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Abstract

Growing concern over the climate crisis has recently spurred decarbonization efforts
across numerous economies. The overarching aim is to reconfigure productive sys-
tems so as to decouple carbon emissions from gross domestic product (GDP) growth.
However, these structural shifts are inherently complex, meaning their full macroe-
conomic repercussions cannot be entirely anticipated in advance. This paper focuses
on one key aspect: the impact on income distribution. It develops an agent-based
model (ABM) to explore how different tax-financed green policies affect income in-
equality. The central question is whether—and under what conditions—it is possible
to achieve GDP growth, reduced carbon emissions, and lower income inequality si-
multaneously. As decarbonization requires both financing and environmental policy
instruments, this paper simulates various combinations of these tools. The simu-
lations examine scenarios where tax instruments—either a carbon tax or a wealth
tax—finance the following green policies: (i) price subsidy for the least polluting
firms, (ii) public non-patented green R&D, (iii) subsidy for private green R&D, and
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(iv) green public procurement. While the carbon tax is both as a financing mecha-
nism and an environmental policy tool, the wealth tax is primarily a means of income
redistribution. Our findings show how this distinction crucially shapes the interplay
between GDP growth, carbon emissions, and income distribution.

Resumo

A preocupacao com a crise climética tem impulsionado a decarbonizacao de diversas
economias. O objetivo central deste esforgo é reconfigurar os sistemas produtivos de
forma a dissociar as trajetorias das emissoes de carbono e de crescimento do Pro-
duto Interno Bruto (PIB). Intrinsecamente complexas, essas transformagoes estao
sujeitas a consequéncias macroeconomicas que nao podem ser totalmente anteci-
padas. O presente artigo foca em um aspecto chave desse processo: o impacto sobre
a distribuicdo de renda. Com base em um modelo baseado em agentes (ABM, na
sigla em inglés), investiga-se como diferentes politicas de descarbonizagao, quando
financiadas via tributacao, impactam a desigualdade de renda. Especificamente,
a pergunta central é se—e em quais condigoes—¢é possivel fazer convergir cresci-
mento do produto, reducao das emissoes de carbono e diminuicao da desigualdade
de renda. Como a descarbonizacao exige instrumentos de financiamento e de politica
ambiental, o artigo simula diferentes arranjos que combinam estas ferramentas. As
simulagoes focam em dois instrumentos fiscais distintos, um imposto sobre carbono
ou um imposto sobre riqueza. Estes tributos, por sua vez, financiam as seguintes
politicas verdes: (i) subsidio de prego para as empresas menos poluentes, (ii) P&D
publico verde ndo patenteado, (iii) subsidio para P&D verde privado, e (iv) compras
publicas verdes. Tanto o imposto sobre carbono quanto o imposto sobre a riqueza
servem como instrumentos de financiamento da descarbonizacao, mas com carac-
teristicas distintas. Enquanto o primeiro atua também como instrumento de politica
ambiental, o segundo funciona essencialmente como mecanismo redistributivo. Nos-
sos resultados indicam que essa distingao é crucial para moldar a interagao entre
crescimento, emissoes de carbono e distribuicao de renda.

JEL Codes

E17, E25, 015, 044, Q56



1 Introduction

Continued greenhouse gas emissions have contributed to increasing global warm-
ing and the intensification of climate change-related hazards (IPCC, [2023). The
seriousness of this fact appears to be increasingly recognized by actors across the
global economic and political arena. A illustrative example is the changing discourse
and policy priorities among developed economies following the COVID-19 pandemic.
Once a general recession became apparent, these countries announced plans to pur-
sue decarbonization as a way out of the crisis. In a familiar Keynesian tone—either
explicitly or implicitly—many of them incorporated the notion of a “green new deal”
and envisioned an economic recovery driven by the fossil fuel transition, with signif-
icant support from the public sector (Mastini et al., [2021)).

Examples of these attempts include the United States’ 2022 Inflation Reduc-
tion Act (IRA) and the European Union’s 2024 Net-Zero Industrial Act (NZIA).
They suggest, for example, that decarbonization strategies can be effectively coor-
dinated by governments through a set of policy instruments such as regulations,
public investments, green subsidies, public procurement, among others (Kleimann
et al., 2023} |European Parliament and Council of the European Union) 2024). Green
growth—defined as the pursuit of GDP growth by decoupling carbon emissions—has
therefore emerged as a central goal of contemporary macroeconomic policy.

On the one hand, the emerging global consensus around green economic growth
cannot be overstated. It is well known that developed economies have largely relied
on fossil fuels to promote economic growth during the past two centuries, and this

dependency has demonstrably increased the pace of climate change. Any efforts to



reduce reliance on these energy sources are thus welcome. On the other hand, green
economic growth should not be viewed as a panacea. Absolute decoupling, i.e., com-
pletely diverging trajectories between economic growth and emissions, is a difficult
process still unobserved (Vogel and Hickel, 2023). Furthermore, the substitution of
fossil-fuel energy by renewable sources, the core driver of green growth, is likely to be
truncated and unstable: energy transitions have historically been characterized by
structural socioeconomic disruptions associated with the adoption of new technolo-
gies (Geels and Schot,, [2007; |Geels et al.l 2017). Not surprisingly, some studies have
pointed to the existence of a trilemma emerging from the aim of combining economic
growth, decarbonization and distributional improvements (D’Alessandro et al., [2020;
Oliveira and Lima, [2022)).

The present paper investigates how distinct instruments employed in decarboniza-
tion strategies might influence the interaction between economic growth, income dis-
tribution and greenhouse gas (GHG) emissions. We resort to the development of an
agent-based model (ABM), a modeling approach that considers the economy as a
complex evolving system, wherein the interactions of multiple heterogeneous agents
give rise to the emergence of aggregate properties that cannot be deduced by the
simple aggregation of individual ones (Tesfatsion and Judd, 2006} [Farmer and Foley),
2009; [Dosi and Virgillito, |2021)). ABMs seek a higher degree of realism by explic-
itly considering the economy as part of broader social and environmental systems
that go beyond equilibrium analysis. Some key features of ABMs are heterogeneity
in behavior along several dimensions, decentralized and uncoordinated interactions

and path-dependent dynamics. In recent years, these models have been increasingly



successfully developed to assess the potential consequences of decarbonization in
different economies (Gerst et al., 2013} [Isley et all 2015} |Safarzynska and van den
Bergh, 2017} [Lamperti et al., 2018; [Monasterolo and Raberto, 2018; [Ponta et al.
2018}, |[Foramitti et al., [2024)).

Following these previous research efforts, we build an ABM centered on the im-
pacts that productive and technological changes stemming from decarbonization
might generate on the distribution of income of a stylized economy. Decarbonization
is expressed by the falling trend in GHG emissions associated with a more environ-
mentally friendly production. We do not specify the source of change (whether, for
example, it stems from energy transition or other possible technological improvement
that reduce emissions) in order to make our results and their substantive meaning and
intuition as general as possible. Our ABM, unlike traditional Integrated Assessment
Models (IAMs) used in climate change economics, does not include climate-economy
feedback loops, particularly via a climate damage function (for an agent-based inte-
grated assessment model, see Lamperti et al.|(2018)). This methodological decision
stems from the fact that such functions remain among the most ad hoc components
in TAMs (Pindyckl [2013). Moreover, the economic impacts in the form of losses
associated with climate change can vary significantly depending on location, social
conditions, and existing infrastructure. By leaving climate damages aside, we focus
exclusively on mitigation strategies rather than incorporating adaptation measures.

We argue that ABMs are particularly well suited for studying income inequality,
as they allow for household-level heterogeneity, thereby broadening the analysis of

the distributional consequences of climate policy (Safarzynska and Van Den Bergh|



2022)). To capture these distributive dynamics, we introduce a simplified wage bar-
gaining process and a tripartite class structure in the household sector—comprising
capitalists, direct workers, and indirect workers—following |[Rolim et al.| (2023]). This
approach allows us to assess income distribution outcomes in terms of both personal
and functional income inequality.

