated at the top than income57.

SF12 The labor income share (LIS) behaves anticyclically99.

SF are roughly equivalent to Lamperti et al.42 and Dosi et al.52.
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First, we have considered a scenario of low-green capacity—repre-
senting economies that have a high barrier to green energy transition
due to cost, availability of technology, resources and land. The second
scenario (high-green capacity) represents advanced economies where
fuel switching is comparably easier. Of course any degree in between
can be chosen as well. The green capacity is controlled using para-
meter glimit (see “Energy Producer in Methods”). A value of glimit = 0
indicates no green capacity by limiting the maximum share of green
energy plants to zero while glimit = 1 indicates maximal green capacity.

These serve as proxies for the divergent energy transition capabilities
among countries, such as Germany and Norway. No limits were placed
on the technological efficiency of consumer or capital goods produ-
cers. For each of the two scenarios, we vary τc (carbon tax) from 0 to
0.8 and measure indexed emissions (=100 after the warm-up period)
and real GDP (price-adjusted sum of household incomes and producer
profits).

We initiate the model with heterogeneous agents, assigning
households varied discount rates and firms’ divergent initial capital

Fig. 3 | Cross-correlations between lagged real GDP andmain macroeconomic
aggregates (SF5, SF12). a GDP, b consumption, c investment, d R&D, e total debt,
f energy prices, g energy demand, h unemployment rate, i labor income share, j

nominal wages, kmarkup consumer good producers, l average labor productivity,
m Inventory in good units, n markup capital good producers, and o emissions.
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and technological capabilities. A warm-up period of 300-time steps
(equivalent to 25 years) is implemented and empirically verified to
offer adequate system relaxation across all parameter settings. This
phase is integral for mitigating initial condition biases and ensuring
statistical robustness in ABMs. Following the warm-up we scrutinize
the economy’s response to varying levels of carbon taxation, denoted
by τc. In this experiment, we investigate the effects of a temporary
carbon shock lasting roughly 2 years or 24 time steps (Fig. 4a, b). The
depicted values are averaged over the last 20 time steps and across 10
simulation runs to ascertain data robustness.

In the high-green capacity scenario shown in Fig. 4a, a strong
decoupling arises between GDP and emissions, whereas the low-green
capacity scenario shown in Fig. 4b, a substantial emission reduction
occurs only when both GDP and emissions simultaneously decline. To
capture this behavior, we introduce an order parameter—emissions
per unit of economic output, demarcating the critical transition.

Non-linear dynamics in economic response
Our study highlights the non-linear impact of carbon pricing on
emissions, pinpointing a critical CP as a key factor. This critical price
level is high enough tomeaningfully diminish the appeal of investing in
new coal-fired power plants, simultaneouslymaking renewable energy
sources more economically viable, leading to a rapid decline in emis-
sions (Fig. 4a). Given the decision processes of energyproducers in our
model we can explicitly state the tax frontier at which tipping occurs
(see “Energy producer”). This point demarcates when energy produ-
cers strictly prefer investing in greenpower plants,which requiremore
capital investment. An intriguing observation is that, following a

relatively brief taxation shock, the energy producers’ preferences for
their energy mix do not merely revert to the composition seen before
the shock, but result in a permanent emission reductiondriven by their
fuel-switching behavior. The explanation is twofold: (1) producers are
not aware of the temporary nature of the shock, hence they do not
attempt to postpone investment choices; (2) Green technologies have
high initial investment but low running cost, creating a lock-in effect. In
fact, this underscores the irreversible momentum of technological
progress once initiated and highlights the resilience of the energy
transition, even against policy reversals due to changes in government.
More generally, this pattern of non-linear response to carbon pricing
has been observed in various countries, notably in the context of the
European Union’s Emissions Trading Scheme (ETS) implemented in
2005. Initially, the ETS failed to produce a substantial impact due to
relatively low-CPs that didnot incentivize relevant investment in lower-
carbon technologies58. Recognizing this shortcoming, Great Britain
introduced the Carbon Price Support policy in 2013. This policy
mandated a supplementary fee over a set Carbon Price Floor for the
power sector, effectively raising the cost of carbon emissions. The
emission reductions witnessed in 2015-2016 can be largely attributed
to this heightened carbon pricing59. Further substantiation of our
thesis comes from the observed increase in technology diffusion
within the energy sector, and the interaction effects it entails60.
Empirical models predicting the energy transition’s acceleration lend
further credence to the concept of a critical transition, indicative of a
tipping point in the electricity market61,62. Such tipping points, while
previously theoretical, are now increasingly observable and necessi-
tate a clear demarcation, as indicated by early warning models and

Fig. 4 | Analyzing the effects of carbon tax on emissions and GDP, this panel
contrasts two green capacity scenarios. Error bars indicate one standard devia-
tion.We vary carbon tax (τc) from0 to0.8 in steps of 0.1, observing emissions index
(secondary Y axis) and GDP (primary Y axis). a represents high (glimit = 0.8) green
capacity setup—we observe a critical reduction in emission index at τc =0.2 driven

by fuel switching while maintaining GDP growth. b represents low (glimit = 0.2)
green capacity setup—we observe critical collapse in emission index and GDP at
τc =0.6 driven by bankruptcies. cwe compare the effects of the progressivity of tax
revenues with (primary Y axis) and without (secondary Y axis) a carbon tax present.
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studies63. These findings collectively suggest that the carbon pricing
mechanism, when reaching a critical threshold, can trigger a sub-
stantial and rapid shift towards renewable energy sources, marking a
pivotal moment in the global effort to mitigate climate change64.

Second, we show that carbon pricing is not a blanket policy that
will be successful everywhere. In countries that lack the potential for
renewable energy, raising the CP would represent a blanket tax on
energy and may not drive the economy to a low-carbon regime65

(Fig. 4b). Phasing out coal power plants, the single largest source of
global greenhouse gas emissions (20%), is another major challenge as
retiring or re-purposing them requires large amounts of private
investment and public support66. Meanwhile, the behavior of private
investment is increasingly influenced by ESG (Environmental, Social,
and Governance) standards. This trend prompts a growing number of
investment funds and other stakeholders to prioritize
sustainability51,67,68. In the longer term, a careful balance is needed to
redirect how existing infrastructure could be usedwithout going so far
as to incentivize building new infrastructure and avoidable carbon
lock-in69. The potential for rapid and material global emissions
reductions appears to have gone unnoticed thus far; it is about time
that the benefits of fuel switching received greater attention.

Fueling the economy through carbon pricing
The observation of GDP growth in the context of increasing carbon
taxation merits examination. Our model employs a progressive tax
system, as illustrated in Fig. 4c, which manifests effects on GDP
through varying degrees of progressivity. Specifically, a prog value of
− 1 allocates tax revenue to households in proportion to their wealth. A
prog value less than −1 yields regressive outcomes, while a value >−1
enhances progressivity (see Eq. (32)). In our experiments, we set
prog = −0.5. The data reveals elevated GDP attributable to increased
consumption, notably in lower-income brackets (see SI section VII
Fig. S14). This consumption-driven GDP growth is further amplified
when redistribution from producers to households is incorporated, an
effect uniquely accentuated under the regime of carbon taxation. The
collapse of the economy at elevated tax levels manifests as a surge in
monthly bankruptcies, from under 1% to over 10%, specifically of
capital goods producers. This sharp transition accentuates the non-
linear effects of carbon taxation, undermining its re-distributive
advantages by destabilizing the corporate landscape (See SI Fig. S13).
There, we validate this hypothesis with additional experiments: By
altering the firm exit/entry conditions and access to international
money market (IMM), we show that the economic system is sensitive
to such perturbation to the extent that it can result in permanent
changes to the firm dynamics and economic growth. Please see SI
sections V and VIII for elaborate results.

