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1. Introduction

The study of trade-offs and dilemmas is one of the most intriguing aspects of economic
disciplines. Macroeconomics is no exception. The trade-off between full employment and
price stability (that is, the Phillips curve) and the ‘independent monetary policy — capital
mobility — fixed exchange rate’ trilemma (also called the ‘impossible trinity’) are well known,
and quite controversial, examples. Price stability vs. economic growth and exchange rate
stability vs. autonomous monetary policy decisions are not the only ones, however, since
(market-based) economies unceasingly bring the policymakers face to face with hard choices.
Expansionary fiscal policies aiming at enhancing economic growth might induce firms to
increase their leverage ratio to fund investment, in a Minskian fashion, not to mention the
potential complex interactions with income and, especially, wealth inequality. Broadening the
landscape in order to include the ecosystem only makes the policymaker’s tasks more
complex. The pursue of environmental sustainability could come at the cost of a slowdown in
economic growth and/or a reduced purchasing power for lower-class households. At the
same time, the increase in ecological efficiency to be achieved through fiscal policy might be
offset by indirect effects such as lower production costs and increases in activity levels (the
so-called rebound effect), calling into question not only the extent but also the composition
of government spending. While partial analyses of each sphere taken individually can shed
light on important economic aspects, a general model is required to account for the complex
interactions between the economy, the financial sector, the ecosystem and the society. This
is the purpose of our work. We take inspiration from four theoretical strands:

i. recent developments in ecological macroeconomics that aim at applying post-
Keynesian theories to ecological topics (e.g., Fontana and Sawyer 2016; Dafermos et
al. 2017, 2018, 2019);

ii. the Schumpeterian framework of evolutionary economics that emphasises the
entrepreneurial role of the State (e.g., Mazzucato 2013, 2016, 2018);

iii.  the stock-flow consistent approach to macroeconomic modelling (e.g., Godley and
Lavoie 2007);

iv.  the supermultiplier model literature (e.g., Serrano 1995, Freitas and Serrano 2015).

Building upon these approaches, we develop a formal model that reproduces key interactions
between the economy, the financial sector, the ecosystem and the society. We test and assess
the effects of nine fiscal policies:

a) areduction in the income tax rate for upper-class (UC) households;
b) areduction in the income tax rate for lower-class (LC) households;

c) a selective tax on value added fostering green consumption relative to routine
consumption;



d) an increase in routine government spending funded by issuing Treasury bills and/or
monetary base;

e) an increase in government’s mission-oriented innovation spending (MOIS) funded by
issuing Treasury bills and/or money base;

f) an increase in green MOIS, that is, government innovation spending that aims at
fostering the ecological transition to low-carbon techniques of production and is
funded by Treasure bills and money base issues;

g) anincrease in green MOIS funded by taxes on UC households;
h) anincrease in green MOIS funded by selective taxation on consumption.
i) anincrease in green MOIS funded by a carbon tax.

Therefore, our contribution to the current debate is fourfold. First, we focus on fiscal policy,
which is usually neglected in ecological macroeconomics models. Second, we decompose it
into a broad set of alternative options for policymakers, with a focus on public spending that
aims to promote (public and private) innovation. Third, we factor in alternative sources of
funding for government spending. Finally, we explicitly consider the interactions of the
financial sector with the main macroeconomic variables, the society and the ecosystem.

We find that, in principle, MOIS policies are the most effective option in supporting innovation
and growth, while reducing income inequality in the short to medium run. However, they may
possibly increase wealth inequality. Furthermore, without a radical a radical change in
government spending composition and a reform of the taxation system, MOIS policies are
unlikely to reverse the current trend in atmospheric temperature. A carbon tax turns out to
be the most efficient option from an environmental perspective, but its impact on short-term
growth poses a political feasibility problem.

The rest of the paper is organised as follows. In section 2, we provide a short literature review.
Section 3 is methodological and theoretical. We highlight assumptions, key features and
possible drawbacks of the model. In section 4, our preliminary findings are presented and
discussed. In section 5, we sum up the main policy implications.

2. Theoretical roots and literature review

As mentioned, our work is grounded in four theoretical strands: post-Keynesian ecological
macroeconomics; the Schumpeterian school of evolutionary economics; the stock-flow
consistent modelling approach; and the supermultiplier model.

i. The post-Keynesian ecological macroeconomics (PKEM) approach. This is a relatively recent
strand in ecological economics (see, for instance, Foley 2012; Rezai et al., 2013; Rezai and
Stagl, 2016; Sawyer and Fontana, 2013; Fontana and Sawyer, 2016; Taylor et al., 2016;
Dafermos et al., 2017, 2018). PKEM theorists aim at analysing the macroeconomy as part of
the broad ecosystem. Their approach is based on three principles: a) the main force driving
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economic growth is effective demand; b) supply-side constraints can emerge in the long-run
due to environmental damages, the exhaustion of matter and energy reserves and climate
change; c) there is a strong interconnection between the narrowly-defined economic system,
the social environment, and the ecosystem. As a result, ecological feedbacks play a major role
in determining both economic growth and policy effectiveness. PKEM authors usually focus
on the effects of alternative monetary policies, selective credit policies and/or green bond
markets (e.g., Jackson and Victor, 2015; Campiglio, 2016; Fontana and Sawyer, 2016;
Dafermos et al., 2017, 2018). By contrast, seldom fiscal and innovation policies are examined.!
Our paper is an attempt at bridging this gap.

ii. The neo-Schumpeterian approach. This strand of economic literature provides a theoretical
framework to analyse the determinants of technical progress (see, among others, Nelson and
Winter, 1982; Mowery et al., 2010; Mazzucato, 2013, 2014, 2018). We borrow, in particular,
from the ‘mission-oriented innovation spending’ (MOIS) literature (e.g., Mazzucato, 2016,
2018). MOIS includes public spending on military and aerospace sectors, energy and clean-
tech sectors, biotechnology and nanotechnology industries, and IT sectors (e.g., Block and
Keller, 2011). MOIS policies aim at defining the direction of technical progress, thus creating
market opportunities for the private sector (Mazzucato, 2013, 2016). Government spending
stimulates and leverages private R&D investment in new areas, by allocating resources to find
solution to societal challenges and technical problems (e.g., Mazzucato, 2016; Deleidi and
Mazzucato, 2019, 2021). As a result, it accelerates the process of development and diffusion
of innovation across the economy. Technical progress is regarded as endogenous with respect
to both private firms’ investment plans (e.g., Nelson and Winter, 1982) and government
intervention (e.g., Mowery et al., 2010; Mazzucato, 2013; 2018).2

iii. The stock-flow consistent (SFC) approach to macroeconomic modelling. The SFC approach
is grounded in both Copeland’s pioneering works on national income identities and flow of
funds in the 1940s and James Tobin’s seminal work at Yale University. It was fully developed
by Wynne Godley and Marc Lavoie in the 2000s (e.g., Godley and Lavoie, 2007), who paved
the way for the flourishing of SFC models of the last decade (see Nikiforos and Zezza, 2017,
Carnevali et al. 2019). SFC modellers use sound accounting principles to create the
macroeconomic structure of a monetary economy of production, in which money supply is
endogenous and behavioural equations are based on Kaleckian-Keynesian precepts.

I There are a few exceptions, notably, Nagvi and Stockhammer (2018) and Dafermos et al. (2019).