Since our ABM is designed to explore the consequences of different decarboniza-
tion strategies, the simulations consider potential financing and environmental policy
alternatives. In the case of environmental policy, the model evaluates the effects of
four instruments: a price subsidy for the least polluting firms, a research-support
subsidy to encourage private R&D, non-patented green R&D, and public procure-
ment directed toward the least polluting firms. These policies were chosen for their
prominence in academic and public policy discussions and are considered within two
distinct and also widely debated tax-financing scenarios. The first involves the im-
plementation of a carbon tax—a widely recognized environmental policy tool. While
it may help realign economic incentives to address externalities associated with envi-
ronmental degradation and depletion, it also has the potential to generate additional
public revenues to support decarbonization efforts. A carbon tax is therefore both an
environmental policy and a financing instrument. The second scenario involves the
introduction of a wealth tax—a distributive instrument proposed as a way to pro-
mote a more equitable decarbonization process (Chancel et al.,2024). Although not
directly tied to environmental objectives, a wealth tax could influence the emission-
intensive consumption patterns of top earners and contribute to a fairer distribution

of income and wealth during the decarbonization process.



Although adopting a different analytical perspective, |D’Alessandro et al.| (2020))
and [Ravaioli et al.| (2025) have already delineated similar questions using a rela-
tively similar approach. Both articles compare transition scenarios in terms of GHG
emissions and income distribution. Their results drew attention to the difficulties in
finding win-win solutions, which tend to reaffirm the trilemma of economic growth,
income inequality and carbon emissions. The main distinction of our paper—beyond
differences in model structure and assumptions—Ilies in its focus on tax-financed
decarbonization, the environmental policy instruments examined, and, most criti-
cally, our approach to inequality modeling based on endogenous wage bargain and a
tripartite social-class structure.

A final remark concerns the importance of recognizing the effort undertaken in
this paper as being in alignment with the field of Ecological Economics (EE). Al-
though characterized by pluralism, EE is grounded on shared ontological and epis-
temological premises that are consistent with the points discussed and the method
employed in this paper (Spash, 2012). First, EE recognizes that scientific knowledge
is subject to radical uncertainty, particularly in relation to the environment. Second,
it challenges traditional environmental economics by adopting hierarquical ontolo-
gies—biophysical, social, and economic—that interact with one another. Third, it
assumes that reality is complex and characterized by emergent properties. Fourth, it
is grounded in an ethical perspective that reaffirms social and environmental goals.
Finally, EE has historically treated economic growth as a critical variable for assess-
ing environmental issues from a macroeconomic perspective. This premise originates

from the seminal works of Georgescu-Roegen and Herman Daly (Couix, |2019)), and



it remains alive and evolving as it incorporates contemporary discussions on environ-
mental issues (Jackson, [2009; Victor} 2019; [Rezai et al 2013; |[Fontana and Sawyer}
2016} Dafermos et al.| 2018} |Alvarenga and Young, 2024)[| That said, ABMs are
widely and deservedly recognized as one of the most powerful modeling techniques
in ecological macroeconomics (Monasterolo et al., 2019)).

In addition to this introduction, the paper is organized as follows. Section 2
outlines the structure of the model, while Section 3 describes the decarbonization
policies and tax-financing mechanisms considered in the simulation experiments. Sec-
tion 4 presents and discusses the main simulation results of interest, while Section 5

recapitulates the key conclusions and offers final remarks.

2 Structure of the model

The model is populated by heterogeneous firms and households, a financial sector
and the government. The economy consists of two distinct production sectors: the
capital goods sector and the consumption goods sector. Capital goods firms hire
labor, pay wages and dividends, and produce capital goods, which they sell to con-
sumption goods firms for investment purposes. Consumption goods firms also hire
labor, pay wages and dividends. They produce consumption goods for households
and government demand. In order to finance their activities, consumption goods
firms may need to take out loans from the financial sector. Firms adopt different

production technologies based on specific market conditions and policy incentives.

1For an overview, see Hardt and O’Neill (2017) and the Special Issue edited by Rezai and Stagl
(2016).



Firms’ sales are taxed by the government. The modeling of the production sectors
is inspired by [Dosi et al| (2010); Lamperti et al.| (2018)).

We incorporate the households’ social class division between capitalists, direct
workers, researchers, and managers adopted by Rolim et al.| (2023). Working house-
holds (direct workers, researchers, and managers) provide labor to both capital and
consumption goods firms in exchange for wages, which are set through a simplified
bargaining process. Capitalist households own the firms and receive dividends from
their ownership. Households consume goods produced by the consumption goods
firms and pay taxes. They also hold deposits in the financial sector. Each household
belongs to a single social class.

The financial sector consists of a single commercial bank that collects deposits
from firms and households and extends loans to consumption goods firms. In prin-
ciple, the credit money supply is endogenous, but becomes constrained beyond a
certain limit by the requirement for the commercial bank to comply with a simpli-
fied capital adequacy ratio. The financial sector also purchases government bonds,
thus indirectly helping to finance fiscal operations. Lastly, the government collects
taxes from firms and households and conducts fiscal spending through the purchase
of consumption goods and the provision of unemployment benefits to working house-
holds. In the event of a fiscal deficit, the government issues bonds, which are absorbed
by the financial sector. The government is also responsible for implementing decar-
bonization policies, such as carbon taxation, green subsidies to firms, a green public
technology laboratory, and green public procurement, as explained in Section 3] The

government can finance these policies through either a carbon tax on emissions from
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Figure 1: Model structure. Note: Unidirectional arrows point from the transferring
sector to the receiving sector, while bidirectional arrows indicate flows in both ways

firms producing capital and consumption goods firms or a wealth tax on capitalist
households. Figure [1f illustrates the schematic model structure and the interactions

among the agents involved.

2.1 Sequence of events

In each simulation period, the sequence of events is the following;:
1. Consumption goods firms set desired production levels and prices;
2. Consumption goods firms set investment demand;

3. Credit money market opens;
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4. Nominal wages are set;

5. Labor market opens;

6. Production and research and development (R&D) activities are carried out;
7. Unemployment benefits and wages are paid;

8. Consumption goods market opens;

9. Taxes are paid;
10. Financial sector acquires government bonds;
11. New capital is delivered;

12. National accounts and statistics are computed.

2.2 Capital goods sector

The modeling of capital and consumption goods sectors is based on |[Lamperti et al.
(2018) and conveniently—yet plausibly—adapted to incorporate a simplified version
of the labor class division and wage bargaining process set forth in Rolim et al.
(2023). Firms in the capital goods sector produce machines using direct workers.
These workers are supervised by indirect workers hired as managers. For each p
direct workers (p > 1), the firm needs to hire one manager (when the number of
direct workers is not a multiple of p, the required number of managers is rounded
up to maintain the established supervisory ratio; for instance, p 4+ 1 direct workers

would require two managers). Innovation is realized by indirect workers hired as
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researchers. We assume that each firm is owned by the same number o of capitalists

(0 >1).

2.2.1 Innovation process

The technology of machines produced by capital goods firm 7 in period ¢ is captured
by its associated labor productivity (LP) and carbon intensity (CI), which are rep-
resented by four coefficients (LPfg , LPZ%7 C’Iﬁ, C’Iig). While LPﬁ stands for the
labor productivity associated with producing the machine in the capital goods sec-
tor, LP,LC; represents the labor productivity of using the machine in the consumption
goods sector. Machines are also characterized by their carbon intensity, which is the
ratio of emissions to output. The lower the carbon intensity, the more environmental
friendly the machine is. Hence, C’]ﬁ denotes the carbon intensity associated with
producing the machine in the capital goods sector, while C’Ift represents the carbon
intensity associated with using the machine in the consumption goods sector.
Firms in the capital goods sector pursue innovation to enhance labor productivity
and reduce carbon intensity, aiming to improve price competitiveness and expand
their market share. Firms invest in R&D a certain fraction v € (0,1) of their past

net profits I, ;1 in the attempt to discover a new and improved technology:

RDi,t = VHi,t—h (1)

with v € (0,1). Innovation is a two step process. The first step captures the stochas-
tic nature of technical change and determines whether a firm successfully innovates

through a Bernoulli(6},) draw, where 6, is dependent on the level of R&D:
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0, =1 — exp® it (2)

with ¢* > 0, for u € {LP,CI}. The second step determines the size of the techno-

logical advance via additional stochastic processes:

