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A B S T R A C T

There is growing consensus on the fact that fossil fuels subsidies provided by governments in high-income coun-
tries represent a misalignment on emissions’ reduction with the global climate agenda. In addition, a discussion
emerged on the negative socio-economic and environmental externalities associated with fossil fuel subsidies.
Nevertheless, pathways for phasing out fossil fuel subsidies in high income countries and their implications on
the low-carbon transition have not yet been analysed. With the aim to narrow this knowledge gap, we extend the
EIRIN Stock-Flow Consistent behavioral model to study the implications on sustainable development of the grad-
ual phasing out of fossil fuels subsidies, whose revenues could be used by the government to subsidize energy
investments in green capital (e.g. solar panels), either via fiscal policies or green bonds. We assess the effects
on green growth, employment, credit and bonds market, as well as the distributive effects across heterogeneous
households and sectors. The phasing out of fossil fuels subsidies contributes to improve macroeconomic perfor-
mance, to decrease inequality and helps the government to find fiscal space to support stable renewable energy
policies. Green subsidies contribute to foster the low-carbon transition but could imply distributive effects, de-
pending on the way in which they are implemented.

1. Introduction

The UNFCCC COP21 climate conference in Paris reached the re-
markable “Paris Agreement” aimed to limit global temperature increase
“well below 2 °C above pre-industrial levels” (UNFCCC 2015). Comply-
ing with the Paris Agreement requires the introduction of climate and
energy policies to decrease emissions concentration in the atmosphere
and reach zero net Greenhouse Gases (GHG) emissions before the end of
the century (Fay et al., 2015; IPCC, 2014). This implies that circa 3/4 of
proven reserves of coal, oil, and natural gas should be left in the ground
(McGlade and Ekins, 2014). Unburnable fossil fuels’ reserves (Leaton,
2012) could induce losses for the companies who own them, who trans-
form them in energy and who use them for their final goods production,
as well as for investors who are exposed to such companies. This con-
cept is known as carbon stranded assets (Caldecott and McDaniels, 2014).
Global GDP losses from carbon stranded assets have been estimated be-
tween USD 1–4 trillion (tn), a loss comparable to that of the last finan-
cial crisis (Marques et al., 2018). Given the considerable exposure of
investors’ portfolios to carbon-intensive sectors, and the deep intercon-
nectedness of financial actors, destabilizing effects on the financial sys-
tem could emerge (Battiston et al., 2017).

Despite this evidence, governments continue to heavily subsidize fos-
sil fuels (Bast et al., 2015), also in the European Union (EU, Gencsu
and Zerzawy, 2017). This is a main source of policy inconsistency with
the global climate goals, with important negative socio-economic and
environmental effects (Gerasimchuk et al., 2017). In order to inform
policy-makers on potential pathways of energy subsidies’ reforms and
on their overall implications, improvements on state of the art mod-
elling are needed. Indeed, traditional economic models used to as-
sess the economic impact of energy and climate policies have sev-
eral limitations to analyze complex systems characterized by hetero-
geneous agents, non-linearity, feedback loops. Understating such ele-
ments could influence models’ outcomes in a crucial way, leading to a
false sense of control.

With the aim to provide policy-makers relevant information on the
economic, financial and distributive effects of phasing out fossil fuels
subsidies in high-income countries, we enrich the EIRIN Stock-Flow
Consistent (SFC) behavioral model (Monasterolo and Raberto, 2018)
with an energy sector and an energy market. EIRIN is shaped on a
high-income country of the EU, which signed the Paris Agreement, is

Email address: irene.monasterolo@wu.ac.at (I. Monasterolo)

https://doi.org/10.1016/j.enpol.2018.08.051
Received 4 April 2018; Received in revised form 28 June 2018; Accepted 21 August 2018
Available online xxx
0301-4215/ © 2018.



UN
CO

RR
EC

TE
D

PR
OO

F

I. Monasterolo, M. Raberto Energy Policy xxx (2018) xxx-xxx

Fig. 1. Capital and current account flows of the EIRIN economy.

committed to the EU2030 targets and has a high level of energy depen-
dency.1

With EIRIN, we compare scenarios characterized by a gradual phas-
ing out of fossil fuel subsidies with scenarios characterized by the grad-
ual phasing in of green energy policies, financed by the government ei-
ther via fiscal measures or via the issuance of green sovereign bonds. For
each energy policy scenario, we discuss the results in terms of macro-
economic performance, government budget balance, and the timing and
magnitude of the low-carbon energy transition. Then, as a main added
value on existing models, we assess the implications of each scenario on
the credit and bonds market, and on the conditions for distributive ef-
fects to arise across heterogeneous households and sectors.

The paper is organized as follows. Section 2 introduces the state of
the art on energy subsidies and their implications, while Section 3 pre-
sents the advances on energy subsidies’ modelling. Section 4 introduces
the extended EIRIN model, Section 5 discusses the policy scenarios, and
Section 6 analyses the simulations’ results. Section 7 concludes provid-
ing evidence-based recommendations for reforming energy policies.

2. The state of global energy subsidies

2.1. Follow the money: fossil fuel subsidies vs. renewable energy subsidies

There is growing agreement on the fact that the lack of a stable and
coherent climate and energy policy framework (Maxton and Randers
2017) and the presence of fossil fuel subsidies represent a serious ob-
stacle to renewable energy investments (Stiglitz et al., 2017). While in
the G20 countries renewable energy policies have been characterized
by regulatory uncertainty and lack of coordination, producers and con-
sumers of fossil fuels benefit at different extent from stable public sup-
port. Whitley and van der Burg (2015) estimated fossil fuel subsidies
at USD 700 billion (bn) in 2015, while Coady et al. (2017) estimated
them in USD 0.5 tn pre-tax. Including implicit subsidies (i.e. the value
of the negative externalities produced by fossil fuel combustion, e.g.