2 Examples of MOIS policies include the Apollo Program (EC, 2018a) and the Energiewende Programme (EC,
2018b; Mazzucato, 2018). The former is the US human spaceflight program carried out by the NASA, which led
to the first manned landing on the moon in 1969. The latter is a German program aiming at reducing CO>
emissions by developing a low-carbon energy system at the national level. The main purpose of the
Energiewende Programme is to allow Germany to stop energy production from nuclear plants by 2022, and to
rely on renewable energy resources only by 2050. The program is expected to create favourable conditions for
the private sector, offering new opportunities to undertake green technological innovation (thanks to
government-financed investment activities).



The use of this methodology is particularly appropriate for our research question. Although
ecological aspects were not initially addressed by Godley and Lavoie (2007) and the early SFC
research, recent developments in SFC literature demonstrate the flexibility and adaptability
of this approach to studying the intertwined effects of economic development and
technological progress on society and the natural environment (Naqvi 2015, Berg et al. 2015,
Dafermos et al. 2017, 2018, Bovari et al. 2018, Monasterolo and Raberto 2018, Dafermos and
Nikolaidi 2021, Dunz et al. 2021). As explained in detail in section 3, the standard way to
account for the impact on the ecosystem and ecological feedbacks in SFC models is to couple
the transactions-flow matrix and the balance sheet matrix with two additional matrices: the
physical stock-flow matrix and the physical flow matrix of the society (see Table 3). The former
can be regarded as an “extension of the matrix that Georgescu-Roegen used in his flow of
fund model” (Dafermos et al. 2017, p. 192; see also, Georgescu-Roegen 1971, 1979, 1984).

iv. The supermultiplier approach. The main purpose of the supermultiplier model, originally
proposed by Serrano (1995), is to link production with effective demand. It couples the
traditional Keynesian multiplier with an investment function based on the flexible accelerator
principle (e.g., Cesaratto et al., 2003; Freitas and Serrano, 2015). The supermultiplier model
shows that the autonomous components of aggregate demand —among which the literature
identifies government spending — are the main drivers of output growth.? The model displays
some key properties, notably: the extension to the long-run of the ‘Keynesian hypothesis’,
according to which output is essentially demand-driven and “the economic system may find
itself in stable equilibrium with N [number of employed people] at a level below full
employment” (Keynes 1936/1991, p. 30); an investment function that does not necessarily
engender Harrodian instability; and the absence of any necessary relationship between the
rate of accumulation and normal income distribution.* Our focus on fiscal and innovation
policies led us to adopt a theoretical construction that models basic macroeconomic
relationships. This construction has been used in recent literature to investigate the domain
of fiscal and innovation policies.” We believe it can be fruitfully applied to our contribution.
The model we use is a supermultiplier-like model, which provides an intuitive and simple
treatment of capital accumulation. Specifically, it is based on the capital adjustment principle,

3 More precisely, “[p]ublic expenditure, exports, household residential investment, and consumption financed
out of debt are considered autonomous components of aggregate demand in the literature and are the
proximate cause of economic growth in the supermultiplier model. These components have two characteristics:
they do not increase the (private) productive capacity of the economy and they are neither caused nor funded
by domestic income” (Morlin et al., 2022, p. 5).

4 Recently, supermultiplier-like models have been used by economists with different theoretical backgrounds
(e.g., Allain, 2015; Lavoie, 2016; Hein, 2018; Fazzari et al., 2020, Nomaler et al., 2021).

5 See, e.g., Freitas and Christianes (2020); Morlin (2022); Deleidi and Mazzucato (2019, 2021); Nomaler et al.
(2021).



which means that private firms invest in order to adjust productive capacity to demand and
production.®

3. Methodological aspects and main building blocks of the model

We test and discuss the effects of alternative fiscal policies on the economy, the society, the
financial sector, and the ecosystem.

We use a supermultiplier approach, in line with recent PKEM literature that investigates the
macroeconomic consequences of MOIS through this model (e.g., Deleidi and Mazzucato 2019,
2021), in a complete SFC discrete-time dynamic macro-economic model. For this purpose, we
follow a three-step process. First, we define the basic behavioural (difference) equations,
equilibrium conditions and accounting identities of the model. Second, we incorporate CO;
emissions, climate change and the depletion of natural resources. Third, we further extend
the model to account for the damages produced by global warming, which affect
consumption, investment, capital depletion rates and labour productivity.

This section presents the most relevant equations for understanding the characteristics and
dynamics of the model, as well as those that may require a detailed explanation due to their
less intuitive rationale. The complete list of equations can be found in Appendix A. To facilitate
cross-checking, we use the same numbering for the equations in the main text as in Appendix
A.

3.1 Step one: defining economic identities and key behavioural equations

Table 1 and Table 2 display the sectoral balance-sheets and the transactions-flow matrix used
to define the macroeconomic identities that assure the accounting coherence of the model.
Five sectors are explicitly considered:

j) LChouseholds (i.e., the recipients of labour incomes and a share of interest payments
on bank deposits);

k) UC households (including firms’ owners, managers and rentiers, i.e., the recipients of
entrepreneurial profits and financial incomes);

[) production firms (or non-financial corporations), which produce capital and consumer
goods using two different techniques of production (notably, a high-carbon and a low-
carbon technique);

m) the financial sector (including commercial banks, financial intermediaries and the
central bank);

& While firms' investment behaviour is more complex, we provide a stylized representation of capital
accumulation in this article based on empirical literature that consistently finds a strong accelerator effect. A
detailed analysis of this process is beyond the scope of this article.
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n) the government sector (including both local and central government).

Both production firms and financial institutions are owned by UC households, who are the
recipients of distributed profits. Whatever their class status, households’ consumption is a
function of disposable income, net wealth, price expectations and global warming. Therefore,
LC household consumption function is:’

Co = [+ YDy + Gy NWiy o] - 22 (1= ) (40)

where ¢,, is LC household propensity to consume out of income, YD,, is their disposable
income, p,, is the (VAT inclusive) average price level faced by the LC households, E () stands
for expected value in the current period (which was formulated in the previous period), ¢4,
is the propensity to consume out of wealth, NW,, is the stock of net wealth and dr is a
coefficient that defines the detrimental impact on consumption of climate change.? Finally
notice that subscript ‘=1’ marks lagged variables. Remaining variables are referred to the
current period.

UC households’ consumption is modelled in the same way (see equation 41). However, their
disposable income includes price revaluation of shares’ holdings (CG), in addition to
entrepreneurial profits (Ff,), bank profits (Fj) and other net interest payments from financial
assets (namely from deposits, D,;, and government bills, B;. See equation 30 Appendix A).

Portfolio decisions of UC households have been modelled in line with SFC literature (based on
Tobinesque principles, see Tobin, 1969). While the market of goods adjusts through
guantities, a market-clearing price mechanism assures the equilibrium in the stock market
(see equations 51 and 52 in Appendix A). In this model, the return rates on government bills
are assumed to be steered by the central bank, who sets the policy rate (r,;) and purchases
government bonds in the secondary market to ensure financial conditions are consistent with
its monetary policy stance (see equation 69 in Appendix A). While a complete yield curve with
various interest rates related to different maturities is not included for the sake of simplicity,
the model still provides a reasonable representation of the monetary policy conduct of
contemporary central banks (lhrig and Wolla, 2020). Notice that the risk premium on financial
assets (up) accounts for the market-driven component of government bond interest rate
determination (see equation 94), and as such, can be viewed as a proxy for the slope of the
yield curve.