LPj = LB (14 XK), (3)
LP{ = LP{_ (1 + x¢h), (4)
Cjil,g = CIiI,gfl(l - X}C(,Ii>7 (5)
CIiy = CIG (1= x¢), (6)

where x¢,; and X%, are independent draws from Beta(a, ) distributions over the

support [—z", T"|

2.2.2 Cost and prices

Given the nominal labor cost with direct workers (W}}) and managers (W), the
nominal unit cost of production of the capital goods produced by firm i is represented

by:

1

Cit = (WzW + VVZM)—
,t ,t prfg
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Capital goods firms set the price of their machines (p;;) by applying an exoge-

nously given constant mark-up rate (u > 0) over their nominal unit cost (¢;;):

pig = (14 p)ciy. (8)

Owing to the constant positive mark-up rate, capital goods firms consistently
realize positive profits. Nominal wage determination follows a simplified version of
that specified in Rolim et al. (2023)) and is organized as follows. First, firms decide
their desired nominal wage, which, for simplicity, is equal to the nominal wage paid
in the previous period W; ;_;. The wage bargained W ; is a weighted average between

firms’ desired wage and workers’ desired wage W

Wi = ¢tWtd + (1 — @)W, 9)

where ¢y = ¢(1 — u;_q1) is the endogenous workers’ bargaining power set by insti-
tutional factors (¢) and the previous period unemployment rate (u;—;). Managers’

wage W% is set by applying a premium g > 0 over direct workers wage:

Wi = (1+ 0)Wiy. (10)

Researchers receive the same wage as managers. There is downward rigidity in
nominal wages in line with empirical evidence that firms rarely cut nominal wages

(Dickens et al., 2007; [Babecky et al., 2010).

14



2.2.3 Labor demand

Capital goods firms determine their demand for researchers (f/f?tD ) based on the
available R&D budget, hiring the maximum number of researchers affordable at the

prevailing research wage:

L (11)

Note that capital goods are sold through orders from one period to the next. In
this case, there is no capacity utilization constraint in the sector and orders equal
production, conditioned on labor restraint. Demand for direct workers is determined

by orders of capital goods K;; directed to firm ¢ by consumption goods firms:

TW Ki,t
LM = TpK-
it

(12)

Each manager can supervise a fixed number p > 1 of direct workers. Thus, the

demand for managers is given by:

LZM 1 13
)t P ( )
2.2.4 Profits

The amount of profits earned by capital goods firms (II,;) in period ¢ are equal to:

I = pisKie(1 —7) — ;1 /i — RD; 4, (14)

where 7 is the tax rate on marginal sales. As noted earlier, expenditures on R&D

15



are limited by the previous period’s profits, and each firm is owned by a fixed ¢ > 1
number of capitalists. Firms have a target share A € (0,1) to distribute dividends

in each period (Div;; = AlL;; > 0).

2.2.5 Emissions

The volume of emissions resulting from the production of capital goods by firm 7 in

period t is given by:

E;, = K;,CIf, (15)

which depends on the level of production (K ;) and the corresponding carbon inten-

sity (CIS;) of firm 4.

2.3 Consumption goods sector

Firms in the consumption goods sector produce a homogeneous final good using
capital (K;;) and labor (L;;) under constant returns to scale. The labor technical
coefficient (LPZ-?;) varies depending on the machine used, while the capital technical
coefficient is constant and assumed to be equal to one:

" = min| Ky, LPG L) (16)

gt
2.3.1 Investment and production decisions
The expected demand (Q5,) is adaptive (Dosi et al., 2020) and calculated as the

average of the demand actually faced by the firm in the previous H > 1 periods:
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H
e Zh:l Qj’t*h 17
s (1)
where @, is the demand actually faced by firm j in period ¢t —h and H is the total
number of periods the firm takes into account when estimating the corresponding

average. Their desired level of production Q;{t depends on the expected demand as

well as on the desired inventories (V¢

#,), and the actual stock of inventories (Nj; 1):

;‘i,t - ?,t + de,t - Nj,t—l' (18)

The desired inventories are calculated as a fraction ¢+ € (0,1) of the expected

demand:

Ni, = 1Q5,. (19)

Net investment demand is set through a flexible accelerator mechanism. Firms
gradually adjust their desired capacity utilization (uf) toward an exogenously given
normal level (u*), at a speed given by =, € (0,1), in addition to an autonomous

component v, € (0,1):

chft = |:’7a + P)/U(u;l,t — U*>] Kj,tfl- (20)

Consumption goods firms’ desired capacity utilization depends on their capital

stock (Kj;—1) and their level of desired production:
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d

= (21)

Firms producing consumption goods select their capital goods suppliers by com-
paring the price and productivity of a subset of potential suppliers. The number of
potential suppliers available to a consumption good firm varies each period and de-
pends on the number of brochures it receives from capital goods firms. Each capital
goods firm determines how many consumption good firms to send its brochures to
based on the ratio of consumption good firms to capital goods firms, which is greater
than one and even. This number of brochures is then randomly distributed across
consumption good firms, so that the number of potential suppliers differs across firms
in a given period. If a given consumption good firm receives two or more brochures,
it will choose the machine that minimizes the expected nominal unit labor cost of
its use in that period, as calculated using Equation below—since, at the time
this choice is made, the nominal wages of direct workers and managers have not
yet been determined, the consumption good firm uses their values from the previous
period. Meanwhile, if a given consumption good firm does not receive any brochures,
it will purchase a machine from a randomly selected capital goods firm. Hence, con-
sumption goods firms select their capital goods suppliers through a process of local
search, shaped by limited information and bounded rationality. Instead of surveying
the entire market to identify the globally optimal supplier, consumption goods firms
consider only a limited subset of capital goods firms. This constrained search reflects
consumption goods firms’ bounded rationality, as decisions are made using heuristics

and simple rules instead of full optimization. As a result, supplier choices represent

18



not a global optimum, but a satisfactory decision that balances performance with

informational and cognitive constraints.

2.3.2 Cost and prices

The nominal unit cost of production for consumption goods firm j is determined as

follows:

1
cje= (Wi + W%)m + Pit (22)
7t

where p;; is the price of the machine with productivity LPﬁ produced by capital
goods firm ¢ and used as input by consumption goods firm j. Meanwhile, VVJV‘{ is the
wage paid to direct workers and Wj{‘f is the wage paid to managers. Wage setting
follows the same bargaining process as described for capital goods firms, recalling
that ¢; = ¢(1—wu;_1) is the endogenous workers’ bargaining power and the bargained

wage (W;;) is a weighted average between firms’ desired wage (W, ;_1) and workers’

desired wage (W2):

Wi = oW+ (1 — o)Wy, 1. (23)

Managers’ wage VV% is set by applying a premium p > 0 over direct workers
wage. The price of goods produced by consumption goods firms (p;,) is determined

by applying a variable mark-up rate (p;) over their nominal unit cost of production

(cje):
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Pit = Cia(1+ ), (24)

where the mark-up rate changes over time according to the evolution of firm’s market

share (f;,):

e | (25)

Mje = fj—1 |1+ v

with v € [0,1]. The competitiveness of consumption goods firms (F};) depends on

their price (p§,) and the level of unfilled demand (QY,), weighted by their respective

importance w; and wo:

Fj,t = —WipPjt — wzQ;‘L,ta (26)

with wy,ws > 0. The average competitiveness in the consumption goods sector is

given by:

Ft — Z F"tfj’tfl. (27)

The market share of the consumption goods firm j is determined by a quasi-
replicator dynamic, which captures how this share varies over time based on relative

performance:

F,—F
fit = fia—1 |1+ Rt (28)
Fj’t

with & > 0.
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2.3.3 Profits and funding

The volume of profits earned by consumption goods firms (IL;;) in period ¢ is given

by:

Hj,t = pj,t@j,t(l - 7') - WtLj,t - pi,tlj,t - TAj,t, (29)

where p;Q;+(1—7) is the firm’s net sales income after taxes, W;L;; is the labor cost,
pitljy is the investment cost, and rA;; is the financial cost of firm j. Borrowing takes
place because consumption goods firms must finance their production costs. They
follow a pecking order financing strategy, first utilizing their net worth (NW;,). If
this is insufficient to cover total costs, they borrow external funds (A;;) from the
bank at a constant, exogenously determined, interest rate » > 0. The net worth of

firm j in period t is equal to:

NWj,t = NWj,t—l + Hjﬂg - l)Z'Ujﬂt7 (30)

where Div;; = MI;; > 0 is the distributed profits of consumption goods firms to
their 0 > 1 capitalists owners. The credit money supply available to consumption
goods firms may be subject to rationing, as detailed in the following subsection.