1 We can take Italy as an example. Italy's energy dependency rate was 77.5% in 2016
(Eurostat), and more than a third of energy import is represented by natural gas.

health problems and pollution), the amount reaches USD 5.3 tn in 2015.
Bast et al. (2015) shows that G20 governments provided USD 444 bn a
year in subsidies for the production of fossil fuels in 2013 and 2014. 2
This is almost four times the amount that the IEA estimates in all global
subsidies to renewable energy in 2013 (IEA, 2015). A growing number
of low-income and emerging countries started the phasing out of fos-
sil fuel subsidies, and some even included fossil fuel subsidy reforms in
their Nationally Determined Contributions (e.g. Egypt and Saudi Ara-
bia3). However, in high-income countries there is still no successful ex-
perience of phasing out fossil fuel subsidies. Between 2014 and 2016, 11
European governments and the EU provided at least €112 billion fossil
fuel subsidies per year between (Gencsu and Zerzawy 2017).

Fossil fuel subsidies could target either energy consumption or pro-
duction. Consumption subsidies arise when the price paid by consumers
is below the cost of supply (Coady et al., 2017) and are commonly
used by governments in low-income and emerging countries to decrease
households’ energy bills. Nevertheless, subsidies’ benefits tend to be
concentrated on the richest households, thus limiting the effect on en-
ergy poverty (Dartanto, 2013; Soile and Mu, 2015).

In contrast, by acting on the supply-side, production subsidies con-
tribute to keep the price of fossil fuel extraction and energy production
lower than the market price, thus increasing the profitability of min-
ing and utility companies. Production subsidies also include subsidized
inputs, preferential tax treatment or direct budget transfers. However,
information on production subsidies is difficult to obtain because it re-
quires access to data on fiscal revenues that is generally not available.

2.2. Socio-economic and environmental implications of fossil fuel subsidies

Fossil fuel subsidies have been recently questioned for the negative
effects on the correct functioning of the market economy, the implica-
tions on political and social stability, and the negative socio-economic
and environmental externalities.

2 The value of fossil fuel subsidies is uncertain due to the lack of transparency on data
and due to the different methods used to carry on the estimates.

3 http://www.worldbank.org/en/news/feature/2017/11/21/
reforming-fossil-fuel-subsidies-for-a-cleaner-future.
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Table 1
Balance sheet matrix of the EIRIN economy. Table 1 presents the balance sheet matrix of the model, where we outline the balance sheet of the agents and the balance sheet interlinkages among them. Each column represents the balance sheet of an agent. Assets
items are presented with a positive sign while liabilities with a negative sign. Each column always sums to zero to highlight the definition of equity (or net worth). The table rows also sum to zero in most cases to highlight that what is an asset for an agent is
a liability for another agent.

Households (H) CGP (C)
Mining
Company (mi) Utility (U)

KGP (Kgreen/
Kbrown) Bank (BA)

Government
(G)

Central Bank
(CB)

Foreign Sector
(ROW) Σ

Worker
(Hc) Capitalist (Hk)

Brown
(BU)

Green
(GU)

Tangible capital +pKgKC,g +pK,b KC,b +pKb Kmi,b +pKb
KBU,b

+
pKgKGU,g

+

Inventories pCIC pCIC
Gov. bonds

nbrown,ngreen
+ pgB + +

nbBpbB)
+ 0

+
Debit/credit - LoansC - Loansmi -

LoansBU
-
LoansGU

+ Loans(C,mi,BU,GU) + LoansCB 0

- LoansCB
HH, CGP, KGP, Gov

deposits
+MHw +MHk +MC Mmi MBU MGU +Mk -Deposits +MG 0

Domestic reserves +MBA − DepositsCB 0
RoW reserves − ForeignLiabCB + MROW 0
Gold in the vault +MCB +MCB
Equity shares/ - EHw +CGP shares - EC - Emi - EBU - EGU - EK - EB -EG - ECB - EROW 0

0
Equity (Net worth) value 0

+ mi shares
value

0

0
+ BU shares
value

0

- EHw - EHk - EG -
ECB - EROW

+ GU shares
value
+ KGP shares
value
+B shares
value
- EHk

Σ 0 0 0 0 0 0 0 0 0 0 0 0

Bonds:

- brown included for Central Bank and commercial bank

- green included for KK and Central Bank

Equity: we add equity for

- mining

- uti green
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Table 2
List of model's parameters related to the energy market. The list of models’ parameters related
to the original model's agents and sectors is provided in Monasterolo and Raberto (2018).

Symbol Scope Value

εsp amount of energy produced per solar panel 0.01
e.u.

εo amount of energy produced per unit of oil 10
e.u.

μe mark-up on energy unit costs 10%
μo growth rate of oil price 0.0%
γG percentage of labour force employed in the public sector 20%
γO percentage of ownership of the mining company by the

foreign sector (ROW)
100%

αGU maximum allowed leverage for the green utility 1

From an economic point of view, fossil fuel subsidies introduce a dis-
tortion to the efficient functioning of the market. On the supply-side,
by keeping the cost of fossil fuels artificially low, subsidies increase
fossil fuel investments’ profitability, influencing investors’ behaviours
and expectations, and preventing them to correctly price risks and re-
turns associated to different energy technologies and investments. On
the demand-side, they promote the consumption of fossil fuels in com-
parison to other energy sources (Davis, 2014). In addition, subsidies
have distributive effects in the economy because governments usually
finance them by increasing fiscal pressure, which disproportionally af-
fects low-income households, being fiscal systems in high-income coun-
tries mostly regressive. Dennis (2016) showed that the welfare impact
of phasing out fossil fuel subsidies is generally positive for governments
and households. Further, fossil fuel subsidies exacerbate the negative
impact of trade on climate change (Monasterolo and Raberto, 2016).

From a societal point of view, fossil fuel subsidies contribute to drag
financial resources away from other sources of spending aimed at sup-
porting sustainable and inclusive development, and contribute to wealth
concentration by representing a linear income transfer to fossil fuel pro-
ducers. If stabilized, fossil fuel subsidies eventually create addiction in
the population and their reform could mine political stability (e.g. in the
Gulf countries, Burniaux and Chateau, 2014, Lilliestam and Patt, 2015).

From an environmental point of view, fossil fuel subsidies contribute to
increase CO2 emissions concentration in the atmosphere, discouraging
investments in carbon-neutral technologies (Hoffert, 2010) and compro-
mising the achievement of climate goals (Verkuijl et al., 2018). Then,
both fossil fuel exploration and extraction activities are subject to ac-
cidents that could affect biodiversity and ecosystems with irreversible
damages.