Private investment plans are affected by firms’ expectations concerning the output level,
climate change-related damages and government policies. We assume that firms first choose
the desired level of total investment (I¢) and then select its composition. Total investment is
defined as a share of total estimated output (E(Y;)). It is driven by firms’ willingness to adjust

7 We maintain the same numbering of Appendix A, where the complete set of equations is reported.

8 Adaptive expectations are assumed in our model. See equation (158) in Appendix A. For the sake of simplicity,
we assume that 1 = 0 in our simulations, so that: E(p,,) = py, —1.
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their productive capacity to the expected demand conditions, but it is also affected by climate
change-related damages (d; as defined in equation (144) in Appendix A). In formal terms:

Ir=h-E(Yy) -(1—dr-q) (12)
u=u_1-m‘gl{1;+m with:0<u <1 (13)
h=[1+¢ (u_y —uy)l-h_y (14)

where h is the share of investment to expected demand, u is the utilisation rate of plants, gy
is the growth rate of output, gi is the growth rate of the capital stock, g4 is the growth rate
of product per capital (see equation 138) and ¢ defines the speed of adjustment of the
current utilisation rate to the normal utilisation rate (u,).° Notice that equation (14) holds
that firms adjust their investment plans to achieve the desired (cost-minimizing) capital
intensity. Firms do that as long as they record discrepancies between the actual and the
desired degree of capacity utilisation. At the macro level, these changes in investment plans
arise as adjustments in the investment share.

As mentioned, green investment () is simply defined as a share of total investment:

lyr = Vgr - If (17)

Green investment allows reducing CO, emissions and depletion rates of natural resources
relative to conventional investment.’® This beneficial effect is magnified by the choice of
modelling investment in green capital as an imperfect substitute (not a complement) of
conventional capital. The reason is that each type of capital implies a specific method of
production, which, in turn, has a different impact on labour specialisation, the use of natural
resources, and CO2 emissions — think of skilled labour, dedicated machinery and/or
alternative energy sources.!?

We can now calculate the green investment share to total investment, y,., as:

Gyr.— Cor.—
Yor =¥o W Voroa V) Ce Vs cdroaty) AR 1 (18)

where yigr (withi = 0,1,2,3,5) are all positive coefficients. Intuitively, firms choose the share
of green investment based on:

T
a) anautonomous or shock component (yég );

b) the past share of green investment (Vgr,—1);

9 See Brochier and Macedo e Silva (2019) for a similar approach.
10 see equations (131) to (136) in Appendix A.

11 Notice that hybrid technologies — say, an engine using both fossil fuel and wind as energy sources — are simply
considered as involving a third type of capital (with respect to fossil fuel- and wind-based engines).
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c) incentives created by the government (captured by the share of green spending to

Gor.—
total government spending (f;;l)

-1

d) the proportion of climate-change related damages (dr);

Cyr—
e) the share of household green consumption to total consumption (‘Z;l)

-1
f) the carbon tax rate (t7,_1).

There are three noteworthy aspects to mention here. First, although coefficients in equation
(18) are not directly estimated, their values are derived from both the recent literature on the
effects of green investment policies (Dafermos et al. 2017) and recent empirical findings
about the impact of green government spending on private investment (Deleidi et al., 2020).

Second, the reason we consider the proportion of green spending to total government
spending is that we contend that green government spending can have a positive impact on
green private investment through externalities or market creation effects, as noted in Deleidi
et al. (2020). In addition, to address negative externalities caused by brown production, we
include a carbon tax in the model. By adjusting the profitability of the two sectors, the tax
incentivizes firms to increase the volume of green investment, in line with conventional
literature.

Third, the impact of climate change-related damages on green investment is not univocal, and
negative feedback from these damages on green investment may occur. Nonetheless, the
model can address these concerns. Specifically, as indicated in equation (12), climate change-
related damages have a negative effect on total investment, which, in turn, has a negative
impact on green investment as it is a fraction of total investment. Furthermore, these
damages also decrease consumption — as per equation (40) — which negatively impacts total
investment via the accelerator effect, and consequently, green investment.

3.2 Step two: modelling green spending and the ecosystem

Total output is demand-led both in the short and in the long run. However, firms’ production
plans can face labour force-, capital-, matter- and energy-constraints. A Leontief production
function is used to determine potential output. In line with the von Neumann-Sraffa-Leontief
tradition, we reject the neoclassical hypothesis of smooth substitutability between inputs. As
aresult, no adjustmentin production techniques through changes in relative prices is allowed.
This modelling choice rules out the possibility of countering natural reserves’ depletion
through a change in relative market prices. Consequently, socially and ecologically suboptimal
results are possible and persistent in our model. Besides, fiscal and innovation policies play a
crucial role.



We split government spending into two main components:*?

i. routine spending (G,oyt), Meaning the purchase of goods and services from the
private sector, which are necessary for the normal operation of the government
sector;

ii.  mission-oriented innovation spending (MOIS, represented by the variable G,,,;s in the
equations in Appendix A), meaning the expenditures that stimulate structural change.

The former includes education and health spending, as well as expenditures in shovel-ready
projects. The latter aims at fostering both technological innovation and low-carbon transition.
Notice that MOIS focuses on big societal challenges, like climate change, which can only be
addressed by involving many different sectors and institutions (Mazzucato, 2018). Therefore,
MOIS is usually associated with a high multiplier effect, for it crowds-in private R&D
investment.'3

In our model, both conventional government spending and MOIS are assumed to grow at
constant rates under the baseline scenario:

Grout = Grout,—l -(1+ ggout) (87)
Gmois = Gmois,—l ) (1 + ggnois) (88)
Green MOIS (Ggy), in turn, is just as a percentage of total MOIS:

Ggr = a - Gmois (89)

where a is a positive coefficient. This type of green expenditure generates spin-offs through
which green technologies are developed and diffused to the private sector. This effect is
captured by equation (18) in our model (see section 3.1. In particular, this effect is captured
Ggr -
by the third term of the equation: y; ' - ‘g—'l ).
-1
Green MOIS accelerates the process through which innovation and new green technologies
are introduced in the economic system (e.g., Deleidi and Mazzucato, 2019). Finally, like other
aggregate demand components, it supports innovation spread and labour productivity
growth through a Kaldor-Verdoorn mechanism (see equations 141 to 143 in Appendix A).

12 Equations (87) and (88) demonstrate that our model incorporates two distinct sources of autonomous
demand. In this way, our contribution aligns with recent works that analyse the sub-components of autonomous
demand, rather than treating it as a single entity. For example, Hein and Woodgate (2021) explore government
spending and autonomous consumption, while Morlin (2022) examines exports and government spending. In
Allain (2022) the two types of expenditure are not specified, while Freitas and Christianes (2020) focus on
government and autonomous capitalists' consumption, and Pedrosa et al. (2021) analyze government and
household consumption.

13 We refer to Moretti et al. (2015), Deleidi et al. (2020), Ciaffi and Deleidi (2021), and Deleidi and Mazzucato
(2021) for empirical analyses of the impact of government MOIS on private R&D spending. Furthermore, we
refer to Ciaffi and Deleidi (2021) and Deleidi and Mazzucato (2021) for the empirical literature showing that
MOIS produces larger multiplicative effects on GDP than more standard government expenditures.
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Focusing on the ecosystem, green MOIS helps reduce the impact of production activities. It
fosters private accumulation of green capital, which is marked by lower matter-, energy- and
CO, emission-intensity coefficients and a higher share of renewable energy to total energy
(see equations 131 to 133 in Appendix A for the effects of capital composition — green vs
conventional — on matter, energy, COz-intensity coefficients, and equation 134 for the effects
of the same ratio in the share of renewable energy sources).