2.3.4 Emissions

The amount of emissions from the production of consumption goods of firm j in

period t are equal to:
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Ej,t = Qj,tC[g,;u (31)

which depends on the level of production (Q;,) and its carbon intensity (CI;), which
is determined by the technological level of capital produced by capital goods firm ¢

and used as input by consumption goods firm j.

2.4 Financial Sector

The financial sector is represented by a single commercial bank that collects deposits

from firms and households and extends credit to firms. Its net worth is given by:

NW}IS = A, + B, — Dep, + 17, 32
t

where Ay = ) ; A;+ is the aggregate credit supplied, B; is the stock of public bonds
held by the financial sector, Dep; is the stock of deposits collected by the sector,
and ITI"S denotes the profits of the sector, all in period ¢. The financial sector does
not distribute dividends. The amount of profits earned by the financial sector (IT)
in period t are equal to the sum of interest paid on granted loans by the firms and

interest paid by the government on public bonds:

IS => rAj + 1B (33)

J

The financial sector has no operational cost. The interest rate on granted loans (r)
is an exogenously given constant determined by applying a constant spread (¢ > 0)

over a fixed policy rate (r*) set by the government:
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r=1+q¢)r" (34)

The credit money supply is limited by the net worth of the financial sector through

a simplified Basel capital adequacy ratio (CAR):

maxr __ NWtF;Sl‘
* CAR’

with CAR > 0.

2.5 Households

As previously mentioned, each household can assume one of four roles: direct worker,
manager, researcher, or capitalist. These roles are category-specific and not fixed to
individual agents. In other words, a household may serve as an indirect worker in
one period and as a direct worker in the next. The labor supply is exogenously given
and constant. If the demand for labor exceeds its supply, the constraint is equally
shared across firms.

Wage setting is firm-specific but uniform across all workers within the same firm.
Direct workers receive the wage VVszt/ or Wﬂ/ paid by the capital and consumption
goods firms that hire them, respectively. The same applies to managers and re-
searchers. Meanwhile, capitalists receive dividends based on firm ownership. Lastly,
unemployed workers (LY) receive an unemployment benefit (W) from the govern-
ment.

The working class set their desired wage as described by the following equation:
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with 11,4, > 0, and where W¢ is the desired nominal wage in period t, Fft is the
average labor productivity in the consumption goods sector in period ¢, and m; is
the inflation rate in the same the period. As mentioned earlier, the wage bargaining
process is firm-specific.

Household consumption depends on their available income after taxation. The
parameters 7, € (0,1) and 75 € (0,1) represent the marginal tax rate on wages and

dividends, respectively. Aggregate consumption is given by:

(2

CV = (1l — 1) {Z (W LY+ WHLY + LEP) + > WL, + WL + WU LY }
J

+CK(1 - Td) Z Divi,t + Z Divj,t]

J

(37)

where the parameters ¢y € (0,1) and cx € (0, 1) represent the marginal propensities
to consume out of income for worker and capitalist households, respectively. All
available income of households that is not consumed is then held in the form of bank

deposits.
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2.6 Government

The government conducts fiscal policy, while monetary policy is abstracted from by
assuming a constant, exogenously given policy rate r* € (0,1). The government has
two sources of funding: taxes (7}) and bonds (B;). Taxes are set over sales, wages
and dividends at the exogenous flat rate 7,7,,74 € (0,1), respectively. Bonds (B;)
are considered risk-free and are purchased either by the financial sector at issuance or
by the central bank. On the expenditures side, the government pays unemployment
benefits (WUYLY) and places an induced demand for consumption goods (€Y;_ 1),

where € € (0,1). The government budget constraint is given by:

T (Z PjQje + Zpi,tKi,t> +
j i

. {Z WYL WAL LA + 3 WYL+ WAL } .
i J

(2

+AB; =T, + AB, = WY LY + €Y, 1 +1*B,.

Td [Z DiULt + Z Divj,t
( J

3 Decarbonization policies

We examine the macroeconomic effects of policies aimed at promoting technological
shifts in the productive structure toward less carbon-intensive investment and output
production. While environmental policies are essential for enabling and accelerating
the decarbonization process, they can also lead to unintended adverse economic con-

sequences. For instance, there is ongoing debate in academic and policy circles about
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whether it is possible to simultaneously reduce emissions and income inequality. Our
research addresses this question by focusing on the intersection of environmental pol-
icy effectiveness and their socioeconomic impacts.

We examine four distinct environmental policy interventions: a price subsidy for
the least polluting firms (Johnstone et al., 2010)), a research-support subsidy to foster
private innovation (Bai et all 2019)), public support to non-patented R&D (Mazzu-
cato, 2011) and, finally, public procurement oriented to the least polluting firms
(Krieger and Zipperer} 2022). The selected policies were chosen for the considerable
prominence in the academic and public policy debatesEl

The first is a price subsidy targeting the 25% least carbon-intensive capital goods
firms. Under this environmental policy, the final price of a machine from these firms
in Equation is reduced to p;; = pi+ — s, making it more competitive. The price
subsidy s; is funded by the government and experimentally capped at 50% of the
original price.

The second policy is a lump-sum research subsidy granted to all capital goods
firms, which supplements their green R&D budgets in Equation by an amount
RD?. As a result, the total green R&D budget of an individual capital goods firm i
becomes RDZ-Cf = vl + RDf . This research subsidy is thus allocated to hiring ad-
ditional researchers dedicated to green innovation, thereby increasing the probability
of discovering new, lower carbon intensity technologies.

The third environmental policy intervention examines whether public-sector-led

research can more effectively address the challenges of decarbonization. Instead

2For an extensive survey of the links between environmental policy and technological innovation,
see [Popp| (2019).
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of distributing research subsidies to capital goods firms, this environmental policy
entails establishing a publicly owned research lab that invests in non-patented green
R&D, inspired specifically by the concept of the entrepreneurial state (Mazzucato,
2011; Dosi et al., [2023). The suggested government’s innovation process mirrors
that of the capital goods sector: the government hires researchers who have a certain
probability of innovating and finding a new, lower carbon intensity coefficient. When
the government is successful in finding such a new coefficient, the corresponding green
technology then becomes freely available for use by any capital goods ﬁrmﬂ

The fourth environmental policy intervention involves a public procurement strat-
egy, in which the government directs its demand for capital goods toward the 25%
least carbon-intensive firms in the sector. The distribution of green public procure-
ment is uniform across selected firms, irrespective of their relative price competitive-
ness.

A key analytical contribution of our work is the examination of how these policies
are financed—an aspect often overlooked in the related (including the agent-based)
modeling literature. We compare two distinct tax-based financing strategies, chosen
for the prominence in the academic and public policy debates. The first is a carbon
tax, widely considered the gold standard of climate policy owing to its potential
ability to internalize the negative externalities of carbon emissions (World Bank,

2024)). To implement a carbon tax, the government imposes a marginal rate 7,; > 0 on

3The government conducts its innovation process prior to the firm. The firm then undertakes
its own innovation process, adopting the government’s carbon intensity parameter if it represents
an improvement over its own. This adoption occurs internally, as if the firm had discovered the
improvement itself. Yet, the resulting final technology is still subject to comparison with existing
capital vintages to assess its price competitiveness.
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emissions from capital and consumption goods firms, which raises their nominal unit
cost of production in Equations and by TCZC[Z-’ft for h € {K, C'}, respectively.
Due to mark-up pricing by firms in both sectors, there is a tax shift to prices, leading
to broader macroeconomic effects.

The second is a wealth tax, which has recently gained support as a tool to close the
green financing gap while addressing both climate and income inequalities (Chancel
et al., |2024)). The wealth tax is implemented by applying a marginal rate 74 > 0 on
capitalists’ stock of wealth, but it is paid out of the flow of dividend income. This
reduces available income and may lead to broader macroeconomic effects.