Therefore, reforming fossil fuel energy subsidies is important for the
low-carbon transition, but it is hard to achieve both in fossil fuel rich
and poor countries, for different reasons. On the one hand, fossil fuel
rich countries rely on them for a disproportionate share of their GDP
and fiscal revenues. On the other hand, in fossil fuel poor countries, pro-
duction subsidies contribute to develop local utility companies and cre-
ate internal energy supply. In addition, there is an issue of policy fea-
sibility in so far fossil fuel reforms could translate into a visible loss of
wealth concentrated in a few mighty investors who may then oppose the
policy (Olson, 1977; Trebilcock, 2014). As a consequence, governments
are usually reluctant to phase out subsidies, despite their negative ef-
fects on global carbon emissions and air pollution deaths, social welfare,
and inequality (del Granado et al., 2012).

3. Advances on the assessment of the economic and financial
impacts of fossil fuel subsidies

The quantitative assessment of the phasing out of fossil fuel subsi-
dies has only recently started, with uneven results. Coady et al. (2017)
find that eliminating post-tax energy subsidies would increase govern-
ment revenues by USD 2.9 tn and would decrease global annual CO2
emissions by more than 20%, with benefits on premature deaths from
air pollution, that would be cut by more than half. In contrast, Jewell
et al. (2018) find that the phasing out of fossil fuel subsidies in low-in-
come countries would have low impact on the reduction of CO2 emis-
sions and on renewable energy production. Their results are influenced
by the fact that coal, which is the most polluting fossil fuel, is generally
less subsidized than oil and gas, and the overall amount of direct fossil
fuel subsidies decreased in the last five years (Parry, 2018).

By developing a global System Dynamics (SD) model, Gerasimchuk
et al. (2017) assess both the first and second order impacts of phasing
out fossil fuel subsidies at the global level. The authors find that higher

Fig. 2. Green capital accumulation through time. The figure displays the increase in solar panels’ accumulation (y axis) throughout the simulation time steps (x axis) across the seven energy
policy scenarios.
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Fig. 3. Bank's balance sheet. The figure displays the effects of the energy policy scenarios on the balance sheet composition of the commercial bank. The y axis shows the trend of the
relevant variables, while the x axis shows the time steps.

Table 3
Energy policy scenarios classified according to their impacts.

Impacts Positive Negative

Low High Low High

Real
economy

Green tax/
bond subsidy
= 5% (blue,
yellow)

Green tax/
bond subsidy
= 10%
(green, cyan)

No energy
subsidy
(pink)

Full fossil
fuel subsidy
(black)

Green capital
investment

Green tax/
bond subsidy
= 5% (blue,
yellow)

Green tax/
bond subsidy
= 10%
(green, cyan)

No energy
subsidy
(pink)

Phasing out
fossil fuel
subsidies
= 50% (red)

Credit
market

Green tax/
bond subsidy
= 5% (blue,
yellow)

Green bond
subsidy
= 10%
(green)

Phasing out
fossil fuel
subsidies
= 50% (red)

Full fossil
fuel subsidy
(black)

fossil fuel prices encourage energy efficiency and the substitution of fos-
sil fuels with alternative energy, thus resulting in net emission reduc-
tions over 2017–2050. Finally, Schwanitz et al. (2014) use the global
energy–economy model REMIND and find that phasing out fossil fuel
subsidies has a positive effect on the low-carbon economy. However,
stable climate mitigation policies are required to sustain the benefits in
the long-term.

Traditional economic models used to assess the economic impact of
energy and climate policies are limited in the analysis of their distrib-
utive and financial impacts . Being solved to equilibrium, they are not
suited to study the low-carbon transition as a policy-driven disequilib-
rium event where the new “steady state” of the economy may not be
reached even for many decades. Then, they overlook the role of the
credit market and the financial sector, thus neglecting amplification ef-
fects that could emerge between interconnected real economy and fi-
nancial agents. In particular, they don’t consider the economic role of
central banks and governments in the economy, despite both play a

key role respectively through their monetary and fiscal policies, in
case of macroeconomic imbalances. In addition, strong assumptions on
agents’ representativeness and rationality, and their aggregate nature,
make it difficult to assess the policies’ distributive effects on heteroge-
neous households and sectors of real world societies. Furthermore, they
tend to focus only on the direct effects of the policies on the specific
institutional sector they target, neglecting possible feedbacks between
sectors, thus preventing a comprehensive assessment of the overall pol-
icy effects (Stolbova et al. 2108). Finally, they tend to neglect the pos-
itive externalities and co-benefits of climate mitigation and adaptation
on green growth in the medium to long-term. Indeed, the transition to
a low-carbon economy could lead to the development of new technolo-
gies, industry and markets, thus triggering a virtuous process of struc-
tural change in the economy (Foxon, 2017).

The economic and policy characteristics of the low-carbon energy
transition require us to move beyond the equilibrium approach to dis-
play the drivers of agents’ heterogeneity (e.g. differential access to
public support and to credit) and their implications on endogenously
generated business cycles, departing from the hypotheses of fully effi-
cient market and rational expectations. In particular, we need macro-
dynamic models able to display the effect of a change in energy policy
on the network of balance sheet relations characterising the economy
and finance. This is fundamental for three reasons: i) to show emerging
macroeconomic dynamics driven by a change of energy policy in the
system, ii) to identify the origins of distributive effects that might create
winners and losers associated to specific energy policies, iii) to provide a
more realistic representation of the role of credit and finance in agents’
investment decisions. Agent-Based and SFC models represent a promis-
ing alternative to traditional approaches because they allow to assess
the direct and indirect effects of endogenously generated policy shocks
in the context of incomplete or imperfect markets, asymmetric informa-
tion and the departure from agents’ full rationality. They include (with
different level of detail) the credit and financial sector in relation to the
other agents and sectors of the real economy, a government and a cen-
tral bank. These features are important because they allow to provide a
comprehensive socio-economic and financial assessment of the implica-
tions of energy policies.

5
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Fig. 4. ROW liquidity. The figure displays the trend of ROW liquidity in the seven scenarios (y axis), over the simulation time steps (x axis). High green subsidies lead to lower import of
raw materials from ROW.

Fig. 5. Tax rate. The figure displays the trend in general taxation (y axis) over the time steps of the model's simulations (x axis).

