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Abstract

A ten-equation Dynamic Stochastic General Equilibrium (DSGE) model is
designed to capture household optimization, firm production decisions,
environmental dynamics, and banking sector vulnerabilities during Net Zero
Emission transition periods. It is calibrated to Polish macroeconomic data from
2000 to 2019 to evaluate various policy scenarios, including gradual versus rapid
carbon tax implementation and different emission reduction targets. Results
highlight critical trade-offs among environmental goals, economic stability, and
financial system resilience. The analysis shows that Poland can reach its net-zero
emissions target while maintaining macroeconomic stability through coordinated
policy measures, with productivity gains generating positive spillovers across the
economy. This study addresses significant gaps in environmental macroeconomic
modelling for Central and Eastern European contexts, providing new insights for
Poland's EU-mandated decarbonization policy while preserving economic and
financial stability.
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1. Introduction.

The global push to reach net-zero emissions has fundamentally changed the approach to macroeconomic
policy, especially for economies experiencing rapid structural shifts within established regulatory
frameworks. Poland, as Central Europe's largest economy and one of the European Union's most carbon-
heavy nations, highlights the complex challenges that transition economies face as they try to meet
ambitious decarbonization goals while maintaining macroeconomic stability and a resilient financial system.
This transition is more than just an environmental policy change; it involves a complete overhaul of
economic fundamentals that requires advanced analytical tools to understand its wide-ranging effects on
growth, employment, investment, and the performance of the financial sector.

We critically review the theoretical foundations for analysing such comprehensive economic
transformations that have developed significantly over recent decades. The Dynamic Stochastic General
Equilibrium (DSGE) model has become one of the main methodological approaches for examining the
complex relationships between environmental policies and economic systems, providing detailed insights
into how carbon pricing, regulatory changes, and technological innovations influence macroeconomic
variables. While Litsios, Pilbeam, and Asteriou (2021) demonstrated the effectiveness of DSGE frameworks
in capturing business cycle dynamics in small open economies through their thorough analysis of UK
economic cycles from 1974-2017, we are establishing methodological credibility for similar applications in
the transition of Polish economy contexts, where institutional frameworks and structural characteristics
differ greatly from larger, developed economies.

Building on these methodological foundations, we have incorporated climate-specific mechanisms and
policy instruments. As in Zhang and Zhang (2020), who developed energy-emissions-economy DSGE
models calibrated to China's economic structure, revealing that carbon taxation and carbon intensity targets
create different impacts on both economic and environmental outcomes, analysis shows that carbon taxes
cause more severe but shorter-lived economic effects compared to intensity targets, while low-carbon
technology shocks simultaneously reduce emissions and boost output through productivity spillovers. These
findings emphasize the importance of policy instrument design in balancing trade-offs of transition to
renewable sources of energy while sustaining economic performance.

The intersection of environmental policies and financial stability has become increasingly recognized as
a vital research area, especially for banking systems in coal-dependent economies like Poland. Inspired by
Chan, Punzi, and Zhao (2024), who developed environmental DSGE frameworks to examine how green
transition policies impact financial system stability, we show that combining different interest rate
mechanisms with carbon tax revenue redistribution effectively balances environmental goals with financial
stability. Complementing Carattini, Heutel, and Melkadze (2023), who studied transition risk dynamics
using DSGE models that include both environmental market failures and financial sector imperfections,
revealing that aggressive climate policies may cause macroeconomic instability, we suggest how managing
macroprudential measures like banking sector taxation or subsidies helps achieve macroeconomic stability.

Taking further highlighted by Huang, Punzi, and Wu (2022) on the severity of financial consequences
resulting from environmental policy implementation, with environmental DSGE models that incorporate
financial frictions to assess the effects of environmental regulation on economic and financial outcomes we
aim to show that stricter environmental policies decrease firm profitability, weaken loan repayment ability,
and therefore threaten the stability of the financial system through higher default risks. These results
emphasize the need for integrated analytical frameworks that address both environmental goals and the
resilience of the financial sector, as we do in the current study.

We take recent advances in policy instrument analysis that offer essential guidance for strategies in
transition economy planning. Chan (2020a) used environmental DSGE models to evaluate the welfare and
environmental effects of forward-announced carbon policies, finding that pre-announced carbon tax
increases lower emissions but cause short-term output losses, and that immediate implementation leads to
better welfare outcomes than delayed announcements. Matsumura, Naka, and Sudo (2024) created multi-
sector New Keynesian DSGE models to study how carbon taxes are transmitted across Japan's economy,
showing that orderly implementation cuts economic losses by about seven percent compared to disorderly
approaches, with inter-sectoral interactions playing a crucial role in the output-emission trade-offs.
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European experiences also provide additional insights, especially relevant for Poland's policy growth
within the current EU structures. Coenen, Lozej, and Priftis (2024) upgraded the European Central Bank's
New Area-Wide Model to assess how carbon transition policies impact eurozone economies, showing that
permanent carbon tax hikes cause temporary inflation jumps and moderate GDP drops, while expanding
clean energy and redistributing revenue effectively limit negative economic effects. The focus on the need
for international coordination is highlighted by Xiao, Fan, Guo, Voigt, and Cui (2022), who showed that
linked carbon markets between China and the EU boost overall social welfare, though they create uneven
regional benefits, improve economic performance over separate markets, and act as automatic economic
stabilizers.

Despite the above-stated methodological advances and empirical insights, significant gaps still exist in
understanding the implications of the green transition for emerging European economies like Poland. Most
macroeconomic environmental models focus on developed countries, with little attention to Central and
Eastern European settings, where structural challenges, institutional frameworks, and sectoral compositions
differ from Western countries. Furthermore, existing frameworks rarely combine dynamic carbon tax
policies with endogenous emission responses, which prevents a full analysis of adaptive policy mechanisms
necessary for effective transition management under uncertainty.

We observe that current models usually treat financial stability as external to environmental policy
processes, overlooking important feedback loops between climate policies and banking sector performance.
This neglect leaves out key transmission channels through which carbon pricing impacts credit markets,
asset valuations, and systemic risk buildup. Studies specific to Poland are especially limited, despite its
unique situation as a coal-dependent economy experiencing rapid decarbonization mandated by the EU
within existing monetary and regulatory systems.

In this paper, we tackle these limitations by creating an integrated Dynamic Stochastic General
Equilibrium (DSGE) framework specifically tailored to Poland's institutional and economic environment.
Our model simultaneously represents macroeconomic dynamics, environmental policy interactions, and
financial stability factors through ten interconnected equations covering household optimization, firm
production choices, environmental processes, and banking sector indicators. The framework includes
endogenous carbon tax rules that respond dynamically to emission performance and explicitly models
financial sector vulnerabilities during transition periods. Overall, it aims to equip policymakers with
statistical and quantitative tools for assessing complex trade-offs between environmental goals, economic
stability, and financial system resilience in Poland's unique circumstances.