We simulate fiscally neutral scenarios with equivalent policy sizes to ensure com-
parability. In practice, the government sets a budgetary target to finance its policies
and adjusts the tax rate accordingly to meet this revenue goal. The collected funds
are then allocated to support the corresponding decarbonization interventions. Since
each policy is paired with a dedicated revenue source that meets or exceeds its cost,

the framework is fiscally neutral by design /]

4 Results

The results show the relative changes in selected variables after the specific environ-
ment policy was implemented. In the figures below, each simulated post-policy series
is normalized by dividing it by its corresponding baseline value. Therefore, a ratio

greater than one indicates an increase relative to the baseline, while a ratio less than

4As shown in the transaction flow matrix in Table [2| in Appendix A, the model developed in
this paper is fully stock-flow consistent.
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one indicates a decrease [l

Before examining each policy in detail, it is helpful and analytically informative
to first revisit how the decarbonization process operates within the model’s structure.
This will facilitate the understanding of the results presented and discussed below. In
our framework, decarbonization is primarily driven by technological change aimed at
reducing the carbon intensity of economic production through decoupling. This pro-
cess is shaped by economic incentives, such as price competition and policy support,
which influence the pace and direction of innovation. Achieving decarbonization re-
quires firms to innovate and develop technologies with lower carbon intensity. This
innovation depends on the level of R&D effort undertaken by capital goods firms,
which is influenced by their profitability and follows a stochastic process. Once a new
technology is discovered, its adoption as the firm’s dominant technological standard
is determined by a comparison of nominal unit production costs, labor productiv-
ity, and carbon intensity relative to existing technologies. Capital goods firms then
compete to sell their machines to consumption goods firms based on this cost-benefit
analysis. It is important to note that availability of a cleaner technology alone is not
sufficient to reduce the carbon intensity of production. It is only when these new
machines are incorporated in the production processes of consumption goods firms
that the innovation effectively diffuses throughout the economy. In the business-
as-usual (BAU) scenario, there is no inherent incentive to the adoption of cleaner
technologies beyond random chance. Nevertheless, the BAU scenario is calibrated to

align with the empirically observed gradual reduction in carbon intensity (Hubacek

5The model validation procedures and results are described in Appendix B, whereas the pa-
rameter values in the baseline scenario are presented in Appendix D.
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et al 2021). As a result, the decarbonization process only accelerates when there is
an economic incentive affecting one of the steps outlined above.

However, these economic incentives may lead to unintended consequences for
income distribution and output growth. In the following sub-sections, we explore
the potential emissions-distribution-growth trilemma across different combinations
of tax-financing strategies and environmental policies. On the environmental front,
we focus on two key aspects: the carbon intensity of production—which captures the
degree of decoupling between economic activity and emissions—and total aggregate
emissions, which constitute the primary target of environmental policies. Income
distribution is evaluated from both a personal perspective, using the Gini Index, and
a functional perspective, through the wage share of income. Finally, we consider the
effect of the carbon intensity of production and total aggregate emissions on economic
growth, which is both influenced by income distribution (Carvalho and Rezai, |2015;
Rezai et all 2018} |Oliveira and Lima;, 2022) and a driver of environmental impact,
as higher levels of production generally lead to increased aggregate emissions (Vogel

and Hickel, 2023)).

4.1 Carbon tax financing

We begin by examining the first tax-financed scenario: the implementation of a car-
bon tax, which serves as both a financing and an environmental policy instrument.
In our model, the carbon tax applies to the production activities of both consump-
tion and capital goods firms. By increasing nominal unit production costs through

tax shifting, the carbon tax raises the relative cost of carbon-intensive production,
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Figure 2: Carbon intensity coefficient ratio following policy intervention

Note: The vertical line marks the timing of the policy intervention. Each series
represents the median of 50 Monte Carlo simulations per scenario, with the shaded
are indicating the 95% confidence interval.

thereby creating economic incentives to adopt cleaner technologies. As a result, low-
carbon machinery becomes more price competitive, encouraging its adoption and
diffusion. Indeed, our results show that the carbon tax lowers the average carbon
intensity of the economy (Figure . Additionally, we find that the carbon tax effec-
tively reduces aggregate emissions (Figure. However, it is important to note that
the overall decline in aggregate emissions arises not only from lower carbon intensity
in production, but also from a slowdown in economic growth (Figure .

There are two main channels through which the carbon tax negatively impacts
output growth. First, by raising the cost of new capital, the carbon tax slows techno-
logical adoption and diffusion, while also shifting technological change toward green

innovation. As the relative importance of green innovation increases at the expense
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of productivity-enhancing innovation, economic growth decelerates, leading to a di-
vergence in GDP levels between the baseline and the carbon tax scenario. Second,
the carbon tax has adverse side effects on income distribution. Higher capital costs
exert upward pressure on the consumer price index (Figure . Acting as a cost
shock, the carbon tax—combined with firms’ mark-up pricing behavior—leads to a
coordinated increase in final goods prices. Moreover, the decline in economic ac-
tivity results in a higher unemployment rate (Figure , which weakens workers’
bargaining power. In this context, firms are able to pass the additional costs on to
consumers, as real wages fail to keep up with inflation. At the aggregate level, this is
reflected in a falling wage share (Figure , as real wages lag behind rising profits.
At the individual level, the carbon tax is inherently regressive, disproportionately
affecting workers, who have a higher propensity to consume than capital owners.
Additionally, higher profits lead to higher dividend payouts to capital owners, whose
incomes higher than those of workers. These dynamics contribute to an increase in
the Gini index (Figure [pb]), highlighting the negative distributional effects of the car-
bon tax. In turn, this worsening income inequality feeds back into weaker aggregate
demand, further dampening economic activity.

In summary, while the carbon tax contributes to emission reductions, the effi-
ciency gains from technological improvements are modest. Most of the reduction in
emissions results from a slowdown in economic activity, rather than from significant
improvements in carbon intensity. However, when carbon taxation is combined with
the policy interventions outlined in Section |3 a different set of outcomes emerges.

First, we observe that carbon intensity of production is most significantly reduced
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Note: The vertical line marks the timing of the policy intervention. Each series
represents the median of 50 Monte Carlo simulations per scenario, with the shaded
are indicating the 95% confidence interval.

when research-oriented policies are implemented (Figure [2)). This result is intuitive,
as the decarbonization process in our model depends on technological upgrading and
the diffusion of less carbon-intensive machinery. From this perspective, policies that
directly stimulate green innovation are the most effective at lowering firms’ carbon
intensity. Consistent with this, we find that a publicly owned research lab outper-
forms decentralized research subsidies. This is because, once a new green technology
is developed through public research, it becomes immediately available to all firms
due to its non-patented nature. This accelerates technological diffusion beyond what
would occur under purely competitive market conditions. Importantly, this policy
does not involve breaking existing private patents but rather leverages the govern-
ment’s coordination capacity to promote and disseminate strategic technologies.
When we examine the impact on aggregate emissions, we find that the combina-

tion of carbon taxation with a green public research lab results in the largest overall
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tervention

Note: The vertical line marks the timing of the policy intervention. Each series
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reduction in aggregate emissions (Figure . Interestingly, carbon taxation itself is
the second most effective scenario, despite achieving a smaller reduction in the car-
bon intensity coefficient. This is primarily due to its previously noted recessive effect
on economic activity. The GDP loss is smaller when carbon taxation is combined
with other decarbonization policies, as evidenced by the reduced GDP divergence
under the research subsidy and public procurement scenarios. This is due to re-
bound macroeconomic effects. These policies help offset the economic disincentives
introduced by the carbon tax, as they are demand-stimulating interventions that
improve the profitability of affected firms and encourage their R&D efforts, thereby
supporting growth more broadly. In contrast, carbon taxation alone acts as a pe-
nalizing instrument, imposing costs without providing compensatory mechanisms to

directly stimulate growth or innovation. Notably, the combination of a carbon tax
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represents the median of 50 Monte Carlo simulations per scenario, with the shaded
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with a price subsidy is the only scenario in which GDP loss disappears over time.
This outcome arises because the subsidy partially offsets the burden of the carbon
tax, allowing capital goods firms to shift toward cleaner technologies without expe-
riencing a significant loss in competitiveness. Because economic activity accelerates
more rapidly than carbon intensity declines, the combination of a price subsidy with
carbon taxation ultimately leads to an increase in aggregate emissions, despite im-
provements in green technology. This outcome highlights the limitations of relying
solely on technological change for decarbonization (Victor] [2019).