4. Methodology

In this article, we develop an enriched version and a new application
of the EIRIN model (Monasterolo and Raberto, 2018). EIRIN combines
a SFC framework, which allows us to keep a rigorous accounting and
to identify feedback loops between the real and financial sectors of an
economy, with a Post-Keynesian approach to monetary economics. The
focus on the behavioral and financial aspects of energy policies repre-
sents a novelty in the Post-Keynesian tradition on which the model is
grounded (Caverzasi and Godin, 2014; Dafermos et al., 2017; Bovari et
al., 2018; Ponta et al., 2018).

With EIRIN, we want to answer to two research questions that are
relevant for energy policy:

1. To what extent could the phasing out of fossil fuel subsidies contrib-
ute to decarbonize the economy by influencing agents’ investment
behaviour?

2. Under which conditions could distributive effects of energy policies
emerge (and who are the winners and losers) in the economy?

EIRIN represents agents and sectors in terms of interconnected bal-
ance sheets (Godley and Lavoie, 2007; Lavoie, 2014) to provide a full
account of assets and liabilities of economic agents and sectors. EIR-
IN's agents and sectors are not constrained by strong behavioral assump-
tions but are heterogeneous in terms of preferences and characterized
by bounded rationality, imperfect information and coordination. Fur-
ther, EIRIN makes explicit consideration of finance and credit and their
interaction with the energy sector, the real economy and public poli-
cies. Stock-Flow Consistency, balance sheet accounting and monetary

6
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Fig. 6. Green capital investments conditioned to green subsidies. The figure shows the trend in solar panels’ investments (y axis) in relation to the increase in green investments subsidies
(either fiscal and bonds), set by the value of ξ (x axis).

flows allow us to identify the structural channels of energy policy's
transmission to the real economy and finance. By including a banking
sector that provides credit as endogenous money (Lavoie, 2014; McLeay
et al., 2014) and purchases green or brown bonds issued by the gov-
ernment, and a central bank in charge of conventional and unconven-
tional monetary policies, we can analyze the overall economic policy
impact considering all the agents and sectors involved (and not only
those targeted by the policy). By displaying the policy impact o in terms
of changes in agents’ balance sheets and their effects on real and finan-
cial flows, we are also able to assess their distributive effects in terms of
winners and losers. Further, by relaxing strong assumptions on agents’
rationality and intertemporal utility maximization as well as on mar-
ket clearing prices and equilibrium conditions, we can display the en-
dogenous drivers of economic business cycles, and their potentially un-
intended effects. In conclusion, our approach allows to fully address the
interplay between the credit system, public policies and the real econ-
omy. As a difference from large scale Agent-Based Models, EIRIN allows
to understand the causality chains while being parsimonious in com-
plexity.

4.1. EIRIN's agents and characteristics

We briefly recall the main characteristics of the original model.

4.1.1. Heterogeneous households
By building on Goodwin (1967) and the Lotka-Volterra's preda-

tor-prey model, the households’ sector includes two income classes, i.e.
a worker class (Hw) and a capitalist class (Hk). Each class is represented
by a separate agent/sector, i.e. a worker agent and capitalist agent.
Households are heterogeneous not only in terms of income level and
source but also in terms of access to financial markets. Indeed, only Hk
receives dividends from consumption and capital goods firms, from min-
ing and utility companies, and from the bank, and can purchase bonds.

4.1.2. Heterogeneous capital goods producers (KGP) and goods
EIRIN includes green and a brown KGP, which produce heteroge-

neous capital goods, respectively green and brown. Green capital goods

allow a more resource-efficient production process than brown goods. 4
This solution allows us to model the role of raw materials’ cost on CGP's
investments decisions about brown or green capital goods.

4.1.3. A consumption goods (CGP) producer
CGP makes investments decisions – in either brown (resource-in-

tense) or green (resource-resilient) capital goods – based on the Net Pre-
sent Value (NPV), which is influenced by the interest rate set by the cen-
tral bank, by government's fiscal policy and subsidies. This point is par-
ticularly important because it allows to understand agents’ intertempo-
ral behaviour by comparing investments' short-term costs and long-term
benefits, and it supports the representation of endogenous decision-mak-
ing (e.g. the NPV of brown versus green investment decisions). We use
NPV calculations to compare the present cost of investments, which are
higher in the case of green capital goods, with the present value of fu-
ture expected positive cash flows.

A commercial bank (BA) that provides loans to the consumption
goods producer, to the mining and the utility companies. The bank has
a target leverage (defined as the ratio between risk weighted assets and
equity) to meet Basel III capital adequacy requirements5 and build re-
silience against borrowers’ defaults.

A foreign sector (ROW) that provides raw materials in infinite supply
to the domestic economy at an exogenously given constant price, in or-
der to meet the production needs in the brown sector.

A government (G) that decides on the fiscal policy (i.e. sets the tax
rates) to meet its budget balance target. In addition, G issues brown
bonds to cover its regular expenses, and issues green bonds to support
capital investments in renewable energy production. Both green and
brown bonds are defined as a perpetuity.

A Central Bank (CB) that sets the interest rate according to a Tay-
lor-like rule. The interest rate depends on the inflation and output gap,
measured as employment gap (i.e. the distance to a target level of em-
ployment), and influences investments through the NPV. The CB pro-
vides liquidity to BA in case of shortage of liquid assets.

4 We assume that the initial stage of development of the green capital goods is
characterized by higher deployment of R&D (i.e. solar panels innovation), followed by its
application (e.g. the assemblage of solar panels).

5 https://www.bis.org/bcbs/basel3.htm.

7



UN
CO

RR
EC

TE
D

PR
OO

F

I. Monasterolo, M. Raberto Energy Policy xxx (2018) xxx-xxx

Fig. 7. Production factors through time. The figure shows the trend of unemployment (y axis, top panel) and firm’s capital (y axis, bottom panel) through the time steps of the model’s
simulations (x axis) across the seven energy policy scenarios.

The complete details about the original model are provided in
Monasterolo and Raberto (2018), which has been enriched in this study
with an energy market and its agents, namely a mining company, a
brown utility and a green utility company. These new features of the
EIRIN model will be described in detail in the following sections and are
displayed in the model structure (Fig. 1).

4.2. EIRIN's markets

EIRIN's agents and sectors interact with each-others and with the
foreign sector through a set of markets, i.e. consumption and capital
goods markets, labour, energy, oil and raw materials markets. EIRIN
makes also explicit consideration of the credit and bonds market and
their interactions with the energy sector, the real economy and the gov-
ernment.