The efficacy of carbon pricing, specifically through a carbon tax,
has been a subject of considerable debate, primarily due to appre-
hensions regarding its impact on economic growth, income distribu-
tion, and international competitiveness70. However, emerging
evidence suggests that these adverse effects can be substantially
mitigated. A pivotal strategy in this regard is the efficient recycling of
carbon tax revenues, coupled with the adoption of re-distributive
measures, which can effectively cushion the impact on economic
growth71. The economic costs associated with carbon taxes are gen-
erally evaluated in terms of the change in future GDP relative to a
baseline scenario devoid of such a tax. This evaluation often involves a
dichotomy of economic models: the top-down models, which utilize
aggregate economic data and underscore sectoral interactions, and
the bottom-up models, which focus on technological solutions for
energy efficiency and fuel substitution. Top-down models typically
predict GDP loss under emissions stabilization, while bottom-up
models suggest minimal or positive impacts on GDP growth from
carbon taxes72. The IPCC report echoes this, presenting a range of
outcomes from net benefits (1.2%) to marginal losses (0.5%)73,74. The

efficacy of carbon taxes hinges on factors like economic context and
model assumptions. Notably, GDPdoesn’t fully representwelfare; a dip
in GDP growth could coincide with welfare gains due to environmental
benefits. The key lies in the effective use of carbon tax revenues and
the responsiveness of economic agents. Properly recycled revenues
could lead to positive economic growth effects, addressing initial
concerns about carbon pricing.

Green growth, fair gains
Here we investigate the distributional impact of price shocks on
income and wealth groups (terciles). Shocks of −50% and +50% in
fossil fuel prices are applied for two years, reverting to a baseline price
thereafter. Lower-income and wealth groups are more affected by
these shocks (see Fig. 5), with effects being more persistent for wealth
than income and in line with recent empirical observations75. For
higher income groups, real income reductions are offset by increases
in capital income, explaining their quicker recovery. The experiment
also reveals that consumer goods producers exhibit asymmetric
responses to price shocks, capturing more benefits from price
decreases than losses from increases, suggesting low market compe-
tition. This information is vital for designing policies to mitigate the
adverse welfare effects of such shocks. Similarly, we observe the
impact of price shocks due to taxation. Notably, regardless of the
direction of the price shock low and middle-income groups are dis-
advantaged more (see SI Fig. S8 for absolute numbers).

Carbon pricing, as a means to internalize the external costs of
carbon emissions, invariably raises the production costs of carbon-
intensive goods, consequently increasing household expenses. This
escalation in costs can have broad implications, notably affecting
factor prices such as wages and capital returns. Such shifts in the
economic landscape disproportionately impact lower-income groups,
who are more vulnerable to price shocks. However, the strategic
redistribution of carbon tax revenues presents a twofold advantage.
Firstly, it has the potential to spur economic growth, and secondly, it
can effectively mitigate the adverse effects of these price shocks on
lower-income communities. Furthermore, this redistribution
mechanism could garner increased support for climate mitigation
measures, as it demonstrates tangible benefits for broader society13.
Despite these promising avenues, there remain open questions
regarding the optimal implementation and long-term impacts of such
policies, necessitating further research and careful policy design.

Implications for policy
Climate change poses relevant risks to the global economy. To
combat this, countries are expected to expedite the transition to
cleaner energy sources, aiming to reduce emissions by over 40% in
the next seven years as a crucial step towards achieving net-zero
emissions by 2050. This shift towards net-zero emissions signifies a
fundamental structural change in the global economy, necessitating
a radical transformation of the energy sector and other key economic
domains. The concept of a carbon tax generating revenue to enhance
economic activity or efficiency has been a central theme in thefield of
environmental economics76. In this study, we illustrate how an ade-
quate CP can facilitate the transition to a low-carbon economy while
sustaining economic growth, a concept known as the double
dividend77. Utilizing a computational model, we observe that carbon
taxation can be a valuable tool with two key advantages: a reduction
in carbon emissions and an increase in GDP and economic efficiency
through the effective use of tax revenue. Nonetheless, our observa-
tions also indicate that its effectiveness is not universal; in certain
environments, it only manages to curtail emissions at the expense of
economic growth, disregarding other factors like international
competition. Figure S17 suggests that a carbon tax alone might not
effectively facilitate technology adoptions across the board, hinting
at the need for combining policy instruments. Our work remains
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stylized, meaning we do not provide a more sophisticated definition
of the low-green-capacity scenario, which depicts economies with
relevant barriers to transitioning to green energy, and the high-
green-capacity scenario, representing advanced economies where
fuel switching is more feasible. While we show that this is a relevant
distinction that should influence decision-makers (DM), heuristics
for the green-capacity of a given economy are needed to effectively
guide policy78–80. This also hints at the broader problemof leveraging
the observed non-linear dynamics in real time.

Early warning signs
While the identification of optimal taxation levels across different
parameter regimes could offer valuable insights, it does not address
the immediate challenge of identifying the current parameter regime
of the real-world economy in question. This ranges from parameters
governing firm behaviors to the previously mentioned green capacity
of energy producers. Moreover, conducting counterfactual analyses
on real-world economies is impossible. DM’s have to act under time
constraints andwithout the luxury of running policy experiments at an
economic scale. Therefore, a real-time metric that can detect the
proximity of strong economic transitions irrespective of the arbitrary
parameter choices of a given model could be valuable. Allowing DM’s
to gauge the immanent economic responses (i.e. critical transitions)
could aid choices for optimal trade-offs. We propose to utilize mea-
sures that capture the phenomenon known as critical slowing down,
often used in the analysis of ecological systems and a precursor to
critical transitions in complex systems81. One of these measures is the
Kolmogorov complexity (KC). In a nutshell, KC assesses the changes in
some observable by the length of the shortest computer program that
couldgenerate theobserved timeseries. This captures the variations in
complexity of the underlying data-generating process and is closely
tied to resilience and impeding critical transitions82. We utilize an
approximation approach called, the block-decomposition method,

where instead of the entire sequence, KC of a moving time window is
evaluated83.

We define the location of the critical transition via susceptibility
emissions to changes in GDP. The negative spike in the plot below
indicates a sudden drop in emissions despite economic growth. The
other earlier spikes can be attributed to the warm-up period and the
reaction to removing constraints (e.g., on bankruptcies). In this study,
we monitor various observables to assess their predictive power. The
observable that proved to be the strongest predictors are the markup
and debt of capital goods producers, total emission index, and
unemployment. Note the reduction ofKC around the critical transition
(dotted vertical line) in Fig. 6. While obtaining the necessary data may
pose challenges, proxy measurements, and qualitative interviews
could offer invaluable insights when coupled with appropriate analy-
ticalmethods, similar tomethodological developments in the ecologic
literature84. While criticality-based estimates may not translate to
actionable policy decisions, they can help interpret high-dimensional
data and provide essential context for DMs85. Proximity to a criticality
could inspire DMs to move more cautiously. More work is needed to
better understand these non-linear responses of industries and the
broader economy, specifically in the context of energy transition and
carbon pricing. More concretely we aim to validate the predictive
power of these observables with empirical data. However, the
advancement of both, the prediction of the economic response aswell
as the distance to a potential criticality, could provide value for DMs.