The introduction of decarbonization policies also helps partially mitigate the re-
gressive distributional effects of the carbon tax. Notably, in scenarios where research-
oriented policies are implemented, income inequality is least affected. As shown in
Figure [da] these scenarios exhibit a moderate impact on the consumer price index,

indicating that research and innovation play a key role in reducing inflationary pres-
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sures—an important factor in the distribution of real income (recall that in Figures
—, a ratio less than one indicates a decrease relative to the baseline, while a
ratio greater than one indicates an increase).

Moreover, by stimulating increased R&D efforts and accelerating the pace of
innovation, these policies expand the technological discovery space and boost pro-
ductivity gains, partially mitigating the recessive consequences of the carbon tax.
Due to the feedback loops between income inequality and aggregate demand, we ob-
serve improved outcomes across multiple dimensions—including a lower Gini index,
a higher wage share, and stronger output growth. Overall, our findings suggest that
research policies are among the most effective ‘positive’ interventions when paired
with a carbon tax as a financing mechanism. They not only accelerate the decar-
bonization process but also help minimize its adverse effects on income inequality

and economic growth.

4.2 Wealth tax financing

Recent discussions have emphasized the potential of using a wealth tax to finance
decarbonization policies (Chancel et al.| [2024). Unlike a carbon tax, a wealth tax
is not intended to directly influence environmental outcomes directly, as it does
not create direct incentives for firms to invest in or adopt cleaner technologies, nor
does it encourage a shift to greener production choices. Its primary function is
redistributive: by targeting the accumulated wealth of capitalists, it seeks to reduce
income inequality. Our simulation results reflect this logic. When the wealth tax is

implemented as a standalone policy, we observe no significant reduction in the carbon

36



intensity of production (Figure @ This supports the notion that, in the absence of
green policy signals or technological incentives, firms tend to maintain their existing
production structures and emissions profiles.

However, the wealth tax results in a noticeable improvement in personal income
inequality, as evidenced by the decline in the Gini index (Figure . This out-
come reflects the redistributive nature of the wealth tax, which reallocates resources
from wealthy households to the public sector. Nevertheless, since the generated tax
revenues are not re-injected into the economy through increased public spending
or decarbonization policies, the wealth tax exerts a contractionary effect on aggre-
gate demand. As a result, overall economic activity slows (Figure , leading to a
moderate reduction in total emissions (Figure [7a)).

It is important to note that even when combined with decarbonization policies,
the overall impact of the wealth tax on the carbon intensity of production remains
limited. These interventions yield weaker results compared to scenarios where a
carbon tax is implemented. This outcome is fairly intuitive: without a cost-based
economic disincentive such as a carbon tax, firms have little inherent motivation to
transition to cleaner technologies. This suggest that indirect economic incentives are
of limited effectiveness when firms act according to cost-benefit rationality. If cleaner
technologies do not lower costs or increase profits, firms have minimal incentive to
adopt them, even in the presence of subsidies or public investments. Naturally, this
perspective is open to criticism, as the concept of a rational economic agent rarely
reflects real-world behavior. However, regarding firm behavior, it is more reasonable

to assume that, even if only in a stylized way, firms act according to a cost-benefit
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Figure 6: Carbon intensity coefficient ratio following policy intervention

Note: The vertical line marks the timing of the policy intervention. Each series
represents the median of 50 Monte Carlo simulations per scenario, with the shaded
are indicating the 95% confidence interval.

logic that places production costs at the center of their decision—makingﬂ

However, despite the limited effectiveness of most simulated decarbonization in-
terventions financed by a wealth tax, the outcome of the green public lab scenario
stands out. Even when funded through a wealth tax, it significantly accelerates the
reduction in the carbon intensity of production. The absence of cost-based economic
incentives does not diminish its relative effectiveness, which relies on the easier dif-
fusion of green technologies beyond competitive price dynamics. Once a new, less

carbon-intensive innovation is developed, it becomes accessible to all firms, allowing

6A growing strand of literature on green transitions has sought to incorporate environmental
preferences, social norms, or sustainability-oriented corporate strategies (e.g., (Davila-Ferndndez
et al., |2024])). While these approaches provide valuable insights, they fall outside the scope of the
present analysis.

38



them to incorporate it into their own R&D processes. This underscores a broader in-
sight: the diffusion of strategic technologies and knowledge depends heavily on coop-
eration rather than market competition alone. In this context, the government plays
a crucial role as the sole economic agent capable of fostering such coordination. In
our model, this is achieved through a publicly owned research lab and non-patented
technologies. Evidence on the importance of public-led research on technological
development supports this claim (Mazzucato, 2011; [Mazzoleni and Nelson| 2007)).
Examining the impact on aggregate emissions, we again confirm the effective-
ness of the green public lab in accelerating decarbonization (Figure. In contrast,
the effects of other policy combinations are less pronounced, as they neither sub-
stantially improve the carbon intensity of production nor significantly reduce the
economic growth rate. Notably, unlike the carbon tax policy mixes discussed in the
preceding sub-section, the decarbonization interventions financed through the wealth
tax are able to fully offset the contractionary effects of the tax on economic activity.
This is largely due to the redistributive nature of the wealth tax: when its revenue is
re-injected into the economy, it compensates for the initial aggregate demand reduc-
tion caused by the tax. In contrast, the carbon tax, when applied in isolation, not
only suppresses aggregate demand but also exacerbates income inequality. This de-
terioration in income distribution further undermines aggregate demand, reinforcing
the recessionary dynamics. In this context, the price subsidy intervention stands out
as the scenario in which GDP growth rates increases the most following the shock.
However, emissions rise despite the green intent of the intervention due to rebound

effects from the stronger economic activity.
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Note: The vertical line marks the timing of the policy intervention. Each series
represents the median of 50 Monte Carlo simulations per scenario, with the shaded
are indicating the 95% confidence interval.

Lastly, as previously noted, income inequality outcomes improve across all wealth
tax financing scenarios. The impact on the Gini index is clear and consistent: tax-
ing wealthy capitalists with accumulated savings reduces personal income inequality
(Figure . In contrast, the effect on the wage share is less straightforward (Figure
@. While most scenarios show a modest increase in the wage share, the effect is
most significant when research policies are implemented alongside the wealth tax.
This outcome can be attributed to labor market dynamics and inflationary effects.

The primary factor driving the increase in the wage share is the decline in the
consumer price index relative to the baseline (Figure . Because of nominal wage
rigidity, falling prices lead to higher real wages. This dynamic allows the wage share
to rise even when worker bargaining power is weakened, as reflected in higher unem-
ployment rates (Figure . The green procurement scenario illustrates this mech-

anism well: initially, inflationary pressure from procurement offsets any potential
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gains in the wage share.

However, as the consumer price index gradually declines over time, the wage share
begins to rise, even though unemployment remains stable and above the baseline.
In contrast, scenarios that combine wealth taxation with research policies benefit
from both a lower consumer price index and falling unemployment, leading to the
most significant increase in the wage share. This underscores the complex interplay

between inflation, labor market dynamics, and income distribution across different

policy mixes.
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tervention.

Note: The vertical line marks the timing of the policy intervention. Each series
represents the median of 50 Monte Carlo simulations per scenario, with the shaded
are indicating the 95% confidence interval.

The simulation results presented and discussed so far are summarized in Table
which ranks tax-financing instruments and their combinations with environmental
policies in decreasing order of effectiveness for each outcome of interest. A decrease

is the desired outcome for the carbon intensity coefficient, aggregate emissions, the
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Figure 9: Wage share and Gini index ratios following policy intervention.

Note: The vertical line marks the timing of the policy intervention. Each series
represents the median of 50 Monte Carlo simulations per scenario, with the shaded
are indicating the 95% confidence interval.