2. Review of Literature on DSGE Modelling of Net-Zero Emissions with Financial Stability.

The shift to net zero emissions signifies a fundamental change in modern economies, requiring advanced
analytical frameworks to grasp its complex macroeconomic and financial stability effects. The Dynamic
Stochastic General Equilibrium (DSGE) model has become one of the main methods for studying these
complex interactions, providing detailed insights into how environmental policies and technological
advances influence economic systems. This literature review aims to combine current research to establish
the theoretical basis for analysing Poland's transition to net zero using DSGE modelling.

2.1. Methodological Foundation and Model Development.

With the rapid growth of renewable sectors recently, researchers have used DSGE models of climate
economics in advanced settings, with a strong methodological focus on studying transition dynamics. A
brief review of the literature in this section aims to ascertain gaps in understanding the macroeconomic
effects of green transitions in emerging European economies such as Poland. Litsios, Pilbeam, and Asteriou
(2021) created four different DSGE models to examine UK economic cycles from 1974 to 2017, including
both neoclassical and Keynesian theories. Their research showed that Taylor rules specifications with
nominal price rigidities effectively captured a large part of the UK business cycle behaviour through
monetary transmission channels. This foundational work establishes the credibility of DSGE frameworks
for analysing small open economies and provides key methodological guidance for Poland-specific
applications.



Environmental DSGE models have incorporated increasingly sophisticated climate-specific
mechanisms. Zhang and Zhang (2020) built an energy-emissions-economy DSGE model calibrated to
China's economic structure to compare the effectiveness of carbon tax and carbon intensity target policies.
Their analysis revealed that both policies negatively impact economic and environmental outcomes, with
carbon taxation causing more severe but shorter-lasting effects compared to intensity targets, while low-
carbon technology shocks simultaneously reduce emissions and boost output. These findings underscore the
importance of policy design in managing transition trade-offs.

2.2. Financial Stability and Transition Risk Assessment.

The intersection of environmental policies and financial stability has become a crucial research focus,
especially for Poland's banking sector and financial institutions. Chan, Punzi, and Zhao (2024) developed an
environmental DSGE framework with two sectors to study how green transition policies influence financial
system stability. Their analysis showed that combining different interest rate mechanisms with carbon tax
revenue redistribution to households effectively balances environmental goals with financial stability under
various risk scenarios.

Complementing this analysis, Carattini, Heutel, and Melkadze (2023) examined transition risk dynamics
using a DSGE model that includes both environmental market failures and financial sector imperfections.
Their findings are especially relevant for shaping Poland's financial regulatory framework. They showed
that although aggressive climate policies might cause macroeconomic instability, targeted macroprudential
measures like taxing or subsidizing banking sector assets can effectively offset these destabilizing impacts.

The severity of financial consequences from implementing environmental policies is further highlighted
by Huang, Punzi, and Wu (2022), who created an environmental DSGE model that includes financial
frictions to assess how tightening environmental regulations affects economic and financial outcomes. Their
simulation results showed that stricter environmental policies decrease growth benefits, undermine firms'
ability to repay loans, and thereby threaten financial system stability by increasing default risks.

2.3. Asset Market Dynamics and Monetary Policy Coordination.

The rise of green finance markets introduces new considerations for designing monetary policy.
Reboredo and Ugolini (2022) created a two-sector DSGE model to study rational asset bubble formation in
carbon and green markets, along with their macroeconomic impacts. Their results showed that
contractionary monetary policies successfully decrease both emissions and speculative bubbles, with the
best policy involving coordinated negative interest rate responses across both markets.

Building on these insights, Chan, Ji, and Zhang (2024) developed a two-sector DSGE framework to
analyze carbon and green bubble emergence alongside optimal monetary policy responses. Their findings
demonstrated that supply-side disturbances drive bubble formation, contractionary monetary policy
effectively reduces emissions and speculative activity, and simultaneous negative interest rate responses to
both bubble types optimize social welfare outcomes. Some inspirations are drawn from these in this study.

2.4. Policy Implementation Strategies and Economic Fluctuations.

The literature offers important insights into policy timing and implementation strategies relevant to
Poland's net-zero planning. Chan (2020) used an environmental DSGE model to evaluate the welfare and
environmental impacts of forward-looking carbon policy measures. The study found that pre-announced
carbon tax increases cut emissions but cause temporary output losses, intensity targets outperform cap-and-
trade methods, and immediate implementation leads to better welfare outcomes than delayed
announcements.

Sectoral heterogeneity is a key factor in policy design. Matsumura, Naka, and Sudo (2024) created a
multi-sector New Keynesian DSGE model with input-output linkages to study how carbon taxes are
transmitted across Japan's economy. Their findings show that interactions between sectors and intertemporal
decisions significantly affect output-emission trade-offs, with organized implementation reducing economic
losses by around 7% compared to unorganized approaches, indicating a need for further research.

4



2.5. European Context Experiences.

European experiences offer valuable insights for Poland's policy development within the EU framework.
Coenen, Lozej, and Priftis (2024) improved the ECB's New Area-Wide Model to assess the impacts of
carbon transition policies across the eurozone economy. Their analysis revealed that permanent carbon tax
increases cause temporary inflation spikes and moderate GDP declines, while expanding clean energy and
redistributing revenue effectively mitigate negative economic effects.

Coenen, Lozej, and Priftis (2024) enhanced the ECB's NAWM model by assessing the effects of the
euro area’s carbon transition. Permanent increases in carbon taxes caused temporary inflation and a
moderate decline in GDP; expansion of clean energy and revenue redistribution helped lessen these impacts.
Abdullah and Morley (2014) performed a panel analysis examining the causality between environmental
taxes and growth in European/OECD countries. This suggests that there is long-term causality running from
growth to environmental tax revenue, reverse causality in the short term, and limited effects of subsidies.

2.6 International Experiences.

The significance of international coordination is emphasized by Xiao, Fan, Guo, Voigt, and Cui (2022),
who developed an open-economy environmental DSGE model that includes international trade and
asymmetric economies to examine carbon market linkage effects between China and the EU. Their research
showed that linked carbon markets increase overall social welfare, although they lead to uneven regional
distributions.

Liu, Zhao, and Li (2024) developed an open DSGE model to evaluate China's textile industry
environmental policies. Moderate carbon taxes-controlled emissions: excessive rates hindered the economy;
high tax-low subsidy combinations achieved rapid environmental improvements. Hu, Dong, and Zhou
(2021) used a CGE approach to simulate the impacts of China's resource tax versus a carbon tax. Carbon
taxes proved more effective for energy reduction and emissions; both policies caused a 0.1% GDP decline at
specified rates.

Carbone, Rivers, Yamazaki, and Yonezawa (2020) compared econometric and CGE models, analysing
the employment effects of a carbon tax in British Columbia. Carbon-intensive sectors lost jobs, while clean
sectors gained; both approaches produced consistent results. Fan, Wu, Xia, and Liu (2016) utilized a multi-
regional CGE model to examine the regional impacts of China's nationwide carbon market. The market
effectively reduced societal costs, improved welfare allocation, decreased regional disparities, and promoted
coordinated development.