Demand and supply formation, as well as pricing, are independent
in each market at any given simulation step, with the exception of
the credit market, where demand depends on the demand for capital
goods. In each market, pricing is made by the supply side as a mark-up

on unit costs, with the exception of the average price of labour, i.e. the
average nominal wage determined according to a Phillips curve-like rule
(Keen, 2013).

The key sequence of events occurring in each simulation step is the
following:

1. Policy makers take their policy decisions. The CB sets the policy rate
according to a Taylor-like rule while the government adjusts the tax
rates on households’ labour and capital income, and on corporate
earnings, to meet its budget deficit targets.

2. All markets, exception for the credit market, open in parallel. Prices
of the exchanged goods or services are determined, then the nomi-
nal or real demand and supply are provided by the relevant agent in
each market. Finally, transactions occur generally at disequilibrium,
i.e. at the minimum between demand and supply. The credit market
opens after the capital goods markets. The possible rationing of credit
supply affects the effective demand in the capital goods market by
the consumption goods producer, the mining company and the green
utility.

8
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Fig. 8. Central bank's monetary policy rate. The figure shows the relation between the central bank's policy rate (y axis) and green energy subsidies (both fiscal measures and green bonds,
x axis).

3. All transactions and monetary flows are recorded and the balance
sheets of the agents and sectors of the EIRIN economy are updated
accordingly.

4.2.1. Consumption and capital goods markets
The consumption and capital goods markets are mainly character-

ized by the same behavioral equations considered in the first version of
the EIRIN model (Monasterolo and Raberto, 2018). The demand side of
the consumption goods market is made by both the worker (Hw) and the
capitalist agents (Hk), which set their nominal demand for the homo-
geneous consumption good, CHw and CHk, according to the buffer stock
theory of consumption (Deaton, 1991; Carroll, 2001), i.e. based on both
net income, and , and liquid wealth, MHw and MHk. In particu-
lar, CHw and CHk are determined according to equation (Eq.) number 9
and 10, respectively, in Monasterolo and Raberto (2018). However, we
include a difference in comparison to the previous version of the model,
i.e. the net income and , is replaced with the disposable net in-
come, and , where and are the
newly-introduced energy expenses, to be subtracted from net income to
determine the consumption budget for goods.

On the supply side, the amount supplied by the CGP is determined
by the inputs made available at the previous step i.e. the share of em-
ployed workforce NC, the endowment of physical capital KC,j and the
Leontief technology (Leontief, 1941) according to Eq. 12 in Monasterolo
and Raberto (2018). Raw materials qR imported from the ROW at an
exogenously given constant price pR represent the third input used by
the CGP. Nevertheless, assuming raw materials are in infinite supply,
the CGP is never rationed on its import. Thus, raw materials are not
binding for the production plans but influence the unit costs of produc-
tion. The CGP sets prices as a fixed mark-up on unit costs, which include
the labour cost wbrownNC, the raw material cost pRqR and the interest
expenses rDLoansC on outstanding debt LoansC, per unit of output. The
transaction takes place at the minimum between demand and supply.
One side of the market is usually rationed. If rationing applies to the de-
mand side, then this is distributed to the worker agent and the capitalist
agent proportionally to their demand. Finally, based on the sales at the
previous time steps and on its inventory level, the CGP makes the pro-
duction plan for the next simulation step.

As for the capital goods market, there are two new actors on the de-
mand side with respect to the first version of EIRIN (Monasterolo and
Raberto, 2018), i.e. the green utility company and the mining company.
The green utility company’ demand is green capital, which is identified
as solar panel units, while the mining company's demand is brown cap-
ital goods. 6 On the supply side, there are two capital goods production
sectors, i.e. the green and the brown one, which produce on demand
and set their respective capital goods prices, i.e. the price of green capi-
tal goods pKg and the price of brown ones pKb based on labour unit costs,
i.e. wgreenNKgreen and wbrownNKbrown, where the money wage is higher in the
green sector, i.e. . In addition, the demand side in the cap-
ital goods market is made by the consumption goods sector. Based on its
production plan and the Leontief technology, the CGP determines its tar-
get level of capital endowment, and then it sets the level of investment
IC,Kj, i.e. the demand for capital goods either brown or green, accord-
ingly. The target level of capital endowment is defined by considering
its present endowment of physical capital and the capital depreciation
rate. The choice between investing in green or brown capital goods is
made according to the highest NPV between green and brown expected
investment cash flows, considering also the size of government subsidies
G for green capital investments.7

4.2.2. Labour market
The demand side of the market is made by the consumption and the

capital goods sectors, plus the government. In order to limit the com-
plexity of the model, we assume that both the brown and green utilities
as well as the mining company do not employ workers as a production
factor. The labour demand by the government is a new feature of this
enriched version of the model. It has been introduced not only for the
sake of realism but also to take into account i) a baseline level of ex-
penses by the public sector, other than interests on debt or green sub-
sidies, and ii) a baseline source of income for Hw. In particular, we as-
sume that the government demands a constant fraction γG of the total
workforce provided by Hw at the wbrown wage rate.

6 Further details are provided in the paragraph on the energy markets.
7 Further details and the behavioral equations related to the capital goods producers

and the investment demand of the CGP are provided in Monasterolo and Raberto (2018).
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The CGP's labour demand is set according to its production plans and
to the Leontief production technology, see Eq. 21 in Monasterolo and
Raberto (2018). Labour demand by the green or brown KGPs depends
on the demand for investment received on the previous time step and
on labour productivity (see Eq. 22 in Monasterolo and Raberto, 2018).