Gini index, the unemployment rate, and the CPI, while an increase is preferred for
GDP and the wage share in turn. The business-as-usual baseline is shown in black.
Scenarios in which the average performance exhibits a deviation from the latter in
the desired direction are highlighted in green. Those exhibiting deviations in the
opposite direction are highlighted in red. The scenarios are ranked from the best-
performing (1) to the worst-performing (11). For example, as shown in the second
column, both tax-financing mechanisms—whether used alone or combined with an
environmental policy—succeed in reducing carbon intensity, with the combination
of a carbon tax and a public research lab doing non-patented green R&D being the

most effective[]

"To further understand the model’s behavior and ensure the robustness of the results, Appendix
C presents a global sensitivity analysis based on joint variations of key parameters.
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Scenario ‘ Carbon intensity ‘ GHG emissions ‘ GDP ‘ Gini index ‘ ‘Wage share ‘ Unemployment rate ‘ CPI

Business as usual (BAU) 11 10 5 6 6 3 6
Wealth tax 10 8
Wealth tax + Price subsidy 11 6

Wealth tax + Public procurement 6 7
Wealth tax + Research subsidy

Carbon tax + Price subsidy 7 9 9 9
Carbon tax 11 10 10 10 10
Carbon tax + Public procurement 7 11 11 11 11
Carbon tax + Research subsidy 9 9 8 5 7
Wealth tax + Public research lab

Carbon tax + Public research lab 8 8 7 4 8

Table 1: Relative effectiveness of tax-financing mechanisms and their combinations
with environmental policies across outcomes of interest.

Note: Scenarios with average performance exhibiting a change from the BAU baseline
in the desired direction are highlighted in green, while those exhibiting a change from
BAU in the opposite direction are highlighted in red. The scenarios are ranked from
the best-performing (1) to the worst-performing (11).

5 Conclusion

Decarbonization entails changes in productive structures that are likely to result in
unintended and unforeseen socioeconomic consequences. From an optimistic per-
spective, a low-carbon economy can be achieved by combining emission reductions
with sustained economic growth and decreasing income inequality. This vision has
gained global prominence, as various stakeholders have called for a “green and just
transition”. However, a more pessimistic outlook emerges from the specialized litera-
ture, highlighting significant trade-offs associated with decarbonization, particularly
when considering economic growth and income distribution. Specifically, evidence
suggests the existence of a trilemma involving lower carbon emissions, reduced in-
come inequality, and economic growth.

This article addresses some of the complexities underlying the trilemma hypoth-

esis. Using an agent-based with a simplified wage bargaining process and a tripartite
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class structure, it simulates the combined impacts of financing and environmental pol-
icy instruments that could drive decarbonization on personal and functional income
distribution. The simulations focus on two distinct tax-financing instruments—a
carbon tax and a wealth tax—and four different green policy instruments: price
subsidy for the least polluting firms, public non-patented green R&D, subsidy for
private green R&D, and green public procurement.

Table [I, presented in the preceding section, summarizes the potential and ac-
tual trade-offs and trilemmas among boosting economic activity, reducing carbon
intensity and aggregate emissions, and lowering income inequality. In fact, the only
combinations of tax-financing mechanisms and environmental policies that achieve
all these desirable outcomes are: (1) a wealth tax coupled with funding for a public
research lab focused on non-patented green R&D, and (2) a wealth tax combined
with a lump-sum research subsidy granted to capital goods firms, with the former
proving to be the most effective on average.

At this point, two main conclusions are worth highlighting. First, although not
a typical environmental policy instrument, the wealth tax can be an effective means
of financing the transition to low-carbon economies when combined with other in-
terventions. Compared to the carbon tax, it provides an inherent redistributive
mechanism from the outset, reducing the risks of unintended consequences that may
exacerbate income inequality. Second, as green innovation emerges as a key driver of
decarbonization, it is important to recognize that it can be fostered through various
institutional arrangements between public and private entities. The choice of such

arrangements is not neutral, as it presents different opportunities for mitigating the
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contradictions of the decarbonization trilemma.
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A Transaction flow matrix

Stock-flow consistent models have gained prominence in the related literature in
recent yearsﬁ This approach utilizes specific social accounting matrices to ensure
that every payment flow originates from and is directed to a particular sector. Each
financial stock is recorded as both an asset for one agent and a liability for an-
other, eliminating any leakages. This framework provides a fundamental consistency
check with the structure of national accounts (Godley and Lavoie, 2016). (Caiani
et al. (2016) offer a methodological recommendation to integrate agent-based model-
ing (which captures micro-level behavior) with stock-flow consistency (which ensures
macro-level coherence). They argue that combining these two approaches helps over-
come the inherent limitations of each, since accounting consistency is enforced at the
most detailed level to capture the full structural interrelatedness of agents’ balance
sheets. The model developed in this paper is fully stock-flow consistent, and Table

presents the corresponding transaction flow matrix.

8For a comprehensive survey, see (Caverzasi and Godin| (2015)).
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B Model validation

The model is calibrated using an indirect calibration approach to produce time series
that qualitatively align with real-world data (Windrum et al.,[2007). In practice, this
method begins with validation objectives and then calibrates the model by identifying
parameters that are consistent with those validation outcomes. Model construction
involves the following procedures. First, the modeller selects a set of stylized facts
and macroeconomic regularities that she aims to reproduce with the model. Match-
ing simulated data and real-world stylized facts is a standard practice for model
validation in the agent-based modeling literature (Fagiolo et al., 2019)). Following
this approach, the model is constructed to closely reflect real microeconomic be-
havioral evidence and maintain theoretical consistency. Rather than directly fitting
parameters to data, the parameters are systematically explored and selected based on
their capacity to reproduce the targeted stylised facts. Finally, within the validated
parameter space, the modeller analyzes the model’s underlying causal mechanisms.

The model is simulated for 350 periods, with the first 50 warm-up steps excluded
from the analysis. The final series thus cover 300 periods. This section presents
the median results from 50 Monte Carlo simulations of the baseline scenariof] The
baseline parametrization represents the model under the business-as-usual scenario,
with no green policy intervention.

Figure [10] illustrates that the model is capable of generating sustained economic

growth with fluctuations for the main aggregate variables —output, consumption,

9We use median values instead of averages because the variables in the Monte Carlo experiment
do not necessarily follow a normal distribution.
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Figure 10: Output, consumption, and investment: trend and cyclical components

Note: Results are based on the median of 50 Monte Carlo runs. Cyclical components
are extracted using a bandpass filter with parameters (6,32,12). Trend series are
expressed in logarithms. The shaded area represents the 95% confidence interval.

and investment. Table [3| shows the cross-correlations between the cyclical compo-
nents of aggregate output and components of aggregate demand, derived using the
bandpass filter. A negative correlation in period ¢ indicates that the variable is coun-
tercyclical, while a positive value suggests it is procyclical. The timing of the peak

correlation reveals whether the variable lags, coincides with, or leads output. The

results indicate that both consumption and investment are procyclical (Carlin and

Soskice} 2014; [Stock and Watson, [1999). Investment leads output, while consumption

moves coincidentally with it, consistent with findings from other agent-based models

(e.g., (Rolim et al) [2023)). The unemployment rate is found to be countercyclical

and to lag behind output (Okun, [1963). Finally, we observe a positive correlation
between aggregate output and aggregate emissions (Dodal, [2014).