Discussion
We use a validated ABM to demonstrate that a carefully calibrated
introduction of a carbon tax can yield twodistinct benefits: foremost, a
decrease in carbon emissions, and secondly, an increase in GDP and
economic efficiency resulting from the utilization of the revenue
generated by the carbon tax—often referred to as the double dividend
concept. Securing a future with reduced carbon emissions is not just

Fig. 5 | Tracking wealth and income tertiles in the population subject to a fuel
prize shock. The fuel price shock (±50%) lasts 20 period (gray bar). The population
is ranked and split into three equal-sized brackets (terciles). We compare the
consequences of a fuel price shock on the share of income (a, b) and wealth (c, d)

for each tercile to an unperturbed economywith identical seeds for the simulation.
The lowest tercile proves to be more vulnerable to shocks in the short term and
feels the effects of the shock the longest (see b–d).
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essential but also beneficial for the economy. Shifting towards a low-
carbon economy may initially pose challenges, such as decreased
demand due to higher CPs and energy expenses. However, these
challenges can be mitigated by reinvesting carbon revenues in gov-
ernment initiatives and reducing employment taxes. Crucially, the
reduction in emissions will also alleviate the physical consequences of
climate change, thereby decreasing overall macroeconomic expenses.
Our findings have important implications for the ongoing debate
around the relationship between economic growth, inequality, and
environmental sustainability. By recognizing the existence of a robust
criticality (tipping point) and the trade-off between the above three
factors, DMs can make more informed and effective decisions that
promote long-term sustainability and prosperity. Tipping points can
meaningfully impact cost-benefit analysis by introducing non-
linearities and uncertainties that can affect the overall outcomes of a
project, policy, or decision. Incorporating the potential for tipping
points in cost-benefit analysis for carbon pricing requires a more
nuanced and dynamic approach such as using micro-simulation
models to assess their impact on emissions reduction, economic effi-
ciency, and social equity.

Our work emphasizes that there will be no blanket one-size-fits-all
policy to curtail emissions effectively, as also noted by William
Nordhaus86,87. Therefore, pushing our analysis into global temperature
estimates would be misleading for several reasons: First, the time
scales involved in IAMs like DICE are typically centennial, allowing for
the smoothing of short-term fluctuations. In contrast, our study
focuses on a much shorter time frame (5 years), which makes tem-
perature anomalies less relevant. Moreover, studies show that even
with rapid decarbonization, surface temperatures would remain ele-
vated for millennia due to the slow removal of CO2 from the atmo-
sphere, complicating direct correlations between short-term emission
reductions and temperature changes88. Second, the spatial scales in

IAMs are global, while our model includes country-specific hetero-
geneities, highlighting the non-linear responseof economies to carbon
taxation. These heterogeneities are essential in understanding the
economic impacts but do not lend themselves to direct temperature
projections. Finally, there is large uncertainty in converting carbon
emissions into temperature anomalies, driven by the variability in
external forcings and climate feedbackmechanisms89. This uncertainty
complicates the attribution of temperature changes to specific emis-
sion reductions and reinforces our focus on economic and emissions
metrics in this study. Nevertheless, we include calculations of the
temperature anomaly in the SI (see Fig. S16).

Moving towards a net-zero economy demands substantial
investments in green electricity and energy storage. The way
economies navigate these investments involves policy trade-offs.
Successful experiences from countries at various stages of devel-
opment, such as Chile, Singapore, and Sweden, show that political
hurdles associated with carbon pricing can be overcome. We show
that carbon pricing should be complemented by other mitigation
instruments to addressmarket failures and promote innovation and
deployment of low-carbon technologies90. A pragmatic and equi-
table proposal calls for an international CP floor, differentiated
across countries at different levels of economic development91. The
associated carbon revenues could be partly shared across countries
to facilitate the green transition. A just transition should also
include robust fiscal transfers to vulnerable households, workers,
and communities.

A better understanding of carbon pricing is essential for coun-
tering misinformation related to climate change and climate policy.
While individuals tend to assess policy proposals based more on per-
ceived fairness than on effectiveness, a carbon tax combined with
progressive redistribution still garners the highest approval92,93. Our
study highlights the importance of both aspects: price fluctuations

Fig. 6 | Tracking Kolmogorov complexity (KC) of various economic obser-
vables over time, to predict critical transitions. The end of the gray area
demarcates the end of the warm-up period. Afterward, we introduce repeated
shocks to the economy by incrementally increasing the carbon tax (see dotted gray

line). The vertical line demarcates the critical transition; note the reduction of
normalized KC around this point and the recovery for some observables shortly
after. Results are averaged over 20 runs, while the bands indicate one standard
deviation.
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disproportionately impact low-income groups, underscoring the
importance of fairness, and it provides evidence that enhancing pro-
gressive redistribution leads to an increase in overall welfare,
demonstrating effectiveness94. It empowers individuals to engage in
informed discussions, correct misconceptions, support evidence-
based policies, and promote responsible media coverage. This can
ultimately contribute to more effective climate action and a reduction
in the spread of climate-related misinformation.

Our work paves the way for future research on exploring inno-
vative strategies to enhance the effectiveness of carbon pricing
mechanisms. Specifically, we can explore policy synergies—how car-
bon pricing can be integrated with other climate policies, such as
renewable energy incentives, energy efficiency programs, and regula-
tions on emissions from specific sectors. Further, the model can be
extended to assess the specific challenges and opportunities asso-
ciated with implementing carbon pricing in different sectors, such as
agriculture, transportation, and heavy industry is paramount. As the
global community intensifies efforts to address climate change,
research in these areas will be crucial for developing more effective
and equitable carbon pricing policies. Additionally, computational
models that integrate insights from economics, political science,
sociology, and other fields will play a key role in advancing our
understanding of the complex dynamics associated with carbon
pricing.

Methods
In this section, we detail the methodology employed in our study,
centered around an ABM approach. The core of our model consists of
four main types of agents: households, capital-good producers,
consumer-good producers, and one energy producer. Each with dis-
tinct roles and behaviors that are crucial to understanding the phe-
nomenaunder study and relate to earlierwork in themodel design95. In
the following subsections, we provide an in-depth description of each
agent type, including their attributes, decision-making processes, and
interactions with other agents.

Update sequence in the model
The model operates through a series of steps repeated in each time
period to simulate interactions between households, producers, the
labor market, and the government. The process begins with capital
good and energy producers innovating, setting prices, and sending
brochures to consumer good producers. Next, consumer good pro-
ducers plan production, determine labor and capital demands, and
order capital goods. Households then search for jobs, while producers
hire according to their labor needs. Producers pay wages, and the

government distributes unemployment benefits. Consumer good
producers manufacture goods based on available capital and labor,
and the energy producer adjusts output to meet demand. Households
update consumption based on their wealth, and goods are traded in
the consumer market. Capital goods are delivered, profits calculated,
and taxes paid. The government assesses its budget, borrowing or
redistributing surplus funds. Carbon emissions are aggregated, bank-
rupt firms exit themarket, new firms are introduced, and the IF adjusts
its balance. Lastly, the IF redistributes dividends or losses to house-
holds based on their financial status.