Goyal and Kumar (2020) used a New Keynesian DSGE model with habit persistence to analyze
economic slowdowns in India versus the US. India exhibited greater sensitivity to monetary policy, higher
habit persistence, and dominance of markup shocks in driving inflation. Annicchiarico and Di Dio (2015)
created a New Keynesian DSGE model to examine environmental policy regimes under uncertainty.
Emissions caps reduced fluctuations; price rigidity significantly affected policy effectiveness; optimal
responses depended on price adjustment.

2.7. Policy Instrument Effectiveness and Welfare Implications.

A comparative analysis of policy instruments highlights key factors for designing Poland's policy mix.
Dissou and Karnizova (2016) developed a multi-sector business cycle model to compare carbon permit and
tax regimes under macroeconomic uncertainty conditions. Their research found that cap systems produce
lower volatility than tax mechanisms, although tax regimes may result in better welfare outcomes, with the
source of shocks playing a significant role in the ranking of instrument performance. The literature
consistently highlights that successful net-zero transitions depend on complex coordination between
environmental policies, monetary policy, and financial regulation.

Diluiso, Annicchiarico, Kalkuhl, and Minx (2021) developed a New Keynesian model incorporating
climate policies and financial frictions to assess green transition pathways and associated risks. Their
findings indicate that gradual mitigation strategies lower instability risks, while green quantitative easing
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provides effective stabilization aftershocks, and differentiated capital requirements reduce the intensity of
crises.

2.8. Gaps in the Literature and Our Contributions.

The existing literature reviewed above clearly highlights significant gaps in understanding the
macroeconomic effects of green transitions in emerging European economies. Current DSGE models focus
on developed economies, with limited attention to Central and Eastern European contexts, where structural
transformation challenges differ from those in Western countries, primarily for three reasons.

First, most environmental macroeconomic models treat financial stability as an exogenous process,
failing to capture feedback mechanisms between climate policies and banking sector performance. This
oversight neglects critical transmission channels through which carbon pricing affects credit markets, asset
valuations, and systemic risk. This study constructs a composite index incorporating output volatility,
investment fluctuations, and carbon pricing effects on the banking sector.

Secondly, existing frameworks rarely integrate dynamic carbon tax policy rules with endogenous
emission responses; instead, they assume static policy parameters. This limitation prevents the analysis of
adaptive policy mechanisms essential for effective transition management. Moreover, impulse responses are
used to examine how carbon tax shocks propagate through the economy.

Thirdly, country-specific studies for Poland remain scarce, despite its unique position as a coal-
dependent economy undergoing rapid EU-mandated decarbonization. This gap limits policy-relevant
insights for similar transition economies.

This paper addresses these limitations by developing an integrated DSGE framework that
simultaneously captures macroeconomic dynamics, environmental policy interactions, and financial stability
considerations specific to Poland's institutional context. The model incorporates endogenous carbon tax
rules responding to emission performance, while explicitly modelling financial sector vulnerabilities during
transition periods. This comprehensive approach provides policymakers with quantitative tools for
evaluating trade-offs between environmental objectives, economic stability, and financial system resilience,
contributing novel insights for transition economy literature and practical policy design.

3. DSGE Methodology

This paper uses a Dynamic Stochastic General Equilibrium (DSGE) model to analyze the
macroeconomic and financial stability impact of Poland's policies during its transition to net-zero emissions.
The approach integrates environmental variables into a standard macroeconomic framework, creating a
comprehensive tool for policy analysis.

The model structure consists of ten interconnected equations that represent key relationships among the
main macroeconomic variables. Household behaviour is modelled through consumption choices and labour
supply decisions, while firms decide on production, capital use, and wage setting. The model solution
employs linearization techniques around the model's steady-state equilibrium, covariances, policy matrix,
transition matrix, and impulse responses, with numerical methods used for dynamic simulations. Sensitivity
analysis examines the robustness of results across different parameter values and policy specifications. The
framework enables a quantitative assessment of trade-offs between environmental objectives and
macroeconomic performance, providing evidence-based insights for Poland's transition planning and
optimization in policy design.

Environmental dynamics are included via emission functions that connect economic activity to pollution
levels, with carbon tax policies allowing for dynamic responses. Financial stability is considered through a
composite index that includes output volatility, investment fluctuations, and carbon pricing impacts on
banking sector performance. This approach accounts for transition risks from rapid sectoral changes and
potential stranded assets.

The calibration uses Polish macroeconomic data from 2000 to 2019 to ensure parameters reflect
country-specific characteristics. Major parameters include discount factors, production elasticities, emission
intensities, and policy responsiveness coefficients. Simulation methodology involves impulse response
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analysis, examining how carbon tax shocks propagate through the economy. Various policy scenarios are
evaluated, including gradual versus rapid carbon tax implementation, different tax rate trajectories, and
alternative emission reduction targets. Each scenario assesses impacts on GDP growth, labour supply,
wages, capital stock, productivity, interest rates, investment patterns, and financial stability indicators.

3.1. DSGE Variable and Data Sources.
The DSGE analysis utilizes annual time series data spanning 2000-2019, sourced from the World Bank
Development Indicators, IMF Economic Outlook, and the Federal Reserve Economic Data (FRED), see

Table 1.

Table 1. Definition of variables in the DSGE model of Poland

Variable Description Type

Inflation: Rate of change in the general price level over time Endogenous, Observed
Output: The Output Endogenous, Observed
Interest Rate: Nominal short-term interest rate (e.g., Bank Rate) Endogenous, Observed
Consumption: Aggregate household consumption Endogenous, Observed
Capital Stock: Stock of physical capital Endogenous, Observed
Hours Worked: Total hours worked in the economy Endogenous, Observed
Wages Earned: Real wages per hour worked Endogenous, Observed
Carbon Emissions: CO: emissions from economic activities Endogenous, Observed
Carbon Price / Tax: Price imposed per tonne of CO: emitted Endogenous, Observed
Financial Stability Index: A Measure of banking/market stability Endogenous, Observed

3.2. Theoretical Foundation of the DSGE Framework Equation.

The synthesized literature review above offers essential theoretical foundations for analysing Poland's
specific challenges in achieving net-zero emissions while maintaining macroeconomic and financial
stability. The evidence indicates that DSGE models provide strong analytical frameworks for understanding
these complex dynamics, emphasizing the importance of policy coordination, gradual implementation
strategies, and attention to financial stability implications. Poland's transition pathway will benefit from
these international experiences but will also need specific adaptations to its unique economic structure,
energy sector characteristics, and institutional framework within the European Union.

INTERTEMPORAL CONSUMPTION CHOICE

This specification embodies the fundamental principle of intertemporal optimization from the Ramsey-
Cass-Koopmans theory. Households maximize lifetime utility by equating marginal utility across periods,
discounted by subjective time preference, 8, the Euler relation from the first order condition for optimization
is stated as:

=B+, (1)
This equation illustrates how households decide when to consume across different periods, ¢, , and
Ci+1, by weighing current and future utility. The discount factor B represents an individual's patience and
time preferences, while interest rates reflect the opportunity costs of borrowing versus saving. Depreciation
0 accounts for the wear and tear of capital. Higher expected future interest rates encourage savings now
rather than immediate consumption, helping households maximize lifetime welfare and smooth
consumption during Poland's green economic transition and structural reforms (see Coenen, Lozej, and
Priftis, 2024). This equation models rational expectations about consumption smoothing, which is key to
understanding how climate policy influences household spending in Poland's transition economy.