The model also reproduces stylized facts related to income inequality. Table []

presents the cross-correlation structure between the Gini index and selected macroe-

conomics variables. In line with [Maestri and Roventini| (2012), we find that higher
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Variable t—3 t—-2 t-—1 t t+1 t+2 t+3
Consumption 0.274 0.557 0.777 0.822 0.661 0.375 0.096

Investment -0.135 -0.053 0.115 0.266 0.305 0.211 0.054
Unemployment -0.061 -0.093 -0.059 0.010 0.066 0.071 0.033
Emissions 0.099 0.169 0.189 0.161 0.102 0.046 0.017

Table 3: Cross-correlation structure between GDP and selected variables at different
lags

output and investment are correlated with lower income inequality, as measured by
the Gini index. Moreover, our results confirm that unemployment is positively and
strongly correlated with the Gini index [Maestri and Roventini (2012). The funcional
and personal distributions of income are correlated, with the wage share showing a
strong negative correlation with the Gini index. Lastly, as shown in Figure the
baseline parametrization captures both the rising trend in income inequality Piketty
(2014)) and the decline in the wage share observed in many advanced economies over
recent decades|Stockhammer| (2017). For a comprehensive overview of the correlation

structure among the model’s variables, see Figure [12]

Variable t—3 t—2 t-—-1 t t+1 t+2 t+3
GDP 0.074 0.067 0.027 -0.044 -0.127 -0.185 -0.180
Investment 0.001 0.043 0.013 -0.040 -0.058 -0.011 0.079

Unemployment 0.077 0.241 0.336 0.296 0.123 -0.087 -0.218
Wage share 0.041 0.003 -0.105 -0.221 -0.257 -0.181 -0.028

Table 4: Cross-correlation structure between the Gini index and selected variables
at different lags

Lastly, the model successfully reproduces microeconomic stylized facts commonly
found in the agent-based modeling literature, capturing the heterogeneity of firms

that emerges during the simulations. The Zipf plot in Figure shows that real
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Figure 11: Gini index and Wage share

Note: Results are based on the median of 50 Monte Carlo simulations. The shaded
area represents the 95% confidence interval.

sales of consumption goods firms exhibit a heavy-tailed distribution, which closely
approximates a log-normal fit—consistent with the findings of [Stanley et al.| (1995)).
Moreover, the model captures persistent and significant productivity differentials
(Barth et all 2016; Dosi, 2005), particularly in terms of carbon intensity. As shown
in Figure the distribution of carbon intensity across firms exhibits substantial
dispersion. Notably, the most efficient firm consistently achieves a carbon intensity

well below the median, highlighting a clear performance gap.

C Sensitivity analysis

To further understand the model’s behavior and ensure the robustness of our results,
we conduct a global sensitivity analysis by exploring joint variations of key parame-
ters. We adopt the methodology proposed by |Salle and Yildizoglu| (2014), in which a

meta-model is estimated using a parsimonious sampling of possible parameters com-
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Figure 12: Pearson correlation matrix

binations within the selected domain. This approach uses the Nearly Orthogonal

Latin Hypercube (NOLH) sampling method (Cioppa and Lucas|, 2007) as the design

of experiment (DoE). We use 27 DoE samples and 10 external validation samples to
construct the Sobol decomposition|Sobol and estimate the meta-model, which
relates model parameters to the variables of interestm The parameters included in
the analysis are listed in Table [5| which presents the results by decomposing the

variance into direct effects and interaction effects. Each row corresponds to a model

19The sample size is obtained from Salle and Yildizoglu| (2014).
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(a) Sales distribution (pooled) (b) Carbon intensity
Figure 13: Stylized microeconomic facts (consumption goods sector)

Note: Each series represents the median of 50 Monte Carlo simulations per scenario,
with the shaded indicating the 95% quantile interval.

parameter, while each pair of columns represents one of the five key outcome vari-
ables: the Gini index, unemployment rate, carbon intensity, GDP growth rate, and
consumer price index.

In the case of the Gini index, the most influential parameter is the wage pre-
mium (g), which accounts for more than half of the total variation in income in-
equality. This suggests that differences in wage premia between direct workers and
managers/researchers are a dominant mechanism shaping income inequality in the
model. Accordingly, most of the observed personal income inequality arises from dis-
parities between household classes, rather than from the micro-level wage bargaining
dynamics.

For the unemployment rate, the model is particularly sensitive to two parame-
ters: the target size of government spending (€) and the R&D reinvestment rate (v).
Each of these parameters accounts for roughly 30% of the variance in unemploy-

ment. The relatively low interaction effects suggest that these two drivers operate
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largely independently and in opposing directions: greater public sector participation
increases aggregate demand, thereby reducing unemployment, while a higher R&D
reinvestment rate boosts innovation and enhances labor-saving technologies, which
in turn raises the unemployment rate.

Turning to carbon intensity, the analysis reveals a strong concentration of sen-
sitivity around the R&D reinvestment rate (v). This highlights a tight connection
between innovation and the carbon intensity of production, as the model’s decar-
bonization process depends on technological upgrading and diffusion of less carbon-
intensive machinery. Similarly, the GDP growth rate is also highly influenced by v.
By stimulating greater R&D efforts and accelerating the pace of innovation, this pa-
rameter expands the technological discovery space and enhances productivity gains,
ultimately supporting higher economic growth in the long term.

Lastly, the determinants of the consumer price index reflect a traditional con-
flict inflation narrative. The parameter representing workers’ bargaining power (¢)
emerges as the most significant driver, accounting for 54.8% of the variance in the
consumer price index through direct , with an additional 13.2% explained by interac-
tion effects. The R&D reinvestment rate (v) also plays a substantial role, contribut-
ing 25.2% of the variance. On one hand, ¢ captures workers’ efforts to maintain
real wages in line with productivity and inflation, potentially leading to wage-push
inflation. On the other hand, v reflects firms’ strategies to boost labor productivity

and profitability by reducing dependence on labor through technological innovation.
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Parameter (Sections) Gini Index Unemployment Carbon Intensity GDP Growth rate CPI
Direct  Interact. Direct Interact. Direct Interact. Direct Interact. Direct Interact.
v [22.1) 0.139 0.005  0.305 0.001  0.896 0.002 0.845 0022  0.252 0.132
Yo (231 0.112 0.001  0.104 0.013  0.031 0.001  0.042 0.010  0.000 0.002
Yo @31 0.004 0043  0.018 0.001  0.006 0.001  0.001 0.001  0.026 0.006
e @.9) 0.081 0.001 0.317 0.001  0.006 0.001  0.018 0.003  0.008 0.002
¢ 2.2 232 0.084 0.000  0.109 0.001  0.009 0.001  0.020 0.003 0.548 0.132
o 2232 0.506 0.036  0.034 0.012  0.039 0.001  0.024 0015  0.026 0.009
o @AR232.33) 0.048 0.005  0.080 0.002  0.007 0.002  0.002 0.019  0.000 0.001
Table 5: Variance decomposition (direct and interaction effects)
D Parameters in baseline scenario
Parameter Description (Sections) Value
p Managers-to-direct-workers ratio (2.2} [2.2.2 2
o Capitalist-to-firm ratio 1|2.2|, 2.2.3,12.3.3 1
v R&D reinvestment rate (2.2.1 0.5
L R&D productivity parameter (2.2.1 0.5
ot Green R&D productivity parameter (2.2.1 0.4
Q@ Alpha parameter of the Beta distribution for innovation ([2.2.1 3
153 Beta parameter of the Beta distribution for innovation (2.2.1 3
kP Lower bound of labor productivity innovation ([2.2.1 -0.25
zhP Upper bound of labor productivity innovation (2.2.1 0.35
¢! Lower bound of carbon intensity innovation (|2.2.1 -0.145
z¢! Upper bound of carbon intensity innovation (2.2.1 0.15
Mark-up rate of capital goods firms ([2.2.2 0.5
Workers’ institutional bargaining power parameter (2.2.2} |2.3.2 0.6
0 Researchers and managers wage premium ([2.2.2f [2.3.2 0.5
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Parameter Description Value
T Tax rate on marginal sales (2.2.4} [2.3.3 0.15
A Target dividends share (2.2.4} [2.3.3 0.2
H Number of lags in the expected demand of consumption goods firms 4

2.3.1
L Desired inventories share ([2.3.1 0.15
Ya Autonomous component in investment function (|2.3.1 0.1
Ve Speed of adjustment of capacity utilization in investment function 0.3
2.3.1
u* Normal level of capacity utilization (2.3.1 0.8
v Adjustment parameter of the mark-up rate of consumption goods  0.04
firms (2.3.2
w1 Weight of price competitiveness (2.3.2 1
w1 Weight of unfilled demand competitiveness (|2.3.2 1
K Market share quasi-replicator parameter (2.3.2 1
r* Interest rate , 0.1
S Interest rate spread 0.1
r Interest rate on granted loans ([2.3.3, | 0.11
CAR Capital adequacy ratio gl) 16
U Sensitivity of workers’ desired wage to labor productivity 1
Uy Sensitivity of workers’ desired wage to inflation(2.5)) 1
Tw Marginal tax rate on wages , 2. 0.1
Td Marginal tax rate on dividends 1 0.05
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Parameter Description Value
cw Propensity to consume out of wage income (2.5 1
CK Propensity to consume out of dividends (2.5 0.9
€ Government induced consumption parameter (IEI) 0.25
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