Households. In this model, the household consumption function is
modified from the specification in ref. 53. Notably, we allow house-
holds to adjust their choice of producers when their demand is not
met, avoiding large involuntary savings rates observed in the original
model. Furthermore, unlike in53, whereproducer choice is basedon the
firm’s number of employees, we use the firm’s market size, which is
endogenous to the model, for this selection process. This change
ensures a more logical alignment between household consumption
behavior and firmdynamics in themarket. Households are depicted as
dynamic, heterogeneous agents, pivotal in shaping the economy’s
dynamics through their unique job skills πi and wealth levels. These
skills, reflecting the gross income distribution in the Netherlands (see
Fig. 7) and modeled using a log-normal distribution (detailed at the
end of the section), determine their market attractiveness and labor
income.

Their economic behavior, influenced by diverse income sources
such as labor (YL

i, t), investments (YK
i, t), and social benefits (YS

i, t), shapes
their consumption, savings decisions, and overall liquid wealth (Wi,t).
Actively engaging in both labor and goods markets, households make
strategic consumption choices based on price and availability and
adjust market relationships in response to demand fulfillment. This
adaptive behavior not only reflects their individual economic circum-
stances but also contributes to the broadermarket dynamics, affecting
the supply-demand equilibrium in the consumer goods and labor
markets. At each time step t, households make decisions: (1) the
amount of goods to consume and their suppliers, (2) their employer.
The consumption amount depends on their wealth level Wi,t, inter-
preting Wi,t as liquid wealth excluding assets like real estate (as in53).
The wealth level adjusts through various income sources, with labor
income YL

i, t defined as:

YL
i, t =

wi, tLi if employed

UBt if unemployed

�
ð1Þ

Fig. 7 | Construction of skill distribution from income data. (left) Empirical income distribution and fitted log-normal distribution. (right) Skill distribution is based on
the fitted income distribution, normalized to represent the total skill pool in the economy.
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where wi,t is the wage for Li labor units provided, and UBt are unem-
ployment benefits. Total wealth for consumption at t is
Wi, t = LAi, t�1 + Y

L
i, t + Y

K
i, t + Y

S
i, t , where LAi,t is the liquid asset level.

Households choose goods based on price and availability, adjusting
market relationships in response to demand fulfillment. In case of
unmet demand, they buy from other producers until no supply
remains, avoiding high involuntary savings due tomarketmismatches.
After transactions, they know their true consumption level Ctrue

i, t and
liquid assets LAi,t+1 for the next period. Households may break trade
connections with unsatisfactory suppliers (probability ψQ) or seek
lower prices (probability ψP), applying pressure on producers to meet
demand and reduce prices (53). Again, they are only bounded rational.
In our case, this means, instead of analytically solving their explicit
inter-temporal choice problem, they approximate it by comparing a
finite set of actions (i.e., they lack the ability to compute perfect
optima). These households have consumption and investment
preferences, based on their wealth levels and heterogeneous time
preferences. Each household i inter-temporal optimization problem is
defined as:

α*
i = max

αi2½0, 1�
Et

XT
j = t

βj�t
i UðαiW i, tÞ

" #
, ð2Þ

where αi is the absolute propensity to consume, as a portion of wealth
level Wi,t. β

j�t
i is the household’s discount factor with j−t as index for

current and future time steps, and U( ⋅ ) is the utility function, given as
UðCi, tÞ=C1�ρ

i, t =ð1� ρÞ. This optimization problem is constrained by:

Wi, t + 1 = ð1 + rtÞ½Wi, t + Y i, t � Ci, t �, ð3Þ

Here, Yi,t is the household’s income level at time t, which can come
from labor, capital, or government subsidies. Ci,t is the consumption
level and rt the real interest rate. In order to solve the optimization
problem in equation (2), households form expectations of their future
income- and wealth level and the interest rate. These expectations are
formed using simple adaptive updating rules:

We
i, t + 1 =ωWi, t + ð1� ωÞWe

i, t , ð4Þ

whereWe
i, t is the expected value and ω is a weighting factor. Based on

the optimization problem, heterogeneous time preferences, and
adjusting changing expectations, households have heterogeneous
saving rates on both the cross-sectional and inter-temporal levels.
Furthermore, these savings are precautionary, meaning that savings
aremotivated by the desire to keep a stable consumption level in case
of a negative income shock. As a result, aggregate behavior
qualitatively matches empirical data for the marginal propensity to
consume96, as shown in Fig. S7.

Capital good producers. We extend the capital good producermodel
from ref. 50 by incorporating tax rates τE and τC into the cost equation
(Equation (5)). Additionally, we modify the research and development
(R&D) budgeting process to handle cases where a producer has near-
zero market share, preventing prolonged stagnation of these firms.
Labor demand smoothing has been introduced to mitigate large dis-
tortions caused by labor market mismatches, a feature absent in
ref. 50, to more realistically simulate the production process under
labor shortages. The model consists of two classes of producers:
capital goods producers and consumer goods producers. Capital
goods producers supply the capital inputs used by the consumer good
producer. In otherwords, they provide themachines/infrastructure for
consumer goods producers to operate. These machines have hetero-
geneous technological levels of labor productivity (LP), energy effi-
ciency (EE), and environmental friendliness (EF). These productivity
levels are represented as Ak

i, v (productivity of machines for the

consumption-good industry) and Bk
i, v (productivity of the capital

producer itself) for producer i, version v of the machine and technol-
ogy type k = {LP, EE, EF}42. The cost of production ci,t for one machine
unit is then given as:

ci, t =
wi, t

BLP
i, v

+
τE + cEt
� �

BEE
i, v

+ τCBEF
i, v: ð5Þ

Here, cEt is the cost per unit of energy (described in “Energy Producer”)
in period t, andwith labor skill levelωi,t. τ

E, and τC are the energy tax and
carbon tax, respectively. The producer has to pay for using a unit of
energy or emitting a unit of carbon (described in “Government”). Once
the cost is determined, the capital producer’s price is determined by a
fixed markup rate μ1 > 0, giving the price pi,t = (1 + μ1)ci,t.

Capital good producers are the main driver of technological
growth. They can improve their technology levels in two ways: (1)
technological innovation through a stochastic R&D process, and (2)
adopting technologies owned by others through a stochastic process
of imitation. For both ways, a R&D budget is used to hire researchers
from the labor force. This budget is given as a fraction νof the previous
sales Si,t−1, which givesRDi,t = νSi,t−1. If Si,t−1 = 0, the R&Dbudget is based
on the stock of liquid assets NWi,t, which gives RDi,t = νNWi,t. Here, Si,t−1
are the sales in the past period and ν∈ [0, 1] is a global parameter that
determines the extent of research. The R&D budget is then split
between an innovation (INi,t) and an imitation (IMi,t) budget using a
global parameter ξ ∈ [0, 1]. The budgets are then given as:

INi, t = ξRDi, t , IMi, t = ð1� ξÞRDi, t : ð6Þ

The innovation and imitation process is then modeled in two steps.
Firstly, theprobability that afirmgets access to a candidate technology
through innovation and/or imitation is given by a Bernoulli distribu-
tion with parameter θIN

i, t and θIM
i, t :

θIN
i, t = 1� eζ 1 INi, t , θIM

i, t = 1� eζ 2 IMi, t , ð7Þ

where ζ1, ζ2 < 0 are global parameters, representing the firm’s search
capabilities50. The Bernoulli draws then determine if innovation and/or
imitation are successful.