Turning to narrowly-defined ecological variables, Table 3 shows the physical stock-flow matrix
and the physical flow matrix of the society, respectively. The former allows defining the
change in the stocks of things that directly influence human activities, namely, natural
reserves and the socio-economic stock in our model.** The latter allows accounting for the
First and the Second Law of Thermodynamics. Taken together, these two matrices provide
the accounting structure for the ecosystem. The latter is defined as the physical environment
with which individuals and groups interact. It determines the physical resources and
constraints that human activities face. For the sake of simplicity, ecological variables are
grouped in four blocks: material resources and reserves; energy resources and reserves;
emissions and climate change; and ecological efficiency. Key behavioural equations are
borrowed from Dafermos et al. (2017, 2018).

3.2.1. Material resources and reserves. The production of material goods (V,,4¢) is defined
applying a matter-intensity coefficient (1) to aggregate supply. The rationale behind this
simple equation is that not all products and services generated by modern economies exist in
a tangible form. For instance, software development results in an immaterial code written in
a specific programming language. While this process demands human capital, energy, and
hardware as inputs, the output is entirely intangible. The value of u must fall between 0 and
1, and its precise magnitude varies according to the extent to which an economy has evolved
from the initial stages of industrialization, when manufacturing consisted primarily of physical
goods. In our model this value is determined by equation 131, that will be explained in section
3.2.4.

Ymat = M- Ys (96)

The extraction of matter from the ground (mat) is the difference between the matter used in
the production process, that can still be defined through y,,,:, and the recycled socio-
economic stock (rec, see equation 97). The latter is calculated as a percentage of demolished
(or disposed) goods (des, see equation 98):

mat = Ypar — rec (97)

rec = Prec - des (98)

1 The socio-economic stock is made up of capital goods and durable (or yet-to-be-discarded) consumption
goods.
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In summary, not all production requires new raw materials or the creation of new
components, as some components can be made from recycled materials and some raw
materials can be extracted from goods that have completed their cycle of use. The value of
Prec iN equation (98) depends on the level of recycling practices in a society. While the idea
of a "circular economy" has spread in recent years, the level of p,.. varies greatly across the
world, reflecting disparities in recycling infrastructure and culture. The value of p,.. used in
the model is relatively conservative (0.24), as it aims to represent the global economy. This
value is taken from Dafermos et al. (2017) for consistency with the literature in this field and
to facilitate comparison with different models.

Demolished (or disposed) goods are defined through the following equation:

des = - (DA +7-DC_,) (99)
where:
DC=DC_,-1-O+C (100)

is the amount of durable goods (that is, capital and consumer goods lasting more than one
period) and ¢ is the portion of them that gets discarded every year. DAy is total depreciation
of capital (green and conventional), meaning the portion of capital that must be replaced
every year due to wear and tear. For sake of simplicity, and following Dafermos et al. (2017),
equation (100) assumes that all new consumption goods contribute to the stock of durable
goods.

As a result, the overall socio-economic stock at the end of the period is:

kse = kse,~1 + Ymar — des (101)
Additional waste generated by production activities can be derived from Table 3(b):

wa = mat + cen + 02 — emis — Akg,

which, using equations (97), (101), and (111), becomes:

wa = des —rec (102)

where wa is the annual level of waste, cen is the carbon mass of the non-renewable energy
sources, 02 is the mass of oxygen, and emis is total annual CO; emissions.

New hazardous waste (hws) is calculated using the parameter haz, which is the proportion
of hazardous waste to total waste.

hws = hws_; + haz - wa (103)
The hazardous waste ratio (hratio, in Gt/Km?) is then calculated dividing the hazardous waste

stock (hws ) by the earth surface (surf):

hratio = 25 (104)
surf
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which, in turn, affects the dynamics of the population, hence the labour force (see equation
148).

We can now to turn to the stock of material reserves (k,,), which is:
km =kpy 1+ convy, —mat (105)
where conv,, are the material resources converted to reserves.

Equation (105) holds that k,,, grows as resources are converted into reserves, and reduces as
matter is extracted from the ground (mat).

Material resources are converted into reserves based on the following function:
convy, = max(0y, 1 TresSy 1, mat_;) (106)

where g, is an endogenous rate, defined by equation (109). Equation (106) holds that
converted material resources are always higher or equal to extractions in the previous period,
which are used as a proxy of future extractions.

The stock of material resources is:
resy =TeSpy_; — CONnvy (107)

We assume the unit price of extracted matter (p,,) to be affected by the relative scarcity of
extracted matter relative to its demand:

mat_q

Pm = Dm + D - (108)

Om,-1'T€Sm,—1

where p?, is the autonomous component of matter price, and pl, is the sensitivity (or
elasticity) of matter price to demand-supply gap.

In turn, the conversion rate of matter resources (o,,) is driven by price expectations:
Om = 0m + 0 E(Pm) (109)

where ¢}, is the autonomous component of matter conversion rate and a;}, is the sensitivity
of matter conversion rate to energy price. The higher the unit price of matter, the higher the
pace of conversion.

Finally, the carbon mass of non-renewable energy and the mass of oxygen are defined,
respectively, as:

cen = — (110)
02 = emis — cen (1112)
where car is the conversion coefficient of Gt of carbon into Gt of CO..

The variables above are used into equation (102) to define the amount of waste.

3.2.2 Energy resources and reserves. Like matter, total energy required for production is
defined using an energy-intensity coefficient to aggregate supply (see equation 112 in
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Appendix A). Renewable energy is a share of total energy, whereas dissipated energy is the
sum of renewable and non-renewable energy (equations 113-115). Energy resources and
reserves are modelled in the same way matter resources and reserves are (equations 116-
118). The same goes for the unit price of energy (equation 119) and the endogenous
conversion rate of energy resources into reserves (equation 120).

3.2.3 Emissions and climate change. Industrial emissions of CO, (emis;;,) are simply
defined as a linear function of non-renewable energy (en):

emis;, = f -en (121)
where (8 is a COz-intensity coefficient determined by equation 133.

Emissions are also generated because of the use of land:

emis; = emis;_1 - (1 — g;) (122)

where g; is the exogenous rate of decline of land-use CO, emissions. Therefore, total
emissions are the sum of industrial emissions and land emissions:

emis = emis;, + emis; (123)

The atmospheric temperature depends on both CO, emissions and the carbon cycle. The
latter is defined by the following equations:

CO2ur = emis +Pyq - C0247 1 + Yoy - CO2yp 4 (124)
Co2yp = P13 COZAT,—I + Py COZUP,—l + Y3, - COZLO,—l (125)
€020 = Ya3 - CO2yp_1 + Y33 - €020 1 (126)

where ;; (with i =1,2,3 and j = 1,2,3) are (estimated) parameters. More precisely,
equation (124) defines the atmospheric CO, concentration (co2,47), equation (125) defines
the upper-ocean / biosphere CO, concentration (co2yp), and equation (126) defines the
lower-ocean CO; concentration (co2;,). Overall, they hold that there is an exchange of
carbon between the atmosphere, the upper ocean and the lower ocean.

The accumulation of CO; (and other greenhouse gases), in turn, fosters radiative forcing (F =
Radiative forcing over pre-industrial levels measured in W/m?):

co2 T

F =F,logy (40) + Fx (127)

where F, is the increase in radiative forcing due to doubling of CO, concentration, co25RE is
the pre-industrial level of CO, concentration, and F,, is radiative forcing due to other
greenhouse gases. The latter is defined as:

Fox = Fox—1 + fex (128)
where fex is an exogenous increase.

The increase in radiative forcing puts upward pressure on the atmospheric temperature (T4,
measured in degree Celsius over pre-industrial levels):
14



F
sens

Tar = Tar—1 +t1 - [F - “Tyr—1 = ta - (Tar—1— TLO,—l)] (129)

where t; is is the speed of adjustment in atmospheric temperature, t, captures the heat loss
from the atmosphere to the lower-ocean, T} is the lower-ocean temperature (measured in
degree Celsius over pre-industrial levels), and sens is the equilibrium climate sensitivity.