LABOUR-LEISURE TRADE-OFF

This labour supply model comes from standard microeconomic theory, where households maximize
utility by balancing consumption and leisure. The parameter y indicates the disutility of labour, creating an
equilibrium where the marginal rate of substitution matches the real wage rate. This approach, based on
neoclassical labour economics, is important when studying how carbon taxes influence labour markets
through changes in real wages and consumption during Poland's green transition, potentially affecting
employment in carbon-intensive industries.

YHW, =C; (2)

This specification explains how workers balance their labour effort, H,, against leisure time preferences
based on economic incentives. Parameter y measures the individual disutility from working additional hours
beyond their preferred levels. Workers increase their labour supply when real wages, W;, a rise in
comparison to consumption levels, creating substitution effects between work and leisure. During Poland's
green transition, changing wage patterns across traditional and emerging sectors influence personal work
decisions, overall labour market participation rates, and sectoral employment distribution patterns.

RESOURCE CONSTRAINT

This aggregate resource constraint reflects the Keynesian national income accounting identity, ensuring
macroeconomic equilibrium between production and expenditure. In a closed economy framework, total
output must equal domestic absorption, which includes private consumption and capital formation. This
constraint is especially important for analysing how carbon policies shift resources between current
consumption and green investments, potentially creating trade-offs between immediate welfare and long-
term sustainability goals during Poland's decarbonization process.

Y, =C +1, (3a)

This fundamental identity ensures that total economic output, ¥;, equals its uses in private consumption,
C:, and capital investment, I, maintaining macroeconomic equilibrium. It represents the aggregate resource
constraint where production must match domestic absorption in a closed economy framework. During
Poland's decarbonization process, this constraint highlights critical trade-offs between current consumption
for immediate welfare and green investments for long-term sustainability, affecting overall resource
allocation decisions between present needs and environmental transformation requirements.

AGGREGATE PRODUCTION TECHNOLOGY.

This Cobb-Douglas production function, essential to neoclassical growth theory, shows constant returns
to scale with a indicating capital's output elasticity. Total factor productivity reflects technological progress,
which is vital for modelling green innovation spillovers.

Y, = A KEH (3b)

This production function describes how capital, k;, and labour inputs, H,, combine multiplicatively to
generate total economic output. Parameter a determines the capital's contribution intensity and factor
income shares in the production process. Total factor productivity captures technological efficiency levels
and innovation spillovers across the economy. In Poland's net-zero context, this specification allows for
analyzing how carbon policies affect productive capacity through capital reallocation toward clean
technologies and potential productivity gains from environmental innovation, while maintaining standard
assumptions about factor substitutability essential for DSGE modelling.



CAPITAL RENT RATE.

This equation originates from profit maximization by competitive firms, where the marginal product of
capital equals its rental cost. According to neoclassical production theory, a indicates capital's share of total
output, ensuring that factor payments use up the entire output, while the output-to-capital ratio measures
how intensely and efficiently capital is used. In Poland's green transition analysis, this relationship shows
how carbon policies influence returns on different types of capital, potentially reducing returns for carbon-
intensive assets and boosting returns for clean capital, which in turn affects investment patterns and resource
allocation.

= (4)

Also, this equation determines returns to capital, r, based on its marginal productivity in the production
process. During Poland's comprehensive green transformation, different types of capital generate varying
returns according to their productivity contributions, influencing investment flows and allocation decisions

between traditional carbon-intensive assets and emerging clean technology infrastructure across various
economic sectors and industries.

WAGE DETERMINATION.

This wage equation derives from competitive labour market theory, where firms set the wage rate equal
to the marginal product of labour. The parameter (1-a) indicates labour’s share in production, aligning with
Cobb-Douglas technology assumptions.

Wr = (1 - )it (5)

This relationship establishes wage levels based on labour’s marginal productivity contribution to total
output. Higher productivity per hour worked directly leads to increased wage levels across the economy.
Poland's green transition influences sectoral productivity patterns through technological changes, creating
wage gaps between declining carbon-intensive industries and expanding clean energy sectors. This affects
labour mobility, skill requirements, and income distribution throughout the transformation process. During
Poland's decarbonization, this framework helps analyze labour market adjustments as carbon policies might
reduce productivity in traditional sectors while generating opportunities in green industries, impacting wage
levels and employment distribution across sectors with different carbon intensities.

ENVIRONMENTAL EMISSION FUNCTION.

This specification incorporates environmental Kuznets curve principles, relating economic activity to
environmental degradation while enabling policy intervention.

E; = 0Y, — yYT; (6)

This function defines the link between economic activity and environmental emissions, E; , produced
by manufacturing processes. Parameter 0 indicates emission intensity per unit of economic output,
representing pollution coefficients across various sectors. Parameter y shows how effective a carbon tax, T;,
is in cutting emissions through behavioural and technological changes. Based on environmental economics
theory, this model allows analysis of Poland's emission trends under different carbon pricing scenarios,
exploring how economic growth and environmental quality trade off, while including policy feedback
effects on emission reduction paths. Greater production usually leads to more pollution, but carbon taxes
create economic incentives to cut emissions. This setup helps assess Poland's emission reduction strategies
and environmental performance under different carbon pricing approaches and policy measures.



CARBON TAX POLICY RULE.

This policy reaction function reflects modern environmental policy design principles by including both
persistence (pt) and responsiveness to emission levels (n). Based on optimal taxation theory and
environmental policy literature, this setup allows carbon tax rates to change dynamically depending on
environmental outcomes.

Ty = prEry + nE; (7)

This policy reaction function explains how carbon tax rates adjust over time based on past levels and
current environmental performance (Xiao et al., 2022). Parameter pt indicates persistence in tax levels,
ensuring policy stability and predictability for economic agents. Parameter 1 reflects policy responsiveness
to current emission levels, supporting adaptive management strategies. Lag structure in this carbon tax
function allows the application of the Kuznets curve principles in this model. Tax rates increase with higher
emissions while maintaining consistency from previous periods, offering predictable yet flexible
environmental policy tools for Poland's comprehensive decarbonization plan and long-term emission
reduction goals (Liu, Zhao, and Li, 2024). For Poland's analysis, this framework captures realistic policy
implementation where tax rates change gradually while responding to emission performance, allowing
examination of policy credibility and effectiveness in reaching net-zero targets.

FINANCIAL STABILITY INDEX.

This specification combines macroprudential theory with environmental finance literature,
acknowledging that climate policies introduce financial system risks through transition channels. Parameters
v represent the different effects of economic activity, investment flows, and carbon pricing on financial
stability.

Fe=yiYs + vl + ysT; (8)

This comprehensive index evaluates financial system stability, F, across various economic and
environmental factors (Fan et al., 2016). This approach allows for analyzing how Poland's green transition
impacts banking sector stability through credit risk fluctuations, asset revaluations, and stranded asset
issues, while also assessing potential systemic risks resulting from rapid sectoral changes.

CAPITAL ACCUMULATION DYNAMICS.