The labour force, which is supplied by Hw, is fixed, inelastic to wage
and characterized by a continuum of skills, which are uniformly distrib-
uted from a lower to an upper bound (See Appendix B in Monasterolo
and Raberto, 2018). The average nominal wage is determined according
to a Phillips curve-like rule (Keen, 2013), where the percentage change
in the nominal wage depends on the level of unemployment recorded in
the previous time step. Given the average wage and a minimum wage
(set as a parameter in the model), the wage levels in the brown (govern-
ment, CGP, KGP brown) and in the green (KGP green) sectors, i.e. wbrown
and wgreen, are determined so to satisfy the condition and
to guarantee that the wage bill of the economy does not depend on the
labour force allocation in the brown/green sectors but only on its em-
ployment level, consistently with the setting mechanism for the average
wage. Full details are provided in Section 2.5.3. “Money Wage Setting”
in Monasterolo and Raberto (2018). The labour transaction is set at the
minimum between demand and supply. In the case of rationing on the
demand side, we assume that the public sector has priority over the pri-
vate sector agents, then the green KGP has priority on labour supply
over the brown one, which in turn has priority on the CGP sector. Fi-
nally, we assume that the KGP green always hires the skilled fraction of
the labour force.8

4.2.3. Energy market
The main novelty on the previous version of the EIRIN model that al-

low us to simulate energy policies is represented by the introduction of
an energy market connected to the real economy, the credit system and
the government. With the aim to provide a clear yet comprehensive and
realistic structure of the energy market, thus strengthening the consis-
tency and reliability to our model, we move from the Global Climate As-
sessment Models (GCAM) structure (Thomson et al., 2010).9 The supply
side of the energy market is composed by heterogeneous agents char-
acterized by fossil fuel-based production or by renewable energy pro-
duction. Agents produce to meet the domestic demand for energy either
through fossil fuels or renewable energy sources (i.e. solar and wind).
The energy market is composed by:

- A mining company that extracts fossil fuels, i.e., oil, natural gas, or
coal;

- A brown utility company that produces electricity using fossil fuels;
- A green utility company that produces electricity using renewable en-

ergy sources, i.e., solar power and wind.

The demand side of the energy market is given by the sum of the
worker agent demand and of the capitalist agent demand , i.e. by

. Both energy demands are assumed to be constant, con-
sistently with the short-term horizon of our simulations. For the sake of
simplicity, we don’t consider the contribution of the production sector
to the demand of energy, in order to detach the performance of green
subsidies from the effects of the business cycle. In the further develop-
ment of the model, we will include the production sector into the energy
demand function.

8 For details on the wage setting and the distribution of skills among the labour force,
see Monasterolo and Raberto (2018).

9 For a full reference to the GCAM model: http://www.globalchange.umd.edu/
archived-models/gcam/.

The supply side is made by both a non-renewable (brown) and a
renewable (green) contribution, supplied by the brown and the green
utility companies, respectively. We assume that the green utility com-
pany has priority in the grid and that the brown utility company is al-
ways able to meet the residual energy demand, i.e.

(1)

The green utility supply of renewable energy is set by its green cap-
ital endowment (i.e. the number of solar panels, nsp), i.e.
where εsp is the amount of energy produced by each solar panel at each
simulation step. The brown utility produces electricity by means of a
non-renewable resource (e.g. oil) supplied by the mining company, and
a production technology characterized by constant returns to scale, i.e.

, where qo is the quantity of oil necessary to produce units
of energy and εo is the efficiency of the oil to energy transformation
process.

The brown utility company sets the energy price pe based on a
mark-up μe on its unit costs ce, given by the oil price pO, and the cost of
debt service, i.e.

(2)

Accordingly, the energy price pe is set as

(3)

The oil price is assumed to be determined in international markets
and thus is modelled as an exogenous variable characterized by a con-
stant growth rate μo.

The green utility company (GU) undertakes green investments to in-
crease its renewable energy production capacity. In particular, the green
utility sector plans the purchase of new units of solar panels (or wind
turbines), , which are identified in the model as new units of green
capital goods. To this purpose, the green utility company computes at
any time step the NPV of acquiring units of solar panels at the price
pKg subsidized for ξ % by the government. The green utility company ex-
pects to be able to sell the new renewable energy produced at the latest
market price pe, assumed to stay constant in all future time steps. The ef-
fects of solar panel depreciation are considered as negligible in the short
term run of the model.

The NPV is then given by:

(4)

where rD shall be considered as the cost opportunity of capital and used
to discount future cash flows and is proxied by the cost of debt. It fol-
lows that the lower the discount rate, the higher the investments in
green capital goods (e.g. solar panels).

The sign of the NPV determines the decision to undertake the invest-
ment or not, whereas the planned investment amount, i.e. , is set10

by the available liquidity of the green utility company, i.e. MGU, plus the
possibility to take new debt ∆DGU with the bank given a constraint on
the maximum allowed leverage αGU. Accordingly, if we have:

(5)

10 It is worth noting that the NPV cannot be used to determine the optimal amount of
investments since the net present value is monotically dependent on ∆nsp.
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otherwise if NPV ≤ 0, then . It is worth noting that investments
in renewable production capacity are positively influenced by the green
subsidy rate ξ to green capital investments, i.e. a policy parameter, and
by the market price of energy, pe.

Concerning the brown utility company (BU), for the sake of sim-
plicity, we assume that no investments and no capital depreciation oc-
cur in the short-term space of our simulation. Accordingly, we assume
that the level of (brown) physical capital and debt remain constant, i.e.
∆KBU,b = 0. Profits made on the mark-up on the oil price are paid out
to the capitalist household (Hk) as dividends. Being dBU the aggregate
dividend, the amount paid out to the Hk is then given by:

(6)

if positive, or zero otherwise.
As far as the mining/oil company (mi), we assume that investment

plans in brown capital goods are simply aimed to cover capital depreci-
ation at rate ξK i.e.

(7)

in order to keep constant over time the endowment of physical capital,
i.e. ∆Kmi,b = 0.

Net operating profits of the mining company are paid out as divi-
dends to shareholders, which are both the domestic capitalist (Hk) and
the foreign sector (ROW). Being dmi the aggregate dividend, the amount
paid out to shareholders is then given by:

(8)
if positive, or zero otherwise. Tmi sets the amount paid by the mining

company and defined as:

(9)

whereτ is the general tax rate, whileκ sets the fossil fuels subsidy policy,
e.g. with κ = 100% the mining company is fully exempt from the taxa-
tion of its corporate profits. It is worth noting that corporate profits of
the bank agent and of both utility companies, green and brown, are not
taxed by model construction, for the sake of simplicity.

The share of profits paid out to foreign shareholders depends on the
share γO of ownership of the mining company by the foreign sector and
sets the financial dependency on ROW of the EIRIN economy for the
provision of non-renewable energy sources.