In turn, the lower-ocean temperature is defined by the following equation:

Tio = Tro-1 + t3 - (Tar—1 — Tro,-1) (130)
where t; measures the heat loss from the atmosphere to the lower-ocean.

3.2.4 Ecological Efficiency. Intensity indices are all calculated as weighted averages of
green and conventional production intensity indices. For example, the matter-intensity
coefficient is defined as:

K¢

- (131)

Kgr
.u:.ugr'K_f-l'.uc'

where pg, is the matter intensity coefficient on green production, y. is the matter intensity
coefficient on conventional production, K¢ is the total capital stock, K, is the green capital
stock, and K, is the conventional capital stock.

The energy-intensity coefficient, the CO,-intensity coefficient, and the average share of
renewable energy sources, are calculated in the same way (see equations 132 to 134 in
Appendix A).

Depletion ratios of matter (p,,,) and energy (p.,, ) are defined, respectively, as:

P = k’;“_tl (135)
Pen = — (136)
ken,—l

where k., is the stock of energy reserves.

3.3 Step three: modelling climate change feedbacks and production

The last step is to add the effects of climate change and natural resources’ depletion on
economic, social and financial variables. These effects are highlighted by green arrows in
Figure 1. While government policies can help reduce depletion rates and address climate
change by inducing a modification in the production structure, the opposite may also occur.
It is well known that global warming can affect both the level and composition of output. Four
main channels have been identified within our model:

i climate change can undermine the existing capital stock through the increase and
intensification of natural catastrophes (that is, through an increase in capital
depreciation rates §. and ;. See equation 137 in Appendix A and equation 138
below);
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ii. climate change can slow down the process of accumulation of capital, as it reduces
desired investment. This effect is captured by the variable d;, which was firstly
introduced in equation 12 in section 3.1. d is the proportion of gross damage due
to changes in atmospheric temperature, and it is given by equation 144 in
Appendix A);

iii. climate change increases the risk premium (i) on financial assets, notably,
Treasury bills (see equations 94 and 95 below);

iv. climate change (and the depletion of natural resources) can also affect
consumption patterns of households by:

— rising ecological awareness, thus modifying the population’s consumption
plans (cg, and cg., which are the green consumption share of LC and UC
households, are both affected by d;: see equation 46 below and 47 in
Appendix A);

— increasing uncertainty, thus triggering hoarding behaviours. These behaviours
affect the dynamics of the model via the term (1 - dT,—l)r which multiplies
the whole consumption equation of both LC households (as we have seen in
equation 40 in section 3.1) and UC households (see equation 41 in Appendix
A).

All these channels are explicitly factored in the model.

Focusing on the stock of green capital (Kj;.), its change equals gross green investment minus
green capital depreciation (DAg;):

Ky = Kgr.—1 + Igr — DAy, (19)
DAgr = 8gr - Kgr -1 (21)

The depreciation rate of green capital, §,,, depends on climate change-related gross damages

and firms’ adaptation to the new conditions:
§g=060+(1-62) (1—ady)- drp—y (138)
where 0 < 63 < 1is a positive coefficient, ad;? captures firms’ adaptation to global warming

and drr is the percentage of climate-related damages to funds. We have modelled the stock
of conventional capital in the same way (see equations 11 and 16 in Appendix A).

Global warming also affects capital and labour productivity rates. The former is defined as:
ar = as_q - (1 + gf) . [1 —(1—adp)- dTp,_l] (139)
9r = 9Gro + 951 " IBE-1 (140)

where gy is the normal growth rate of the product per unit of capital (if there were no climate-
related damages), drr is the percentage of climate-related damages to productivity (see
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equation 145 in Appendix A), gy, is a constant coefficient and gy, is the sensitivity of the
capital productivity growth rate to firms’ non-green innovative spending.

Similarly, labour productivity is defined as:

ap =0Aap—1 1+ g4)- [1 — (1 —adp)- dTP,—l] (141)
In = Gno T In1 + In2 " 9y,—1 (142)
Ino = YIno,-1" 1- gnS) (143)

where g, is the growth rate of labour productivity (if there were no climate-related damages),
Jn1 is a positive coefficient, g,, is labour productivity’s sensitivity to the size of the market
(thatis, the so-called Kaldor-Verdoorn effect), whereas g, is its rate of deceleration. In other
words, the technical progress-driven growth rate of labour productivity is assumed to
decrease over time (we refer again to Dafermos et al. 2017, 2018).

Recall equations (12), (17), (18) and (40). It is clear that global warming affects both firms’
investment decisions and household consumption plans. The level of total investment
decreases as global warming-related damages increase.'® Investment composition is also
affected, because firms are more prone to green investment relative to conventional
investment as the frequency of damages increases. Besides, firms adapt their production
plans to consumers’ tastes. As a result, the higher the share of green consumption to total
consumption, the greener investment and production. Similarly, climate-related damages
affect total consumption of households. We assume that global warming can affect the
composition of consumption too:

= c - C, (42)
Cgr = cy +cf -dp_q+cy- (vatc - vatgr) (46)

where cg;. is the percentage of LC household green consumption to total LC household
consumption, ¢y’ is a positive coefficient, c}” defines the sensitivity of green consumption to
climate-related damages, and ¢y’ captures the sensitivity of green consumption to the tax
rate gap between conventional and green goods. The same goes for UC households.

Finally, the impact of global warming on the return rate of government bills is also considered
by linking the risk premium to climate-related damages:

T =Tep T Up (94)
tp =1n-dr_4 (95)

where 77 is the sensitivity of the risk premium to the climate-related damages.

15 Private investment is not directly influenced by matter and energy prices instead. However, there is an indirect
effect, for changes in prices affect the rates of extraction (or use) of natural reserves. These rates, in turn, affect
the price level, real output, hence investment decisions.
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As mentioned, potential output is determined by a Leontief function using stock-flow
resources (matter and energy) and fund-serve resources (total capital and labour force). In
formal terms, input-constrained potential output levels are:

Yf* =as Kf,—l (154)

YT): = an . LF_1 * H_1 (155)

Y = km,—1trec (156)
u

Y, = et (157)

&

where Yf* is capital-determined potential output, ay is the real product per unit of capital, ¥;,
is labour-determined potential output, a,, is hourly labour productivity, LF is the labour force,
H is the annual amount of labour hours per worker, Y, is matter-determined potential
output, k,, is the stock of matter reserves, rec is the recycling rate of socio-economic stock,
U is the matter-intensity coefficient of output, Y, is the energy-determined potential output,
key is the stock of energy reserves and ¢ is the energy-intensity coefficient of output. Total
potential output is therefore:

Y* = min(Y7, Yy, Yo, Yon) (160)26

Figure B1(a) in Appendix B shows that capital is the main constraint in our model’s baseline
scenario. Labour force availability is only a constraint for low levels of output, while matter
and energy reserves are still relatively abundant — Figure B1(b). Unlike natural inputs and
labour force, green capital is not a complement but a substitute for conventional capital. Both
the level and the growth rate of the labour force are determined endogenously:

LF =LF_;-(1+ g1p) - [1 = (1 — adyz) - drp,—] (147)

gLF=lf0+lf1—lf2'un_l—lf3‘h1‘ati0_1 (148)

Uo = o1 -1 —1fa) (149)
Ys

N = (150)

where LF is the labour force level, g;r is its growth rate, un_, is the unemployment rate,
hratio is the hazardous waste ratio (Gt/Km?2), If; (with i = 1,2,3,4) are positive coefficients
and lf, defines the deceleration rate of labour force (that is, the expected reduction in
population growth rate). Climate change-related damages d;r and adaption (ad;r) also
affects labour force availability. Actual demand for labour (employment, N) is calculated by
dividing total output (Y;) by the product per worker (H - a,,).