In the case of a successful innovation, the candidate technologies
are acquired through a stochastic shock χ ~ Beta(α1, β1) to the incum-
bent technology level. χ is drawn independently for all k ∈ {LP, EE, EF}
and A and B over a support ½χ

1
, �χ1�, χ1 2 ½�1, 0� and �χ1 2 ½0, 1�. The new

technology levels are then given by:

ALP, IN
i, t =ALP

i, t 1 + χA, LPi, t

� �
, BIN, LP

i, t =BLP
i, t 1 + χB, LPi, t

� �
, ð8Þ

AEE, IN
i, t =AEE

i, t 1 + χA, EEi, t

� �
, BIN, EE

i, t =BEE
i, t 1 + χB, EEi, t

� �
, ð9Þ

ALP, IN
i, t =ALP

i, t 1� χA, EFi, t

� �
, BIN, EF

i, t =BEF
i, t 1� χB, EFi, t

� �
: ð10Þ

Similarly, given a successful imitation, firm i can use the technology set
fAk, IM

j, t ,Bk, IM
j, t g of a firm j as a candidate set. Firm j is chosen randomly,

weighted inversely by the Euclidean distance of its technology set to
that of firm i. This means firms are more likely to imitate firms that are
more like themselves.

Capital producers then choose the most competitive from the
innovated and imitated candidate sets and the incumbent technology
fAk

i, t�1,B
k
i, t�1g. For this, capital good producers estimate which of their

technology sets would be most attractive to consumer good produ-
cers, which we will describe later in equation (17). Once the new
technology set is known, the producer sends a brochure to consumer
good producers showcasing the price and technology levels of the
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capital goods it produces. The brochure is sent to all historical clients
HCi,t and a randomset of newclientsNCi,tof size γ∣HCi,t∣with γ∈ [0, 1]50.

The production of capital goods requires the input of labor. It is
assumed the production of capital goods takes the whole time period.
Machines are thus ordered at the start of the period and delivered at
the endof theperiod. A complication that follows from the inclusionof
households is that producers no longer get a portion of the labor force
assigned (as in ref. 50). Instead, they have to attract employees
through the labor market process (described in “Labor Market”). This
means that producers that fire employees, and want to hire them back
a period later are likely to find they labor demand can no longer be
met. In order to avoid this, consumer good producers smooth their
demand for labor. This is done through the global smoothing para-
meter λ∈ [0, 1]. Using this and based on the amount of ordered
machines Oi,t, the capital good producer sets its demand for labor Ldi, t
as follows:

Ldi, t = λLi, t�1 + ð1� λÞ Oi, t

BLP
i, t

+
RDi, t

�wi, t

 !
, ð11Þ

where Li,t−1 is the labor stock of the producer at time t−1 and �wi, t is the
average wage paid to employees. Due to the labor supply smoothing,
the desired labor stock can thus be larger than strictly needed for the
desired production level, as to avoid labor shortages in later periods.

Consumer good producers. Our model introduces an adaptive
scheme for expected demand and long-term production planning,
enhancing the basic approach of ref. 50. Moreover, we modify the
markup dynamics and allow producers to select capital goods based
on a proportional inverse squared cost function rather than simply
choosing the cheapest option. This change prevents a small number of
capital good producers from dominating the entire market, creating a
more competitive environment. Consumer good producers use their
stock of capital and labor toproduceconsumer goods. Theproduction
is given as a Leontief production function, meaning production is
limited by the absolute size of either the capital stock or the
productivity-weighted labor stock. Themaximumpossible production
amount Qmax

i, t for consumer good producer i at time t is thus given as:

Qmax
i, t = min �A

LP
i, tLi, t ,Ki, t

n o
, ð12Þ

where �A
LP
i, t is the average labor productivity of the machines owned by

the firm, weighted by the frequency of the machines. Production is
thus constrained by the labor supply, the average productivity level,
and the absolute stock of capital.

In order to acquire sufficient quantities of each of the production
factors, consumer good producer i has tomake an estimate of the true
demand Di,t it will face at time t. The true demand of households for
consumer goods is only revealed after production has already taken
place. Producers therefore need to have sufficient goods in stock, or
the household will buy its goods elsewhere. Estimating this demand is
mademore difficult by the fact that, unlike in ref. 50, the market share
is no longer a direct function of the producer’s competitiveness level.
Instead, it results from the interactions with households in the con-
sumermarket. Consumer good producers employ an adaptive scheme
to form expectations of the demand that will follow from this con-
sumer market process. The scheme for expected demand Dexp

i, t is
defined as:

Dexp
i, t =ωDexp

i, t�1 + ð1� ωÞ Di, t�1 +D
U
i, t�1

� �
: ð13Þ

Here, ω∈ [0, 1] is the memory parameter, which determines to which
extent the most recent observations are weighted when determining
thenewexpectations.Di,t−1 is the total amountof sold goods at time t−1
and DU

i, t�1 is the total demand for goods producer i was unable to

supply at time t−1. Wemake this choice in line with findings fromDosi
et al. that such simple heuristics for adaptive expectations can be an
optimal response to complex and changing environments for actors
such as firms97. Please consult SI for sensitivity analysis of these
parameters.

Using the expected demand, the desired short-term production
levels can be determines, denoted Qd, ST

i, t . Unlike ref. 50, this model
makes a distinction between short-run (Qd, ST

i, t ) and long-run (Qd, LT
i, t )

production targets. Given that the capital stockcanonlybeaugmented
over a longer time frame, the short-term production targets must be
met by changing the labor stock. The desired short-term production
quantity is defined as:

Qd, ST
i, t =De

i, t +N
d
i, t � Ni, t�1: ð14Þ

Here, Nd
i, t is the desired amount of products in inventory, given by

ιDi,t−1 with global parameter ι ≤ 0 governing the desired inventory
size. Ni,t−1 is the amount of products in inventory in the last period.
From the desired short-term production level, the desired labor
stock can be determined. This desired labor stock Ldi, t is again
smoothed using λ, and is defined as follows:

Ldi, t = λLi, t�1 + ð1� λÞmin
Qd, ST

i, t

�A
LP
i, t

,
Ki, t

�A
LP
i, t

( )
: ð15Þ

Here, Ki,t is the company’s total capital stock, measured in the number
of machine units. The second term in equation (15) is an augmented
version of the Leontief production function in equation (12). It sets the
desired labor supply such that is not more than desired, but also not
more than can be produced with.

The long-term desired production determines investments in the
capital stock. Qd, LT

i, t is equal to the expected production level Qexp
i, t ,

which is obtained using an adaptive expectation scheme:

Qd, LT
i, t =Qexp

i, t =ωQi, t�1 + ð1� ωÞ ð1 + ιÞDexp
i, t

� �
: ð16Þ

The desired capital stock Kd
i, t is then equal to the expected long-term

production quantity Qd, LT
i, t , which sets the period’s desired expan-

sionary investment equal to EIdi, t =K
d
i, t � Ki, t

50. Consumer good
producers also make a choice for replacing capital goods, either
because they exceed their economic lifetime η, or because buying a
new machine is cheaper than running the current one. For this,
producers compare the cost of running the machine with the cost of
buying a new machine from the known producers:

min
h2fCurr, IN, IMg

ph
i, t + bc

h Ah
i , t

� �h i
: ð17Þ

Here, b is the payback period, ph the price of amachine of type h and ch

the cost of running it. This cost includes energy costs and taxes on
energy use and carbon emissions:

ci, t =
wi, t

ALP
i, t

+
τE + cEt
� �

AEE
i, t

+ τCAEF
i, t : ð18Þ

When assessing the replacement investments, producers assess all the

machine versions in their machine stock Ξi,t and replace if p*

cA�c* ≤ b,

where p*, c* are the price and cost of the newly offered machine, or
when the machine’s age exceeds its economic age η.