This standard capital accumulation equation, fundamental to dynamic macroeconomic theory, explains
how current investment increases future productive capacity while existing capital depreciates at a rate 3. In
Poland's green transition context, this model becomes essential for analyzing how carbon policies influence
investment choices between traditional and clean technologies, impacting long-term growth paths (Goyal
and Kumar, 2020). The equation reflects key dynamics of capital stock change necessary for understanding
how environmental policies reshape productive capacity and the economic structure.

Kt+1 = It + (1 - S)Kt (9)

This fundamental equation explains how the capital stock changes through new investments and natural
depreciation. Current investment directly increases future productive capacity, while existing capital wears
out at a depreciation rate 6, which accounts for deterioration, obsolescence, and technological displacement
(Annicchiarico and Di Dio, 2015). Poland's transition requires significant green investment to replace aging,
carbon-heavy infrastructure while preserving overall productive capacity during the comprehensive
decarbonization effort, impacting long-term growth, sectoral capital allocation, and economic
transformation across industries.
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TECHNOLOGY SHOCK PROCESS.

Drawing from stochastic growth theory, this formulation captures technological progress uncertainty,
which is crucial for analyzing Poland's transition dynamics (Carbone et al., 2020). In the context of the
green transformation, productivity shocks may reflect environmental innovation breakthroughs or
disruptions, enabling examination of how technological uncertainty interacts with carbon policies in shaping
macroeconomic outcomes and transition pathways.

In(Aes1) = pr(Ap) + €4 (10)

This autoregressive specification models total factor productivity, 4., following standard real business
cycle theory, where p determines persistence and es+: represents unpredictable innovation shocks. The
calibrated parameters of this DSGE model are given in Table 2.

3.3. DSGE Parameters and Variables.

Table 2 shows the calibrated parameter values used in this Dynamic Stochastic General Equilibrium
model. These parameters are carefully chosen to reflect empirical regularities and theoretical constraints,
ensuring the model accurately represents the economy's structural relationships and behavioural dynamics
for meaningful policy analysis and simulations.

Table 2. Calibrated Parameters in the DSGE Model of Poland

Parameter Symbol Value Description of Parameters

alpha: o 0.33 Intertemporal Elasticity

beta: B 0.99 Discount Factor

delta: ) 0.50 Energy Transition

gamma 1: Y1 0.40 Carbon Tax Effect on Financial Stability

gamma 2: Y2 0.30 Carbon Tax Effect on Output

gamma 3: Y3 0.20 Carbon Tax Effect on Interest Rate

chi: x 2.00 Marginal rate of substitution coefficient in labour and consumption
psi: ] 0.30 Elasticity of emissions to carbon taxes

rho_tau: p 0.80 Carbon Tax Rule Persistence in adjustment

eta: n 0.20 Carbon Tax Responsiveness to the emissions level
theta: 0 0.50 Emissions per unit of output (before tax)

4. DSGE Simulation Results and Analysis.

4.1 Steady State Analysis.

In Table 3, the steady-state results show Poland's long-term equilibrium values under the net-zero
transition framework. Output stabilizes at 0.568, indicating that Poland's economy maintains significant
productive capacity during the transition, supporting the idea that gradual decarbonization can preserve
economic stability while meeting environmental goals.

The output level suggests Poland can support about 57% of its reference productive capacity in the long-
term equilibrium. These findings resonate strongly with Diluiso et al. (2021), who demonstrated moderate
transition costs for gradual mitigation pathways in the Euro Area using New Keynesian models with climate
policy and financial frictions. The maintenance of significant productive capacity mirrors Matsumura, Naka
& Sudo's (2024) analysis of Japan's carbon tax implementation, which showed that orderly policy
implementation could mitigate value-added decline by 7% in affected industries.
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Table 3. Steady state values of variables in the DSGE model of Poland

Delta-method

Variable Coefficient std. errs. z P>z [95%  conf. interval]
capital_stock 3673462
productivity 1
consumption 3841562
investment 1836731
interest_rate .510101
wages_earned 5406487
hour worked 7036835
carbon_tax 2183959
emission 2183959
financial_stability 0304222
output 5678293

Standard errors reported as missing for constrained steady-state values.

The financial stability index reaches 0.030, indicating low systemic risk in the long-term equilibrium.
This low value shows that Poland's financial system can maintain stability during the green transition when
policies are carefully sequenced and executed gradually. The low financial stability risk directly validates
Carattini, Heutel & Melkadze's (2023) argument that macroprudential policies can effectively mitigate
transition risks from ambitious climate policy. Similarly, Chan, Punzi & Zhao (2024) found that dual
interest rate policies with carbon revenue redistribution maintain financial stability during green transitions.

A notable aspect is the carbon emissions level of 0.218, exactly matching the carbon tax rate of 0.218,
demonstrating the model's internal consistency and the effectiveness of carbon pricing in reaching emission
goals. This precise equilibrium between emissions and tax rates provides empirical support for Jia & Lin's
(2020) advocacy of direct carbon taxation over trading mechanisms. The endogenous tax rule design aligns
with Annicchiarico & Di Dio's (2015) finding that emissions cap policies dampen macroeconomic
fluctuations when meticulously designed.

The labour market demonstrates strong resilience, with hours worked at 0.704 and wages earned at
0.541. The wage-hours ratio (0.541/0.704 = 0.77) shows that labour productivity levels are sustained.
Matsumura, Naka & Sudo (2024) showed that orderly carbon tax implementation in Japan maintained
employment levels—our 70% labour utilization rate confirms this pattern for Poland.

The capital stock equilibrium at 0.367 reflects the economy's investment capacity and structural
transformation needs. The investment-to-capital ratio (0.184/0.367 = 0.50) indicates quick capital turnover.
Consumption stabilizes at 0.384. The consumption-output ratio (0.384/0.568 = 0.68) highlights the
economy's allocation between current consumption and future-focused investment.

4.2 Estimated Covariances of Model Analysis.

In Table 4, the covariance matrix results highlight key relationships between macroeconomic and
environmental variables during Poland's net-zero transition. The output variance of 382,474 indicates
moderate volatility, suggesting that the transition leads to manageable economic fluctuations rather than
destabilizing shocks. The moderate volatility level confirms Xiao, Fan & Guo's (2018) finding that
environmental policies are counter-cyclical in smoothing fluctuations when meticulously designed.
Matsumura, Naka & Sudo (2024) found that orderly carbon tax implementation mitigates economic decline;
our manageable volatility validates this gradualist approach.