The change in the annual working time is defined as a positive function of the employment
rate, signalling relative scarcity of labour inputs:

16 See equations (154) to (157) in Appendix A.
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H = H—l + h'l . (em_l - hz) (151)
where h; and h, are positive coefficients, while em = N /LF is the employment rate.
Finally, notice that current production is demand-led. Potential output only affects current
output indirectly, through the effect of price expectations on spending decisions. We use the

output gap to capture the effect of demand pressure and supply-side constraints on the
general price level. In formulas, the unit price of output is:

py = al (1 + mk) (161)
where w is the wage rate and mk is the mark-up over labour costs. The wage rate is defined
as

w=w_q- (1 +wg - @) (162)

where w, defines the percentage of labour productivity growth that is captured by the growth
rate of the money wage rate.

The mark-up over labour costs is defined as a function of the output gap:

Y51

mk = mky + mk; - (163)

-1
where mk, and mk, are positive coefficients. The higher current production relative to

potential production, the higher will be the price charged by the firms, given the unit cost of
labour.

Finally, the general price level is obtained as a weighted average of the unit price of output,
the unit price of matter and the unit price of energy:

P=Tq Py + T Pen + T3 Pm (164)
where0 < p; <land};p; =1, withi = 1,2,3.

3.4 Model calibration

The complete model is made up of 169 equations, including identities, equilibrium conditions
and behavioural equations. Table B1 in Appendix B features all symbols, descriptions, and
values of the model. The sources of data are indicated too.

Coefficients of behavioural equations have been calibrated for the global economy.
Parameters defining the main output components (total consumption, investment,
government spending, and intermediate consumption), the price level and the labour force
have been defined based on World Bank annual data. Ecological parameters and initial values
for ecosystem variables have been taken from, or based on, Dafermos et al. (2017) and IPCC
(2018). NASA/GISS data and Ritchie and Roser (2020)’s figures have also been used to
calibrate ecological parameters and initial values. Remaining coefficients have been set in
such a way to match baseline values of main endogenous variables with their observed values.
For this reason, the baseline scenario has been validated through a correlation analysis (see
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below), whereas the robustness of our findings has been double-checked by running several
sensitivity tests (which are presented at the end of section 4).

The model was run from 2010 to 2100 on an annual basis.!” Figure 2 displays the development
of selected variables, under the baseline scenario, up to 2100. Blue shaded areas mark long-
run values. Green shaded areas show that the model’s key variables are anchored to observed
time series up until 2018. Conversely, pure out-of-sample predictions are displayed starting
from 2019. For instance, global real output is expected to reach 1.475 trillion dollars in 2100
(Figure 2(b)), with an average predicted growth rate of 3.45% over the period 2019-2100. The
temperature level in 2100 (Figure 2(j)) is consistent with the consensus forecast in the
absence of climate policies (see Ritchie and Roser 2020).

Potential output is only constrained by labour force availability and capital accumulation
under the baseline. This is shown by Figure 2(e), which is the 2D dynamic counterpart of
Figure B1 in Appendix B. The average wage share is slightly above 64% during the same period,
although it shows a clear decreasing trend (Figure 2(c)). Inequality indices increase over time
(Figure 2(c)). Bank deposits are around two thirds of total asset holdings of households. Cash
is approximately 15%. The rest is uniformly distributed between treasury bills and equity and
shares (Figure 2(q)). The total financial assets held by the private sector are approximately 4
times world output. Both aggregate profits from sales made by production firms and banks’
profits grow over time (Figure 2(h)). The unemployment rate fluctuates around 6.5% (Figure
2(d)). The average working time is almost 1,700 hours per year. The average utilisation rate
of plants is approximately 88% and increases over time (Figure 2(0)). Inflation is very low and
stable (less than 1%), but the price level accelerates as global warming hits the economy
(Figure 2(g)). The average nominal interest rate on loans is 7% (Figure 2(s)). The average
income tax rate is 14%, while government spending, net of interest payments, is
approximately 13% of total income. As a result, the government deficit to output ratio is 2.3%,
while the stock of government debt to output ratio is 67% (Figure 2(t)). Total CO, emissions
are predicted to exceed 80 billion Gt in 2050 (and keep growing) despite higher ecological
efficiency ratios (Figure 2(i)). The socio-economic stock for the world economy in 2020 is
roughly 1,600 Gt. As mentioned in section 3.3, total stocks of natural resources (matter and
energy) are still abundant, meaning that they do not constrain firms’ production plans.
However, they decline at an annual rate of approximately 1% (Figure 2(p)).

Model’s ability to capture statistical properties of key (observed) time series was tested by
calculating and comparing auto- and cross-correlations of observed and predicted values
(baseline validation). Figure B2 in Appendix B shows that patterns of the predicted series
under the baseline scenario look reasonably coherent with patterns of the observed series.
Notice, however, that the aim of the baseline scenario is not to provide the best possible
prediction of future trends. Rather, we have used it as a reasonable benchmark to compare

17 Simulations have been performed using EViews. We are happy to provide the programming code.

20



alternative policy scenarios, starting from 2020. Relative impacts of shocks on selected
variables are displayed by figures 3 to 6, whereas their quantitative dimensions after 30 years
are listed in Table 4.

Lastly, we did not consider the recent global economic shock caused by the Covid-19
pandemic nor the energy crisis arising from the Russian-Ukraine conflict in our baseline
scenario. While these events have undoubtedly had a significant economic impact, analysing
their long-term effects goes beyond the scope of this paper. In fact, the multidimensional
crisis that the pandemic and war have created globally could accelerate efforts to promote a
green transition of economies. Arguably, this makes the topic of this paper even more
relevant now than ever before.

4. Simulations and main findings

While several studies have been published about the link between economic policies and the
ecosystem, they typically deal with monetary policies. Fiscal and industrial policies are usually
neglected, the main exceptions being Naqvi and Stockhammer (2018), Dafermos and Nikolaidi
(2019) and Valdecantos (2021). This is the reason we focus on the level and composition of
government spending and taxation. For this purpose, the world economy is considered as a
fully integrated and consolidated system, where monetary and fiscal policies are perfectly
coordinated across nations.'® In other words, cooperation issues are assumed away. While
this is certainly a strong assumption, it allows us to test alternative measures as if there were
a worldwide consensus surrounding them, so that policy decisions were fully effective. More
specifically, we test the impact of nine fiscal policies on four sets of variables, defining
alternative scopes for the policy makers: i) the economy; ii) the financial sector; iii) the society;
iv) the broader ecosystem. For instance, the policy makers may want to support employment,
assure financial stability, reduce inequality and/or counter global warming. To achieve these
targets, they have several options. We consider the following:

a) An income tax cut for UC households. This is sometimes invoked to boost output
growth (under profit-led economies) and assure financial stability. The expected
impact on the ecosystem is negative, as the higher consumption boosts production,
hence natural resources’ depletion and CO, emissions. We test a 1% cut in the tax
rate.

b) An income tax cut for LC households. This is usually argued to reduce inequality and
support output growth (under wage-led economies). Once again, the impact on the
ecosystem is expected to be negative. We test a 1% cut in the tax rate.?®

18 We refer to Carnevali et al. (2021), who use an open-economy ecological SFC model prototype to analyse
cross-border policy coordination problems.