Once the production levels are set, the consumer good producer
must set a price for its goods. For this, it first determines the cost of
production it will face using equation (18) and the weighted average of
the productivity levels of the machines that are used. The price is then
determined using a dynamicmarkup rate μi,t, and given aspi,t = (1 + μi,t)
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ci,t, where the markup rate is given as:

μi, t = 1 + ε
μ
i, t × signðδμi, t�1Þ× sign ðδΠi, t�1Þ, ð19Þ

with εμi, t � Uð0, �εμÞ being a stochastic shock, δμi,t = μi,t−1 − μi,t−2 and
δΠi,t−1 = Πi,t−1 − Πi,t−2. This rule is different from the one used by
ref. 50, and serves as a learning or adaptation rule for boundedly
rational firms, in line with the conclusions fromDosi et al.97. Note that
the only variance in behavior between firms stems from the sto-
chastic shock εμi, t , which is drawn from the same uniform distribu-
tion. If the producer increased the price in the last period and the
profits increased as a result (i.e. sign(δμi,t−1) = sign(δΠi,t−1) = 1), the
producer will perform another price increase. Inversely, if the price
was reduced and this resulted in a decrease in profit, the price is
increased (sign(δμi,t−1) = sign(δΠi,t−1) = −1, so the product is 1). A price
increase with a subsequent profit decrease, or a price decrease with a
profit increase will both lead to a price decrease. So, consumer good
producers continue strategies that payoff, and otherwise change
strategies. This simulates a more realistic adaptation behavior and
allows for an adjustment of markups to general market conditions.

The number of capital- and consumer good producers in the
model is static, but individual firms can go bankrupt, and are then
replaced by a new entrant. Firms with zero market share or negative
assets are declared bankrupt and removed from the model. The
replacing firms acquire a fraction of the average level of capital. Capital
good producers may select a technology that is a fraction χNE of the
best available technologies Abest

t and Bbest
t , with

χNE ~ Beta(α2, β2), χ
NE ∈ (0, 1). New consumer good producers can

choose capital goods through the aforementioned brochure
mechanism50. In Fig. S15 we investigate the impacts of varying entry/
exit conditions and observe high sensitivity to these choices.

The consumer market is designed to minimize unnecessary
involuntary savings due to market mismatching. Households form
preferences for known consumer goods producers based on price,
with preferences inversely proportional to the square of the prices. A
matrix of weights is generated to allocate household consumption
budgets across producers. If demand exceeds supply, a producer can
be replaced, and the process is repeated to optimizemarketmatching.

Energy producer. The energy producer in our model is based largely
on the work of ref. 42, but we have added carbon and energy taxes to
better simulate policy impacts on emissions. The markup rate deter-
mination has also been modified to account for additional market
dynamics related to green energy transitions. The energy producer is a
profit-maximizing monopolist which produces energy units to meet
energy demand DE

t . Households do not directly buy energy, and thus
only affected by energy prices through the prices of producers. Both
consumer- and capital good producers require energy for their pro-
duction process, but the supply for energy is never constrained. The
number of units these producers require is equal to their average
energy efficiency technology levels, �A

EE
i, t and �B

EE
i, t , times their total

production levels. Based on the total energy demand, the energy
producer can determine its profit function as (equation (10) Lamperti
et al.42):

ΠE
t =p

E
t D

E
t � PCE

t � ICE
t � RDE

t : ð20Þ

In this equation, pE
t is the energy price at time t, PCE

t the total cost of
producingDE

t units of energy, IC
E
t the total replacement and expansion

investments and RDE
t the R&D expenditures.

The energyproducer has a portfolio of power plants, consisting of
green and dirty plants. Green plants use renewable sources which have
zero marginal costs of production (so cost of production cGEt =0). The
production capacityQGE

t is equal to the capacity KGE
t , because no fuels

are required. Accounting for the varying degrees of green energy

capacity of different regions we regulate the maximum share of green
power plants in the portfolio through the parameter glimit∈ [0, 1]. Dirty
plants use fossil fuels, meaning their cost of production is dependent
on the cost of fossil fuels pf

t and the thermal efficiency of the plant ADE
v

for each vintage v of dirty power plant. This gives the cost function
(equation 11 from Lamperti et al.42):

cDEv, t =
pf
t

ADE
v

+ τCemDE
v : ð21Þ

Because of their use of fossil fuels, dirty technologies have a positive
carbon footprint emDE

v for each produced unit of energy over which
they have to pay a carbon tax τC.

The energy producer will use power plants in order of least mar-
ginal costs, meaning it will always first use its full stock of green
technologies. Let ϒ be the set of power plants required to meet
demand. ForDE

t >K
GE
t , the energy producer will have a positive cost of

production, given as (taken from equation 12 from Lamperti et al.42):

PCE
t =
X
v2ϒ

gDE
v, tc

DE
v, tA

DE
v , ð22Þ

with gDE
v, t being the number of produced energy units of the power

plant. The energyproducer asks for afixedmarkup rateμE≥0on topof
its cost price. This cost price is determined as the average marginal
production cost of dirty plants �cDEt multiplied by the fraction of dirty
energy in the last period. This gives the following energy price
(equation 13 from Lamperti et al.42):

pe
t =

μe If DE
t ≤ KGE

t

μe + �cDEτ, t
QDE

t�1

QE
t�1

If DE
t >K

GE
t

8<
: ð23Þ

Energy producers do not use labor to produce, and their only pro-
duction constrained is thus the stock of power plants. The producer
can replace plants or expand the production capacity through
investment. In order to avoid unrealistic energy shortages, it is
assumed these investments can be realized instantly. The maximum
production capacity is defined as (equation 15 from Lamperti et al.42):

�Q
E
t =
X
v

gDE
v, tA

DE
v +

X
v

gGE
v, t : ð24Þ

Using this maximum capacity, the producer can decide to expand its
plant stock based on the gap between the actual capital stock and the

desired amount of capital, KE,d
t . If the maximum capacity does not

match the demand (i.e. �Q
E
t <D

E
t ), the planned expansionary investment

will be EIEt =K
E,d
t � KE

t . In order to choose which technology to buy
(moreof), producers decidewhether the implementation cost of green

technologies (ICGE
v for current best vintage v) is less than the estimated

cost of operation of dirty technologies (as dirty technologies are

assumed to have zero cost of implementation). Hence, if ICGE
v ≤bEcDEv, t ,

the complete additional stock of power plantswill be green, wherebE is
the discount factor. Here, the comparison is made between the
cheapest green and dirty technologies. If the green technology is

chosen, the cost of expansion is given as ECE
t = IC

GE
v EIEt , and ECE

t =0 if
the dirty technology is chosen42.