Financial stability exhibits significantly higher variance (1.41e+07), emphasizing the financial sector's
increased sensitivity to transition dynamics and underscoring the vital role of macroprudential measures
during green transitions.
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Table 4. Estimated Covariances of Variables in the DSGE Model of Poland

Delta-method

Variable Coefficient std. errs. z P>z [95%  conf. interval]
consumption

var(consumption) 380231.9 529153.6 0.72 0.472 -656890 1417354
cov(consumption,investment) 383522.1 529214.3 0.72 0.469 -653718.8 1420763
cov(consumption,interest_rate) 764.1017 249.5904 3.06 0.002 2749135 1253.29
cov(consumption,wages_earned) 380764 529163.3 0.72 0.472 -656376.8 1417905
cov(consumption,hour worked) 532.1333 170.8159 3.12 0.002 197.3402 866.9264
cov(consumption,carbon_tax) 372253.2 528851.5 0.70 0.482 -664276.6 1408783
cov(consumption,emission) 384842.5 529310.3 0.73 0.467 -652586.5 1422271
cov(consumption,financial stability) 2308437 3191530 0.72 0.469 -39468450 8563721
cov(consumption,output) 381296.2 529173 0.72 0.471 -655863.7 1418456
investment

var(investment) 387897.4 529219.6 0.73 0.464 -649353.8 1425149
cov(investment,interest_rate) 2932.818 960.0304 3.05 0.002 1051.193 4814.444
cov(investment,wages_earned) 384229.8 529214.9 0.73 0.468 -653012.4 1421472
cov(investment,hour_worked) 707.6162 229.7604 3.08 0.002 257.2941 1157.938
cov(investment,carbon_tax) 376473.1 529028.1 0.71 0.477 -660402.8 1413349
cov(investment,emission) 388290.7 529299.8 0.73 0.463 -649117.9 1425699
cov(investment,financial_stability) 2318655 3191704 0.73 0.468 -3936969 8574279
cov(investment,output) 384937.4 529215.6 0.73 0.467 -652306.1 1422181
interest_rate

var(interest_rate) 4426.04 1432.698 3.09 0.002 1618.004 7234.076
cov(interest_rate,wages_earned) 1114.854 364.4888 3.06 0.002 400.469 1829.239
cov(interest_rate,hour_worked) 350.7524 114.9031 3.05 0.002 125.5463 575.9584
cov(interest rate,carbon_tax) 2791.714 888.7234 3.14 0.002 1049.848 4533.58
cov(interest_rate,emission) 1014.948 348.2135 291 0.004 332.4626 1697.433
cov(interest_rate,financial_stability) -15329.99 4908.745 -3.12 0.002 -24950.95 -5709.022
cov(interest_rate,output) 1465.606 479.3895 3.06 0.002 526.0202 2405.193
wages_earned

var(wages_earned) ) 381324.6 529171.5 0.72 0.471 -655832.4 1418481
cov(wages_earned,hour_worked) 560.5146 180.3026 3.11 0.002 207.128 913.9012
cov(wages_earned,carbon_tax) 372935.8 528879.8 0.71 0.481 -663649.6 1409521
cov(wages_earned,emission) 385400.2 529308.4 0.73 0.467 -652025.2 1422826
cov(wages_earned,financial_stability) 2310090 3191558 0.72 0.469 -3945248 8565428
cov(wages_earned,output) 381885.2 529179.7 0.72 0.471 -655288 1419058
hour_worked

var(hour_worked) 28.38131 9.701786 2.93 0.003 9.366155 47.39646
cov(hour_worked,carbon_tax) 682.4832 216.7691 3.15 0.002 257.6234 1107.343
cov(hour_worked,emission) 557.6788 181.6625 3.07 0.002 201.6268 913.7307
cov(hour_worked,financial_stability) 1652.44 530.9619 3.11 0.002 611.7736 2693.106
cov(hour_worked,output) 588.8959 189.811 3.10 0.002 216.8732 960.9186
carbon_tax

var(carbon_tax) 365386 528411.7 0.69 0.489 -670281.8 1401054
cov(carbon_tax,emission) 376878.7 529114.6 0.71 0.476 -660166.8 1413924
cov(carbon_tax,financial_stability) 2250775 3189661 0.71 0.480 -4000846 8502396
cov(carbon_tax,output) 373618.3 528908.2 0.71 0.480 -663022.8 1410259
emission

var(emission) 389522.2 529392.8 0.74 0.462 -648068.5 1427113
cov(emission,financial_stability) 2335339 3192409 0.73 0.464 -3921668 8592346
cov(emission,output) 385957.9 529306.6 0.73 0.466 -6514634 1423380
financial_stability

var(financial_stability) 1.41e+07 1.93e+07 0.73 0.464 -2.36e+07 5.18e+07
cov(financial_stability,output) 2311743 3191586 0.72 0.469 -3943650 8567135
output

var(output) 382474.1 529186.5 0.72 0.470 -654712.4 1419661
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The elevated financial stability variance validates core concerns raised by Carattini, Heutel & Melkadze
(2023), who found climate policy can cause macroeconomic instability without proper macroprudential
interventions. Huang, Punzi & Wu's (2022) Environmental DSGE model using China's data showed that
enhanced environmental regulations compromise firm loan repayment ability—our high financial variance
(1.41e+07) quantifies this vulnerability.

The covariances between financial stability and other key variables show strong interconnectedness:
output (2,311,743), emissions (2,335,339), and carbon tax (2,250,775) all increase with financial stability.
These interconnected covariances empirically demonstrate what Carattini, Heutel & Melkadze (2023)
theoretically proposed: financial market failures and pollution externalities interact systemically during
transitions. The positive financial stability-output covariance supports Chan, Punzi & Zhao's (2024) finding
that dual interest rate policies with carbon revenue redistribution can maintain both transition support and
financial stability.

The emission-output covariance of 385,957.9 shows the ongoing connection between economic activity
and environmental impact. This positive link confirms Chan's (2020) observation that fiscal policy uniquely
maintains emission levels during productivity-driven expansions, requiring active carbon policy
intervention. Jia & Lin (2020) compared carbon tax and trading mechanisms, finding taxation achieves
higher emission reduction efficiency—our covariance shows the mechanism through which taxation
moderates the emission-output relationship.

Labor market variables exhibit notable covariance patterns. Hours worked show strong positive
covariances with all major variables. The variance of hours worked at 28.38131 is significantly lower than
that of other variables, indicating relative stability in the labour market during the transition. The labour
market's positive covariances across all variables support Matsumura, Naka & Sudo's (2024) finding that
orderly implementation maintains employment levels during transitions.

Interest rate covariances illustrate how monetary policy transmits during the transition. The negative
covariance with financial stability (-15,329.99) shows that higher interest rates decrease financial sector
performance. The interest rate transmission patterns align with Litsios, Pilbeam & Asteriou's (2021)
demonstration that monetary shocks under the Taylor rule effectively manage business cycles during
transitions.

4.3. Impulse Response Function Analysis.

In Figure 1, the impulse response function framework represents a cornerstone analytical tool for
understanding how policy shocks propagate through Poland's interconnected economic and environmental
systems during the net-zero transition. The impulse response methodology follows Litsios, Pilbeam &
Asteriou's (2021) approach to analyzing UK business cycle dynamics under monetary shocks, extending it
to environmental policy contexts. Annicchiarico & Di Dio (2015) used impulse responses to demonstrate
how emissions cap policies dampen macroeconomic fluctuations—our framework enables similar analysis
for Poland's carbon taxation.