1% Notice also that LC households are usually assumed to have a higher propensity to consume relative to UC
households. However, their consumption is usually greener, as green intentions of the upper classes are crowded
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c)

d)

e)

f)

g)

h)

Selective taxation on consumption. Higher indirect taxes depress consumption and
economic activity. However, they can be tuned in such a way to foster green
consumption and discourage high-carbon consumption, thus leaving output and
employment unaffected. We test a 2% cut in the VAT rate on green consumer goods.

An increase in routine government spending funded by issues of Treasury bills and/or
money base. This is the standard (Keynesian) way to support employment and stabilise
financial markets. However, it can bring remarkable side effects on the ecosystem. We
test a 1.5% increase in routine government spending growth rate.

An increase in overall MOIS funded by issues of Treasury bills and/or money base. MOIS
policies are alternative to routine spending. They aim at generating an innovation
cascade in the private sector, enhancing both conventional and green investment. We
test a 1.5% increase in MOIS growth rate.

An increase in green MOIS funded by issues of Treasury bills and/or money base. The
policymakers must target low-carbon technologies if they want to limit the impact of
the higher growth rate of output on industrial emissions. We test a 1.5% increase in
MOIS growth rate coupled with a change in its composition.

An increase in green MOIS funded by levying taxes on UC household incomes. We check
whether a mix of expansionary and restrictive policies can be more effective in tackling
global warming, while reducing social inequality. We test a 1.5% increase in MOIS
growth rate coupled with a change in its composition and a 1% increase in UC
household income tax rate.

An increase in green MOIS funded by green taxes on consumption. Increasing the VAT
rate on non-green consumption goods can be seen as an alternative way to fund
government spending. We test a 1% increase in the VAT rate on non-green products
(to fund green MOIS policies).

An increase in green MOIS funded by a carbon tax. Government spending can also be
funded by a carbon tax, that is, a tax on firms’ carbon emissions. We test a tax rate
leading to a 30 million USD tax revenue per 1 Gt of industrial emissions of COx.

Scenarios (a) to (i) are all tested as permanent shocks to government spending growth rates

and/or tax rates.?’ Absolute levels of selected variables after 30 years, under different

scenarios, are summarised by Table 4, which shows that the policy makers always face a four-

fold predicament when making their decisions. We name it the Economy-Finance-

Environment-Society (E.F.E.SO.) problem. The point is that, ceteris paribus, economic growth

is an important precondition for supporting employment and assuring financial stability.

out by wealth. In other words, ecological impacts are best predicted by people’s income level (e.g., Moser and
Kleinhlickelkotten, 2017). As a result, the change in emissions due to policy (b) relative to policy (a) is ambiguous.

20 See notes under Table 4 for further details.
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However, it also boosts industrial CO, emissions. Income inequality can be either boosted
(e.g., if economic growth arises from lower tax rates for the upper class) or reduced (if growth
results from measures enlarging LC household disposable income). Wealth inequality usually
grows as the economy grows. As a result, a corrective mechanism seems paramount to cope
with social and ecological side effects of expansionary policies.

i) The economy. Variables trends over time are displayed by figures 3 to 6. Light green-shaded
areas highlight the pre-shock period. The vertical dashed lines mark the inception of the
shock. Light blue-shaded areas highlight the approximation to full employment, due to
expansionary measures. Figure 3(a) shows that world output is 11 to 21 pp higher in 2030
(and 28 to 39 pp higher in 2050) relative to the baseline scenario (i.e., relative to the status
quo) when MOIS and green MOIS options are chosen. The impact of routine spending is lower
than that of non-tax funded MOIS (scenario e), but higher relative to MOIS policies funded by
higher taxes (scenarios g and h). Unsurprisingly, a selective taxation system (favouring green
over routine consumption) and a tax cut for the UC households are the less effective options
in supporting output growth. Tax cuts on income rather affect output level than its growth
rate. The reason for the last result is mainly to be found in the high propensity to save of rich
households. Still, the limited growth which characterizes this scenario avoids triggering
excessive environmental damages which would have implied an even higher drag on the level
of investment and growth. As “expansionary austerity” struggled to find empirical evidence
in recent years, equally no perspective of “austere expansion” seems to emerge by the
simulations with our model. An increase in green MOIS funded by a carbon tax has initially a
negative impact on output. By 2040 its effect turns positive, and its order of magnitude is
comparable with the ones of other MOIS policies. Notice that this feature can possible
jeopardise its political feasibility: any policy that implies a cost today in exchange for uncertain
benefits in the future is usually difficult to “sell”. Figure 3(b) shows that the price level grows
following expansionary fiscal policies, particularly for MOIS policies. Inflation does not look
remarkable (relative to the baseline) and tends to reduce. Figure 3(c) shows that the impact
of expansionary fiscal policies on government bills” return rate is usually low but positive. It
can even turn negative if government policies slow down global warming, thus reducing
uncertainty. Higher output growth rates coupled with low interest rates allow the additional
government deficit to be reabsorbed in the medium run — Figure 3(d).

ii) The financial sector. Looking at the stock market, the valuation ratio of production firms
(i.e., the Tobin’s g) usually increases in the short run following expansionary policies relative
to the baseline scenario — Figure 4(a). The reason is that the market value of the firms
outgrows their capital stock value, even though the latter is also positively affected. However,
green policies have usually a negative impact, through a change in the composition of firms’
investment plans. Figure 4(b) shows that expansionary fiscal policies may induce firms to
increase their leverage ratios to fund additional investment. This Minskian effect is supported
by the increase in the return rate on equity and shares — Figure 4(c). The strong pro-cyclical
effect of expansionary fiscal policies on firms’ leverage ratio can possibly lead to financial
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fragility in the medium to long run. However, green MOIS policies can temporarily reduce
firms’ leverage ratio. Turning to households, the lower-class benefits from expansionary
policies. Their disposable income increases, while the interest rate is almost unchanged. As a
result, their debt burden reduces.?! Notice that the effect of government spending policies is
usually more persistent than that of tax reforms — Figure 4(d). Besides, the effect is mostly
driven by the reduction in the unemployment rate. Once the full employment is achieved, the
relative effect of expansionary policies on household debt burden reverses. The
intertemporal trade-off between short-run costs and long-run benefits of an increase in green
MOIS funded by a carbon tax is particularly apparent for the return rates on equity and shares
and the household debt burden. In both cases, the initial deterioration and the subsequent
recovery are explained by the cycle of deceleration-acceleration triggered by the policy.

iii) The society. Bill-funded MOIS is the most powerful option also in terms of social wellbeing.
Figure 5(b) shows that the unemployment rate is approximately 6 pp lower in 2040 relative
to the baseline scenario. This leads to full employment, despite the increase in the labour
force level. Figure 5(c) shows that income inequality reduces thanks to government spending
policies, quite independently of the way they are funded — up to -17 pp in 2040. However,
income inequality restart growing once full employment is achieved. Besides, Figure 5(d)
shows that wealth inequality may well increase, due to the higher amount of assets held by
UC households. This can possibly affect income inequality too in the long run.?2 Funding MOIS
policies by levying taxes on UC household income or with a carbon tax are by far the most
effective option in reducing income inequality. It can also reduce wealth inequality in the
short to medium run. However, unemployment hovers above the baseline level in the short
run, due to the contractionary effect of the tax hike. The cost of the carbon tax in terms of
short-run unemployment is particularly severe.