The process of innovation is similar to that of the capital good
producers. The energy producer invests a fraction νE∈ (0, 1) of its
previous revenue in R&D, which is split in a budget for investment in
green energies (INGE

t ) and dirty energies (INDE
t ). ξGE ∈ (0, 1) is then the

fraction of investments going to green technologies (See table S1 for
parameter choices and sources). Like for capital goodproducers, these
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innovations are successful with the probabilities θGE
t and θDEt (equation

19 Lamperti et al.42):

θGEt = 1� eη
GE INGE

t , θDEt = 1� eη
DE INDE

t , ð25Þ

with ηGE, ηDE∈ (0, 1). When successful, the installment cost of green
technologies will be reduced with a factor χGE ~ Beta(α1, β1), where
χGE ∈ (0, 1) (i.e., ICGE

v = ICGE
v�1χ

GE). Successful innovation for dirty tech-
nologies means its thermal efficiency may improve and/or its emis-
sions may reduce:

ADE
v =ADE

v�1ð1 + χDE,AÞ, emDE
v = emDE

v�1ð1� χDE, emÞ, ð26Þ

where χDE,A, χDE,em ~ Beta(α1, β1) are independently drawn. The energy
producer will then choose the technology set which is cheapest to
produce with. This mean that a new technology set that improves the
emissions technologymay beworse in termsof thermal efficiency, and
vice versa, as long as it has lower operational costs than the incumbent
technology set42.

The optimal tax frontier of the energy producer
Based on the energy producer’s parameters, a relationship between
carbon taxes and the fossil fuel price can be derived. For each fossil
fuel price, a corresponding minimum carbon tax rate can be calcu-
lated, after which the energy producer switches exclusively to invest in
green power plants. As discussed in “Energy Producer”, the energy
producerwill opt for green power plants if the fixed investment cost of
these plants, ICGE

v , is less than or equal to the production cost of dirty
plants over the payoff period, bEcDEt . Expressing cDEt gives the following
inequality:

ICGE
v ≤bE pf

ADE
v

+ τC � emDE
v

 !
: ð27Þ

Since bE is fixed, the influence of pf and τC depends on the technology
levels ADE

v and emDE
v . For a given combination of technology levels and

pf, the inequality in equation (27) canbe reformulated todetermine the
minimum carbon tax rate required for green energy investment:

τC* ≥
1

emde
v

ICGE
v

bE � pf

ADE
v

 !
: ð28Þ

Using this inequality, the frontier of τC and pf can be plotted, with this
relationship holding on or above the frontier. This is illustrated in
Fig. 8, where the frontier is plotted for the base technology level at the
start of the simulation. The figure shows that for sufficiently high fossil
fuel prices, no tax intervention is required to facilitate a green energy
transition. Additionally, as dirty power plants become more efficient
due to technological advancements, the minimum required tax rate
increases, as fossil fuel prices become a smaller portion of the energy
producer’s costs. Therefore, higher emissions taxes are necessary to
sustain the transition.

The steepening of the frontier with respect to pf during a tech-
nological shock of equal magnitude to both technology parameters
further illustrates this. It suggests thatADE

v , which dictates the influence
of pf, plays a more important role in shaping the frontier compared to
emDE

v , which interacts with the carbon tax rate.

Labormarket. The labormarketmechanisms are largely basedon those
introduced in ref. 52 (More specifically, the Competitive regime was
used.), but diverts with the important addition of the heterogeneous
labor productivity of households. However, in contrast to ref. 52, we
introduce labor productivity heterogeneity across households, which
leads to market mismatches as employers may not always hire the most
productive workers available. To mitigate these mismatches and avoid

unrealistic outcomes, labor demand smoothing mechanisms are intro-
duced. Additionally, we redefine the minimum requested wage wr

i, t
using the minimum wage wmin

t rather than the unemployment benefits
UBt used in ref. 52. The employment of households by producers is
determined through the labor market matching process. Before this
process starts, the total amount of labor demand and supply is estab-
lished. Producers set their desired change in their labor stock (ΔLdi, t)
while planning their production amount. Producers with positive ΔLdi, t
will try to hire workers, whereas the producers with negative ΔLdi, t will
fire excessive workers in their labor stock. After excessive workers were
fired, a pool of job-seeking households is formed from unemployed
households, and employed households that look for a better-paying job.
The employees whowere fired by firms that went bankrupt at the end of
last period are also included in this pool.

Households have a requested wage level wr
i, t , which is based on

their (recent)wagehistory, and if the household is currently employed.
The requested wage is determined as follows:

wr
i, t =

maxfwmin
t ,ws

i, tg If unemployed

ð1 + εwÞwi, t�1 If employed

(
ð29Þ

The requested wage for an employed jobseeker is thus by a fraction
εw ≥0 higher than its current wage. Unemployed jobseekers demand a
lower satisfying wage ws

i, t . This wage is adapted according to the fol-
lowing updating rule:

ws
i, t =

ð1� εwÞws
i, t If unemployed

maxfwmin
t ,wi, tg If employed

(
ð30Þ

where wmin
t is the minimum wage set by the government. This

mechanism allows for wages to adapt tomarket conditions. In the case
of high unemployment, more households will revise their requested
wage down, leading to a drop in the average wage level.

In the case of low unemployment, producers will hire more
employed jobseekers, which will create upward pressure on the aver-
age wage level. Furthermore, each firm j sets a maximum offered
wage wO

j, t .
This is equal to the highest wage for which the producer does not

make a loss based on the average level of labor productivity and the
selling price. So, wO

j, t =pi, t
�A
LP
j, t for consumer good producers and

wO
j, t =pi, t

�B
LP
j, t for capital good producers.

The labormarketmatching then started with all these job-seeking
households and labor-seeking producers. For each labor-seeking pro-
ducer, a job-seeking queue is generated consisting of a randomsample
of job-seekinghouseholds. The effective labor amount eachhousehold
offers is given by its productivity level and its labor amount as πiLi. The
producer will then go down the queue and hire the household i if
πiLi ≤ΔLd until its labor demand is satisfied or the queue has run out of
households. If πi,tLi,t >ΔLd butΔLd > 0, the employer will look further in
the queue for an employee with less offered labor supply.

Note that employers paywi,tLi to employee i, which does not take
into account the employee’s productivity level πi. Hence, employees
effectively pay wi,t/πi per unit of labor, which is taken into account by
employers when hiring and firing employees. Firstly, the offered wage
wO

j, t is compared to the effective requested wage wr
i, t=πi. Secondly,

employers will fire employees by order of their relative wage (i.e.,
highest to lowest wi,t/πi), instead of based on the nominal wage. This
has the important implication that highly productive employees can
request and maintain a higher wage than employees with low pro-
ductivity. As such, the addition of labor productivity heterogeneity
allows for a wage distribution that is endogenously unequal. This will
be further discussed in “The Money Supply”.

Index fund. This model introduces an IF through which the capital
ownershipof households is represented, and capital incomeand losses
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are added to the model. Furthermore, IF functions as a capital market
where firms and the government can receive capital investments,
whichwill be further explained in “TheMoney Supply”. The threemain
functions of the IF can be summarized as: (1) collect dividends and
redistribute these to households, or take wealth from households in
the caseof capital loss (2) provide venture capital investments to newly
entering firms, and (3) provide the government with funding in case of
a budget deficit. Note that for the parameter regime relevant to the
experiments in this model, the government does not run a deficit. This
mechanism was implemented to ensure the model remains robust
during sensitivity analysis of more extreme parameter ranges. If the
government were to run a deficit, it would cause a loss for the IF to
maintain the stability of the money supply. This approach avoids the
need for more complex interactions.