4.2.4. Credit market
The bank agent provides loans to real economy agents who may be

in need to borrow money to finance their investment plans or a liquid-
ity shortage. Loans are provided at rate rD, which is based on the cen-
tral bank policy rate rCB plus a mark-up. It is worth remembering that
the central bank policy rate rCB is set according to a Taylor-like rule,
see Eq. (1) in Monasterolo and Raberto (2018). The borrowers are the
CGP sector, both the brown and green utility companies and the min-
ing company. The CGP agent undertakes investments in capital goods
either green or brown, depending on NPV considerations, see section
2.5.6. “Investment Demand” in Monasterolo and Raberto (2018) for the
full details. We assume that CGP's investments are fully financed by new
loans. For this purpose, the CGP agent requests a loan . As dis-
cussed in the previous section, the green utility invests in new green
capital goods (say solar panels) to increase its renewable energy pro-
duction capacity, see Eq. (5), whereas the mining company make in-
vestments in new brown capital goods simply to replace capital depre-
ciation, see Eq. (7), then the amount requested for loan is set
to . Finally, the brown utility company requests a loan
amount in the case of liquidity shortage.

The bank (BA) is subject to a capital adequacy requirements (CAR),
consistently with Basel III. Thus, credit may be rationed due to insuf-
ficient equity capital on BA's side. In case of rationing, credit is allo-
cated proportionally to the demand schedules of the CGP, the green
utility and the mining company. Thus, the effective credit received
∆Loans{C,GU,mi,BU}, may be lower than the amount demanded

. In this case, agents may revise their investment plans
downward accordingly, and reduce the capital goods demand, either
brown or green. The investment made by the green utility company, i.e.
∆nsp and by the mining company, i.e. could be lower than the one
initially planned, i.e. and , respectively. In the case of credit
rationing, BA stops paying dividends in order to increase its equity cap-
ital.

5. Model scenarios

We simulate seven scenarios that imply the introduction of three sets
of energy policies:

- Two scenarios with a gradual phasing out of fossil fuel subsidies. At the
initial time of the simulation, the mining company benefits from fossil
fuel production subsidies via tax allowances. The mining company is
subject to the same endogenous gross earnings tax rateη applied to all
private companies but we assume that it gets a tax rebate equal to κ%
of its tax bill as a consequence of the subsidy. We consider two differ-
ent decreasing levels of tax rebate κ, i.e. κ = 100% (S1) and κ = 50%
(S2).

- One scenario of full phasing out of fossil fuel subsidies: κ = 50%, no green
policy (S3).

- Two “green subsidy/fiscal” scenarios where the government gradually
phases in subsidies for investments in renewable energy production
capacity, covering the cost of the subsidy through general taxation in
order not to affect its budget balance. The subsidy covers a fraction
ξ of the cost of a solar panel unit. We consider two increasing levels
of subsidies, i.e. ξ = 5% (S4) and ξ = 10% (S5). In both S4 and S5, κ
= 0%.

- Two “green subsidy/green bond” scenarios. The government chooses to
subsidize the green capital investments by issuing green bonds, which
are characterized by a clear conditionality. All the green sovereign
bonds issued are bought by the commercial bank. We consider two
increasing levels of subsidies, i.e. ξ = 5% (S6) and ξ = 10% (S7). In
both S6 and S7, κ = 0%.

The government also issues brown bonds to finance its regular bud-
get and cover the gap (if any) between its regular expenses (public sec-
tor wages, unemployment benefits and interests on outstanding public
debt) and the revenues from regular taxation. We assume that all new
issued brown bonds are purchased by the capitalist household (Hk). As
a consequence of the purchase, Hk needs to revise its saving rate (in-
crease) and its demand for consumption goods (decrease).

We decided to start modelling green sovereign bonds because they
allow us to focus on the “entrepreneurial” role of the government in
opening and creating new markets (in this case, the green energy mar-
ket) by decreasing risk perception of private investors by assuming risks
that the privates may not afford (Mazzucato, 2013). In addition, sev-
eral countries also in the EU (e.g. Poland, France and recently Belgium)
started to issue green bonds to support renewable energy and energy ef-
ficiency investments.

Each scenario is represented in the figures with a different colour.
The simulations are 140 steps long.11

11 The time steps are indicative and are not specified in real terms (e.g. months).
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In the first 20 steps, there is no differentiation among the seven sce-
narios, which are characterized by the same parameters values, i.e. κ
= 0% and ξ = 0% to address the transient period of the simulations.
This parameters’ setting corresponds to scenario (S3) characterized by
no green subsidies and by no tax rebates to fossil fuels-based energy pro-
duction.

At step 20, six new policies are activated. A policy's greenium occurs
moving from S3 to S7, starting with a full phasing out of fossil fuels (κ =
0%) then increasing green subsidies . The new scenarios
give rise to different endogenous macroeconomic dynamics over time as
regards the accumulation of renewable energy production capacity, in-
vestments, saving and borrowing decisions.

Table 2 shows the values of the parameters of the new energy mar-
ket's agents.

6. Results

Fig. 2 to Fig. 8 show the macroeconomic, credit and bonds’ market
results of the simulation across the seven energy policy scenarios (Table
3).

Fig. 2 displays a clear positive effect of the phasing in of green subsi-
dies on the production of renewable energy capacity, in particular in the
two scenarios characterized by the highest level of green subsidies (i.e.
ξ = 10%). We notice no considerable difference between the fiscal and
the green bonds instruments (i.e. the green and cyan lines). In contrast,
renewable energy production remains at the lowest levels in the scenar-
ios characterized by fossil fuel subsidies (black, red and pink lines). The
two scenarios with ξ = 5% (yellow and dark blue lines) set in the mid-
dle.

BA's balance sheet improves with the gradual phasing out of fossil
fuel subsidies and the phasing in of green subsidies. In the scenarios
characterized by the highest levels of green subsidies, and in particular
in the green bonds scenario (light green line), BA experiences increasing
deposits (top right panel) as a result of new loans, consistently (mid left
panel) with the endogenous money creation. In addition, we see that
BA's deposits and liquidity (top left panel) are influenced by the raw
materials’ import bill, and show the worst trend in the full fossil fuel
subsidies’ scenario (black line). Indeed, the import of raw material from
ROW represents exported wealth from the domestic economy that, in
turn, leads to lower investments in the domestic economy and thus to
lower deposits (Figs. 4–6).