The impulse response methodology enables a comprehensive examination of various policy scenarios
critical for Poland's transition planning, including the comparative analysis of gradual versus rapid carbon
tax implementation strategies. Following the theoretical insights of Zhang and Zhang (2020), the responses
reveal that carbon taxation creates initial economic contractions as firms adjust production processes and
investment patterns to accommodate higher environmental costs. However, the dynamic framework
captures subsequent recovery phases as the economy adapts through technological innovation, sectoral
reallocation, and productivity improvements associated with clean technology adoption. The gradual versus
rapid implementation comparison directly addresses questions raised by Matsumura, Naka & Sudo (2024),
who demonstrated that orderly implementation mitigates value-added decline over time.

The presence of financial stability within the impulse response system represents a novel contribution to
environmental macroeconomic modelling, enabling analysis of banking sector vulnerabilities during critical
adjustment periods. The endogenous financial stability modelling directly responds to gaps identified by
Carattini, Heutel & Melkadze (2023), who called for an integrated analysis of pollution externalities and
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financial market failures. Chan, Punzi & Zhao (2024) incorporated endogenous default into environmental
DSGE models—our impulse response system extends this by tracing banking sector vulnerabilities
dynamically.

Figure 1. Impulse Response Function
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The impulse response analysis facilitates evaluation of policy timing and sequencing effects that are
crucial for Poland's EU-mandated decarbonization timeline. Consistent with Chan (2020), the framework
enables quantitative assessment of announcement effects, where forward-looking agents adjust behaviour in
anticipation of future policy changes. The multi-variable impulse response system enables analysis of cross-
variable feedback mechanisms that characterize complex transition dynamics. The cross-variable feedback
analysis operationalizes insights from Annicchiarico & Di Dio (2015), who found that staggered price
adjustment significantly influences environmental policy performance through feedback effects.

The dynamic response analysis supports integrated policy design coordination between environmental
objectives, monetary policy accommodation, and financial regulatory interventions. The integrated policy
coordination capability addresses Litsios, Pilbeam & Asteriou's (2021) finding that monetary policy
effectiveness depends on coordinating price and wage flexibility with policy rules. Carattini, Heutel &
Melkadze (2023) demonstrated that macroprudential policies through bank asset taxes or subsidies mitigate
transition risks—our framework evaluates such combinations quantitatively.

4.4. Policy Matrix Analysis.

In Table 5, the policy matrix results demonstrate how state variables influence endogenous economic
outcomes, revealing crucial transmission mechanisms that govern Poland's net-zero transition policy
effectiveness and economic adjustment processes. The policy matrix approach follows the structural
analysis methodology established by Annicchiarico & Di Dio (2015) for understanding dynamic responses
under environmental regulatory regimes. The focus on transmission mechanisms addresses Carattini, Heutel
& Melkadze's (2023) call for understanding how climate policies propagate through economies with
financial market failures.

Productivity shocks exhibit remarkably strong positive effects across all endogenous variables, with
output responding by 1.057 units per productivity unit increase (z=575.65, p<0.001). This robust
relationship indicates powerful technological spillovers that support the theoretical emphasis on green
innovation as a primary pathway for reconciling environmental and economic objectives. The more-than-
proportional productivity effects validate Chan, Punzi & Zhao's (2024) argument that green sector
development generates positive spillovers exceeding direct investment returns. Fan et al. (2016) found
carbon markets improve welfare and production factor allocation efficiency—our productivity coefficient
(1.057) quantifies these efficiency gains.

15



Table 5. Policy Matrix

Delta-method

Variable Coefficient std. errs. z P>z [95%  conf. interval]
consumption

capital_stock 403661 . . . . .
productivity .8874622 .0036439 243.55  0.000 .8803204 .8946041
investment

capital stock 0612182 . . . . .
productivity 1.410640 .0132962 106.09 0.000 1.384580 1.4367
interest_rate

capital_stock -.7071074 . . . . . .
productivity 1.056692 .0018356 575.65  0.000 1.053094 1.06029

wages_earned

capital_stock 3482768 . . . . . .
productivity 9720771 .0009041 1075.16  0.000 .9703051 9738491
hour_worked

capital_stock -.0553842 . . . . . .
productivity .0846149 .0027398 30.88 0.000 .079245 .0899847
carbon_tax

capital_stock .0682083 . . . . . .
productivity 1.356094 .048113 28.19 0.000 1.261795 1.450394
emission

capital_stock 3699028 . . . . .
productivity 9558221 .021357 44.75 0.000 9139631 9976811

financial_stability

capital_stock 5.6457 . . . . .
productivity 6268204 .0735501 8.52 0.000 4826649 7709759
output

capital_stock 2928926 . . . . . .
productivity 1.056692 .0018356 575.65  0.000 1.053094 1.06029

Financial stability responds positively to productivity increases (0.627, z=8.52, p<0.001), providing
empirical validation for the hypothesis that technological progress, particularly green innovation,
strengthens financial sector resilience during transition periods. This finding directly addresses Diluiso et
al.'s (2021) transition risk concerns by showing innovation mitigates financial instability—the positive
coefficient (0.627) quantifies this mitigation effect. Huang, Punzi & Wu (2022) found that environmental
regulations compromise firm loan repayment ability—our result suggests productivity improvements
counteract this effect through enhanced profitability.

The carbon tax response to productivity (1.356, z=28.19, p<0.001) reveals that technological
improvements enable more aggressive environmental policies without compromising economic
performance. The productivity-carbon tax relationship operationalizes Jia & Lin's (2020) finding that carbon
taxation achieves higher emission reduction efficiency when economic conditions are favourable—our
coefficient shows exactly how much fiscal space productivity creates.

Hours worked show positive productivity responsiveness (0.085, z=30.88, p<0.001), indicating that
technological progress supports employment levels rather than creating technological unemployment during
the transition. The positive employment-productivity relationship contradicts standard automation concerns,
aligning with Matsumura, Naka & Sudo's (2024) finding that orderly carbon tax implementation maintains
employment levels in Japan.

Wages earned demonstrate strong positive productivity effects (0.972, z=1075.16, p<0.001), indicating
that technological progress translates into improved worker compensation. The near-unity wage pass-
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through validates equitable benefit distribution, addressing political economy concerns about transition
justice.

Capital stock effects reveal important asymmetric relationships across variables. Financial stability
shows particularly strong positive capital stock effects (5.646), indicating that capital accumulation
enhances banking sector resilience. The strong capital-financial stability relationship (5.646) provides
empirical support for Carattini, Heutel & Melkadze's (2023) argument that coordinated policies can address
both environmental and financial objectives simultaneously.

4.5. Transition Matrix Analysis.

In Table 6, the transition matrix results illuminate the fundamental dynamic persistence and adjustment
mechanisms that govern Poland's state variable evolution during the net-zero transformation. The transition
matrix methodology follows the dynamic structural analysis established by Litsios, Pilbeam & Asteriou
(2021) for understanding persistence in macroeconomic relationships.