The inflowofmoney of the IF originates from the consumer good-
, capital good- and energy producers. At the end of each period, these
producers determine their new level of liquid assets NWi,t. They then
determine the maximum level of liquid assets needed for their
operational expenses, NWmax

i, t , by applying the ratio ΛNW >0 to their
total amount of expenses in the last period. When NWi, t>NW

max
i, t , the

excess of liquid assets is paid out to the IF as dividends.
Using these dividends, the IF will then firstly supply newly enter-

ing producers with venture capital. For this, the IF first examines the
total amount of desired capital of new entrants, and finances this
amount completely or partially, depending on the available funds. As
such, newlyenteringfirmsdonot have tofinance (all) newcapital using
debt and, therefore, do not have an unreasonably large debt burden.
The firms that have gone bankrupt may still have equity and debt on
their balance. The IF receives the net equity of these firms, meaning
EQi,t −debi,tof bankrupt firm i. So, if debts cannot be paid backwith the
remaining equity, the IF incurs a capital loss.

After all the new entrants have been initiated, the remaining
dividends are paid out to the households as capital income YK

i, t .
Households do not explicitly own stocks, but their exposure to the
financial market is proportional to their wealth level. For household i,
this gives the following capital income:

YK
i, t = ð1� τK ÞDivt

W i, tPHH
j W j, t

 !
, ð31Þ

where τK is the capital gains tax (discussed in “Government”) paid out
to the government by the IF, Divt the total amount of dividends paid
out to households and HH the total amount of households. Wealthier
households thus receive a higher capital income. As such, this addi-
tional source of income allows for household to not only follow from
labor income, but also from capital income, which gives a more com-
plete overview of wealth buildup.

Government. The government structure in ourmodel is notablymore
complex than that in ref. 50, where only taxes and unemployment
benefits were handled. In our model, the government also implements
carbon and energy taxes, redistributes surplus funds to households,
and engages in debtfinancing tomanagebudget deficits. Furthermore,
a stable money supply and several additional monetary flows were
incorporated to more accurately reflect the financial sector’s role in
the economy. These addedpolicy instruments consist ofmore types of
taxation and social spending and have a broader impact on the econ-
omy. The five tax types are as follows:
- τL: Labor income tax, which is the tax households pay over their

labor income.
- τK: Capital tax, which is the tax households pay over the capital

income received from the IF.
- τΠ: Profit tax, which is levied on (positive) profits made by

producers.
- τE: Energy tax, which is the additional fee producers have to pay

for every unit of energy they use during production.
- τC: Carbon tax, which is the additional fee producers have to pay

for every unit of carbon that is emitted during production.

In the baseline scenario, τL, τK, and τΠ will be positive. These taxes
are markups, so the tax is determined as a percentage of each of the
respective tax bases. τE and τC are only levied during the policy
experiments. These tax rates are not markups, but a fee that has to be
paid for each unit of emissions or energy use.

Firstly, Tax revenues are used for paying unemployment benefits
UBt to unemployed households. The level of UBt is set as a fraction of
the minimum wage wmin

t , which is also set by the government. Sec-
ondly, the remaining government budget is used for social benefits.
While the government can run into a deficit, if its overall tax revenue is
insufficient to payUBt, it does not accumulate public debt. Instead, the
government incurs a cost to the IF. The reason is twofold: keeping the
money supply constant and avoiding the introduction of a bond
market. Furthermore, in the parameter regime used in this paper, the
government does not run a deficit, making this mechanism only rele-
vant for the sensitivity analysis. Similarly, the government also does
not run budget surpluses but instead redistributes excess tax revenues
back to the households. These social benefits can be interpreted as all
the subsidies and services governments provide, apart from unem-
ployment benefits. Here, each household i receives social benefits YS

i, t
based on their total income level in the last period Yi,t−1. Therefore,
each household receives the following amount of social benefits, as a
share of the government surplus GSt:

YS
i, t =GSt

Y�prog
i, t�1PHH

j = 1 Y
�prog
j, t�1

 !
: ð32Þ

Here, the prog variable is of critical importance. These parameters
determine how the social benefits are redistributed and thus set the
progressivity of government spending. Forprog =0, all householdswill
receive an equal share of GSt. In practice, this means the taxes are
redistributed progressively, because higher incomes (nominally) pay a
larger amount of taxes. For prog = −1, each household will receive a
share of GSt proportional to their income level. Then, the progressive
or regressive impact of the redistribution of GSt depends on the rela-
tive size of the tax rates. For example, if τL > τK, higher-wealth

Fig. 8 | The tax-price frontier for energy producers. It shows the point at which
green plants of a given technology level become the preferred option for energy
producers, as a function of fuel cost and tax level.
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households will pay a lower effective tax rate because capital income
forms a larger share of their total income. This means the redistribu-
tion under prog = −1 would be regressive. To avoid these complica-
tions, τL and τK will be set to equal size in the experiments that follow.
Then, all prog > −1 are net progressive and all prog < −1 are net
regressive. The inclusion of this prog parameter, together with the
larger range of tax types, allows for a more detailed analysis of fiscal
policy packages.

The money supply. The last extension presented in this model is that
the money supply is held constant. Because a fluctuating money sup-
ply has a real effect on the overall economy, this would distort the
experimental results. Therefore, all transactions made by the agents
must end up in the money stock of other agents (except for debt
financing, discussed below). Firstly, Fig. 2 shows the money flows that
follow from productive activities, or from the government taxing and
redistributing tax revenues. All these money flows follow the
mechanisms described above.

When the activities of producers or the government cannot be
fundedwith their own funds, they seek outside financing. The source
of financing can be from within the system, which typically means
the firm receives an investment from the IF. This is meant for newly
entering companies, and for the government if it has a budget deficit
butmust still payUBt (note that the government does not borrow for
other social benefits). When companies cannot finance their opera-
tional expenses, they can take a loan from the IMM. This is the only
exception where money from outside the system is allowed to flow
in. The debt flows out again as the debt is paid off (See Fig. S10). This
means producers in this model cannot be credit-constrained, as is
the case in ref. 98 and ref. 42. The allowed amount of debt per
producer is limited to a factor ΛDeb times the last period’s sales. In
Fig. S11 we see that the sensitivity to credit access is not very large. In
case a producer needs debt to finance its production and invest-
ments, but its debt exceeds the allowed level, it will first reduce
investments and then production. If the debt level then still exceeds
the maximum, the company is declared bankrupt50. Figure 2 shows
themoney flows involved in financing. Here, it can be seen that the IF
plays a central role in distributing dividends and capital losses
throughout the economy.

Carbon cycle and emissions. Unlike ref. 42, our model does not
feature a climate feedback loop due to the complexities in defining an
appropriate damage function. Instead, we track total emissions and
compare relative changes to gauge the impact of environmental poli-
cies. This approach simplifies the modeling of the carbon cycle while
still providing meaningful insights into emissions trends.

Measuring critical slowing down. To apply KC to time series data S,
the data is segmented into non-overlapping blocks of equal length k.
Each block is then binarized based on itsmean value. The total number
of blocks N is counted, along with the frequency ni of each unique
block. The block entropy Hk is computed as follows:

Hk = �
XN
i = 1

ni

N

� �
log2

ni

N

� �

The approximate Kolmogorov Complexity K(S) is then calculated as
k ×N ×Hk, providing an upper bound on the true Kolmogorov Com-
plexity. As we are interested in the evolution of KC, we track KC of the
windows of length k.

Data availability
No novel data are associated with the article. The simulation outputs
are available via the provided code base.

Code availability
The entiremodel and themain results of this study can be reproduced
using this repository and was built on code from earlier work95:
(https://github.com/Tarsatir/Capsule_Climate.git).
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