The ROW liquidity increases the most in the full fossil fuel subsidies’
scenario (black line) due to the import costs of raw materials faced by
the domestic economy. In contrast, import costs are the lowest (and thus
is ROW liquidity) in the green scenarios, in particular for those charac-
terized by highest green subsidies (light green and cyan lines). Indeed,
in these scenarios the economy starts to decarbonize, substituting fossil
fuels with renewable energy for production and consumption.

Scenarios with highest public policy intervention in the energy mar-
ket, in particular full fossil fuel subsidies (black line), display the highest
increase in general taxation because the government finances the sub-
sidy through an increase in general taxation to keep the budget balance.
The variation pattern within the same scenario is a result of endoge-
nous dynamics driven by agents and sectors’ decision, which are not
constrained by assumption by full rationality and perfect coordination.

Green investments subsidies, either financed through fiscal measures
or through the issuance of green sovereign bonds (represented by the
value ofξ) influence agents’ investments decisions in green capital units.
The average installed production capacity grows monotonically for most
values of ξ. The size of installed renewable production capacity, i.e. the
number of solar panels, is computed as an average from step 20 to step
140, for grid values of ξ ranging from 0% to 10.

The phasing out of fossil fuel subsidies contributes to improve the
performance of the production factors, represented by unemployment
(top panel) and firms’ capital (bottom panel). In the case of full fossil
fuel subsidies (black line), the economy experiences the highest unem-
ployment and the lowest firm's capital accumulation because the subsi-
dies are fully financed via general taxation, thus depressing other invest-
ments (bottom panel) and consumption. In addition, since the country
needs to import raw materials and fossil fuels from ROW, a carbon-in-
tense economy means an outflow of liquidity to the foreign country. In
contrast, the phasing in of green subsidies contributes to increase capi-
tal accumulation and employment (see Fig. 7a for details).

Fig. 7a: Production factors conditioned to green subsidies. Fig. 7a shows
the effects on the production factors (y axis) of increasing levels of green
fiscal policy and green sovereign bonds issuance (x axis).

Higher levels of green subsidies lead to positive economic outcomes
in terms of lower unemployment (top panel) and higher speed of cap-
ital accumulation in the production sectors (bottom panel), thus sup-
porting the development of the green economy. Nevertheless, the trend
in the fiscal and green bonds’ policy scenarios is slightly different. Our
explanation is that the higher share of renewable energy production in
the green subsidies scenarios implies lower fossil fuels extraction, thus
lower revenues and profits for the mining company, and consequently
lower money outflow to the ROW. In this way, the domestic economy
displays higher purchasing power and domestic demand, with positive
effects on unemployment rate and capital accumulation. This positive
effect also emerges in BA's balance sheet (Fig. 3).

The interest rate set by the central bank could explain why the sce-
narios characterized by green subsidies financed with the issuance of
green sovereign bonds are slightly less performing in terms of capital in-
vestments than the ones characterized by green fiscal policies. Indeed,
the central bank's interest rate increases the most in the green bonds’
scenarios, thus counteracting the inflationary trend created by the green
bonds’ issuance on the real economy. These results provide useful in-
sights in the current discussion on what role, if any, central banks could
play in the low-carbon transition by greening monetary policies.

7. Conclusion and policy implications

By applying an expanded version of the EIRIN SFC behavioral model,
we find that reforming fossil fuel subsidies in high-income countries
could create the conditions to foster a stable low-carbon energy tran-
sition, with positive socio-economic effects. Indeed, a gradual phasing
out of fossil fuel subsidies contributes to shift investments to low-carbon
energy production. In addition, it contributes to improve the real econ-
omy performance through higher capital accumulation in the domestic
economy and the creation of green jobs and capital investments, sup-
ported by a dynamic credit market. Table 3 shows the impact of each
policy and scenario to the real economy, green capital investments and
the credit market.

The introduction of green subsidies supports renewable energy pro-
duction in the domestic economy, and thus the green real economy,
by influencing agents’ investments decisions and expectations via their
NPV. In the case of green capital investments, the subsidy share is more
relevant than the way in which the green subsidies are financed. High
general taxation or high issuance of green bonds characterise the most
favourable scenarios for the accumulation of renewable production ca-
pacity. In contrast, fossil fuels subsidies, even at reduced levels, have
a negative effect on green capital investments. They contribute to keep
the domestic economy in a carbon-intensive path and to export domes-
tic wealth to the foreign economy via the purchase of raw materials.

In the credit market, bank's deposits increase the most in the sce-
narios characterized by high green subsidies, in particular in the case
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of green bonds, as a result of new loans, consistently with the endoge-
nous money creation. A greening of bank's deposits occurs because new
loans are mostly related to the expansion of the renewable energy sec-
tor, contributing to decarbonize bank's balance sheet. In contrast, bank's
deposits and liquidity are negatively influenced by the raw materials’
import bill that characterises the scenarios with fossil fuel subsidies.

All energy policies have potential distributive effects, yet at a differ-
ent extent. Moving from a full fossil fuel subsidies scenario to scenarios
characterized by green subsidies, distributive effects across households
and economic sectors decrease. The phasing out of fossil fuel subsidies
make fossil fuel investments and energy production less profitable (ac-
cording to the international market price) thus decreasing the profits of
the mining and energy companies. This, in turn, leads to a decrease in
the value of dividends paid to the capitalist household and in bank's de-
posits (and the value of interests paid back by the bank to the compa-
nies). Fiscal revenues increase because the mining and utility company
start to pay full taxation to the government, which can now find fiscal
space to support the introduction of green subsidies without worsening
it budgetary conditions.

Finally, we should highlight that the issuance of green sovereign
bonds leads to increase public debt. However, this debt is sustain-
able in the long-term because it is not debt for private consumption,
which played a key role in the building up of the last financial crisis
(Turner, 2017), but is debt for productive investments that help align
the country's economy to the EU2030 targets. It stimulates green invest-
ments, which have a positive green multiplier effect on the economy,
contributing to increase the tax revenues for the government, consump-
tion, and employment.

Policy-relevant research is needed on the economic and financial im-
plications of phasing out fossil fuel subsidies. At this regard, SFC be-
havioral models could represent a powerful tool to support governments
in the difficult but fundamental task to reform their energy policies in
alignment with the global climate objectives.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
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