Productivity demonstrates exceptionally high persistence with an autoregressive coefficient of 0.992
(z=84.18, p<0.001), indicating that technological shocks generate extremely long-lasting effects throughout
the economic system. This near-unity persistence validates the critical importance of green innovation
policies within Poland's transition strategy, as productivity improvements from environmental technologies
will generate sustained economic benefits extending far beyond initial implementation periods. The near-
unity persistence (0.992) provides striking empirical validation for Chan, Punzi & Zhao's (2024) argument
that green sector investments generate lasting economic benefits beyond direct environmental returns. Duan
et al. (2018) emphasized technology policy for achieving long-term climate targets—our persistence
coefficient quantifies exactly how technology shocks propagate across decades.

Table 6. Transition Matrix

Delta-method
Variable Coefficient std. errs. z P>|z| [95%  conf. interval]

F.capital_stock

capital_stock 5306091 . . . . .
productivity 7053198 .0066481 106.09  0.000 6922898 7183498
F.productivity

capital_stock 0 (omitted) . . .
productivity 9916833 0117811 84.18 0.000 9685927 1.014774

The statistical robustness of productivity persistence (standard error=0.012) confirms this relationship's
stability across different economic conditions and policy scenarios. The finding aligns with Zhang and
Zhang (2020), who demonstrated that low-carbon technology shocks simultaneously reduce emissions and
increase output through persistent mechanisms, validating the theoretical foundations underlying Poland's
technology-focused transition strategy.

Capital stock dynamics reveal sophisticated asymmetric relationships with both productivity and capital
formation. Future productivity responds significantly to current productivity (0.705, z=106.09, p<0.001) and
capital stock (0.531), indicating powerful bidirectional feedback mechanisms between technological
progress and capital accumulation. The bidirectional feedback (productivity coefficient 0.705, capital
coefficient 0.531) validates endogenous growth theory predictions emphasized by Chan, Punzi & Zhao
(2024) regarding investment-innovation complementarities. Diluiso et al. (2021) found green investment
and productivity improvements reinforce mutually—our coefficients quantify these reinforcement
magnitudes.

The capital stock coefficient in productivity evolution (0.531) demonstrates that physical capital
formation directly contributes to technological progress, validating endogenous growth theory predictions
about capital-embodied technological change. The capital-embodied technology coefficient (0.531)
validates Chan's (2020) emphasis on investment policy as a productivity driver during environmental
transitions.
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The bidirectional productivity-capital relationship creates dynamic complementarity where innovation
policies and investment incentives mutually reinforce effectiveness. The dynamic complementarity validates
Diluiso et al.'s (2021) argument for green quantitative easing combined with differentiated capital
requirements—our coefficients show why combining instruments amplifies effectiveness.

Future capital stock evolution shows complete responsiveness to current productivity conditions (0.705)
while exhibiting zero direct autocorrelation from capital stock itself. The complete productivity
responsiveness (0.705) with zero capital autocorrelation reveals investment depends fundamentally on
technology opportunities, validating Litsios, Pilbeam & Asteriou's (2021) emphasis on productivity-driven
business cycles.

The capital stock transition pattern suggests that investment policies must coordinate closely with
innovation promotion to maintain effectiveness over time. The coordination necessity validates Huang,
Punzi & Wu's (2022) finding that environmental regulations require complementary technology policies to
avoid compromising financial stability through inadequate returns.

5. Policy Recommendation.

According to our DSGE analysis, Poland's net-zero transition needs a carefully planned policy
framework that uses the identified transmission mechanisms and manages macroeconomic and financial
stability risks. The empirical results give clear guidance for designing and sequencing policies effectively.

5.1. Technology-Centred Innovation Strategy

The exceptionally high productivity persistence (0.992) and strong positive spillovers across all
economic variables require front-loaded investments in green technology development. Policymakers
should prioritize substantial early-stage funding for clean technology research, development, and adoption
programs, as these investments will produce compounded benefits throughout the transition period. The
productivity-output relationship (1.057) shows that innovation policies generate more than proportional
economic returns, justifying aggressive public sector support despite short-term fiscal costs.

5.2. Coordinated Carbon Tax Implementation

The precise balance between emissions and the carbon tax rate (0.218) supports dynamic carbon pricing
systems that respond to environmental outcomes. Poland should adopt flexible carbon tax policies that raise
rates when emissions surpass targets, while ensuring predictable policy paths for businesses. The positive
impact of carbon taxation on financial stability indicates that well-crafted environmental policies can
enhance, rather than weaken, the resilience of the financial sector.

5.3. Integrated Financial Stability Measures

The high financial stability variance (1.41e+07) calls for targeted macroprudential measures during
transition periods. Banking regulators should adopt differentiated capital requirements to support green
investments and establish stress testing frameworks that include transition risks. The negative interest rate-
financial stability covariance (-15,330) indicates that accommodative monetary policy can aid in the
financial sector's adjustment during transitions.

5.4. Sequential Investment and Innovation Coordination

The bidirectional productivity-capital feedback mechanisms (0.705 and 0.531 coefficients) show that
innovation and investment policies should be coordinated rather than seen as interchangeable options.
Poland should align technology development programs with green investment incentives to realize
synergistic effects that surpass the impact of individual policies.
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5.5. Labor Market Transition Support

The positive hours worked covariances with all major variables indicate labour market adaptability, but
targeted retraining programs remain essential. The strong wages-productivity relationship (0.972) suggests
that worker compensation will benefit from technological progress, supporting the political sustainability of
transition policies.

6. Conclusion

This study develops and applies a comprehensive DSGE framework to analyze Poland's net-zero
transition, filling important gaps in environmental macroeconomic modelling for emerging European
economies. By combining endogenous financial stability factors with dynamic carbon tax policy rules, our
framework offers new insights through impulse response analyses into the complex relationships involved
in green transitions in coal-dependent economies. The empirical results show that Poland can reach net-zero
emissions through green transition while keeping macroeconomic stability and financial sector resilience
through coordinated policies. The steady-state analysis highlights feasible long-term equilibrium values that
maintain economic viability, employment, and living standards. The covariance analysis confirms
manageable economic fluctuations similar to typical business cycles, while pointing out financial sector
sensitivity that needs targeted policy attention. The policy matrix results support technology-focused
approaches, showing that productivity gains lead to positive spillovers across all economic and
environmental factors. The transition matrix analysis highlights persistent technological effects and capital-
productivity feedback loops that favour front-loaded innovation strategies combined with coordinated
investment efforts.

Our findings advance the environmental macroeconomic literature by showing that DSGE models can
effectively incorporate financial stability considerations into environmental policy analysis for
macroeconomic stability. The framework overcomes methodological limitations of existing studies and
offers practical policy tools for transition economies. The results endorse gradual implementation strategies
that promote technological progress while safeguarding economic and financial stability. Our analysis for
Poland specifically shows that EU-mandated decarbonization targets can be achieved without harming
macroeconomic performance, as long as policies coordinate innovation support, adaptive carbon pricing,
and financial sector management. The quantitative framework offers evidence-based foundations for
macroeconomic policy design that can guide other Central and Eastern European economies facing similar
transition challenges. Future research should extend this framework to global multi-country open economy
settings, incorporate sectoral heterogeneity more explicitly, include sectoral analyses, and examine
international policy coordination effects within the EU context. The methodology developed here provides a
foundation for such extensions while offering immediate practical value for Poland's ongoing transition
planning and policy implementation efforts.
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