iv) The Ecosystem. A well-known issue with fiscal policies, even when they aim at supporting
low-carbon transition, is the so-called rebound effect: the adoption of green technologies
and/or the increase in ecological efficiency can be offset by other systemic effects, e.g., higher
consumption of goods, lower costs of production and higher production levels (e.g., Greening
et al. 2000). Our experiments confirm that incentivising low-carbon investment is not enough
to reduce industrial CO2 emissions and tackle climate change. Figure 6(a) shows that annual
emissions increase following five out of nine scenarios (ten years after the implementation of
the new policy). Annual emissions can be 11 pp higher (relative to the baseline) after ten years
if spending policies are undertaken. The percentage increase becomes 28 pp in 2040.
Similarly, annual emissions are 2 pp higher in 2030 when taxes are cut. Not even a selective
tax system enables per se to reduce emissions. As a result, the average atmospheric
temperature is unchanged or higher relative to its baseline value. On the one hand, ecological

21 We refer the reader to equations (34) and (35), defining household debt level and ratio, respectively.

22 Income inequality is measured as UC household income (including capital gains) to total income after taxes.
Similarly, wealth inequality is measured as UC household net wealth to total net wealth.
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efficiency gains generated by fiscal policies can be offset by the increase in the growth rate of
output if policymakers do not target low-carbon investment. On the other hand, ecological
efficiency losses (not gains) are recorded as long as the accumulation of conventional capital
outstrips the accumulation of green capital. This is the case portrayed by Figure 6(c) for the
first four scenarios.

A possible way to counter the side effects of higher economic growth on climate change is to
modify the composition of government spending plans (in such a way to foster private firms’
green investment relative to routine investment) and/or partially fund them through taxation.
In principle, higher taxes could be levied on UC households, LC households or both. However,
as we have mentioned above, if the policymakers are also interested in tackling inequality,
they should primarily target non-labour incomes. Alternatively, they can fund green MOIS
policies by means of higher taxes on non-green consumption, which we named ‘selective
VAT’, or via a carbon tax. Tax-funded MOIS policies allow reducing emissions, while still
delivering and higher equality ratios relative to both the baseline and tax cuts. Unsurprisingly,
their influence on ecological variables is beneficial when spending is partially funded by higher
taxes on UC household income and/or taxes on routine consumption (relative to green
consumption). A carbon tax produces the best outcome in terms of emissions and
atmospheric temperature reduction, but, as mentioned above, these results come at a cost
of a higher short-run unemployment.

Although experiments involving tax rate changes are only qualitatively (not quantitatively)
comparable with experiments involving changes in the rate of government spending, our
model suggests that a radical redefinition of the composition of MOIS is by far the most
important precondition to counter climate change. From this perspective, our findings
support the conclusions of previous studies that explore strategies to reconcile economic
growth with ecological sustainability by advocating for a shift in government spending
priorities (Dunz et al., 2020; Monasterolo and Raberto, 2018; Yajima, 2021).

In Figure 6, green MOIS is assumed to increase from 44% to 73% of total MOIS, that is, from
approximately 22% to 37% of total government spending (or 3.5% to 5.8% of GDP). By
contrast, the effect on the average atmospheric temperature is negative if the share of green
spending to total spending is low — see Figure 6(b). Notice that, while industrial CO, emissions
fall in absolute terms and the atmospheric temperature reduces relative to the baseline, the
change is not dramatic. It amounts to —0.012C (after thirty years) when the policy “MOIS plus
higher taxes for the rich” which is the second most effective strategy, is implemented.
Similarly, the policy “MOIS plus carbon tax”, which is the most effective strategy, is only
associated with a temperature reduction of —0.024C (relative to the baseline).

One may wonder whether our results are robust or rather depend on the chosen values for
key parameters and exogenous values. We have checked the robustness of our model using
two sets of sensitivity tests. Figure 7 displays four univariate sensitivity tests on MOIS policies.
Quadrant (a) shows the impact, on the atmospheric temperature, of different growth rates
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of innovative spending (g2*°s). Our qualitative findings are not affected by the specific value

chosen for the experiment. The same applies when we test alternative values for the income
tax rate paid by UC households (quadrant c) and the VAT rate on “brown” consumption
(quadrant d). Obviously, different percentages of green spending to total spending (quadrant
b) are associated with different trends in atmospheric temperature instead. Figure 8 shows
several multivariate sensitivity tests on crucial parameters defining the green share of
consumption and investment, respectively. Once again, MOIS-based policies are considered
both alone and coupled with different types of taxation. Parameters are all assigned random
values in the range (0,1). Monte Carlo simulations are then used to generate stochastic
predictions on policy effects. Overall, our findings about the impact on output, leverage ratio,
atmospheric temperature and income inequality are confirmed. The only partial exception is
the atmospheric temperature, because CO; emissions are quite sensitive to the total share of
green spending. Although the change in temperature is never dramatic, it may have a positive
sign if such share is small enough. However, this should be no surprise.

Figure B3 in Appendix B provides 5D scatterplots of the differential effects of fiscal policies on
real output, firms’ leverage ratio, atmospheric temperature and income inequality. Variables
are all expressed as ratios to, or differences with, the baseline scenario.?® It is shown that real
output growth is frequently associated with a reduction in income inequality. However,
regressive (and, possibly, indirect) taxation reduce LC households’ disposable income relative
to the UC households’. The average atmospheric temperature usually grows as output grows,
but green options (f, g, h) can reduce it relative to the baseline scenario. No necessary
correlation direction between firms’ aggregate leverage ratio and output exists instead.
Summing up, our model shows that direct support to green investment, coupled with a more
progressive taxation system, is paramount to relax the E.F.E.SO. problem. Government
spending funded by a selective VAT system is also an effective tool to tackle CO, emissions
and global warming. All in all, the question of whether it would be possible to invert the
current trend in atmospheric temperature, while maintaining a positive rate of growth and
improving income distribution, remains open.

5. Final remarks

We took inspiration from four different strands of economic thought (ecological
macroeconomics, the Schumpeterian approach to innovation, the SFC modelling, and the
supermultiplier literature) to study the interaction between government policies, green
innovation, the economy and the ecosystem. For this purpose, we developed an ecological
stock-flow consistent model calibrated for the world economy. We used the model to assess
and compare nine different types of fiscal policies. Our experiments display a ‘lights and

23 The same experiment can be replicated using alternative variables and/or composite indices for the four main
spheres of our artificial world.
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shadows’ picture. Expansionary fiscal policies are effective in supporting economic growth
and delivering financial stability. Furthermore, their effect on income equality is usually
beneficial. However, wealth inequality worsens. Besides, these policies are unlikely to reduce
CO; emissions and counter global warming, because they are associated with high multipliers.
A carbon tax can be relatively effective in reducing industrial CO, emissions and the
atmospheric temperature relative to the baseline, but it comes with a high unemployment
cost in the short to medium run. The only way for the policy makers to address this fourfold
predicament is to associate a progressive and/or green taxation system with a radical change
in the composition of government spending. This allows relaxing, although not solving, the
Economy-Finance-Environment-Society problem.
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Tables and figures

Table 1. Nominal balance sheets

Households
Production firms Commercial banks Central bank Government z
Lower class Upper class

Money +H,, +H, —H 0
Deposits +D,, +D, —Dy 0
Loans -L, —Ls +Lg 0
Reserve requirement +HE —HE 0
Advan rex
S o
Conventional capital +K, +K,
Green capital +Kyr +K,r
Shares +eq " e —€5 " Pe 0
Government bills +B, +B.p —Bq 0
Balance (net worth) —NW,, —NW, —NWs 0 0 +GDEB - K
b3 0 0 0 0 0 0 0

Notes: A ‘+' before a magnitude denotes an asset, whereas ‘—’ denotes a liability (except for Balance’s entries, where signs are reversed).
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Table 2. Transactions-flow matrix

Households Production firms Commercial banks
Government 2
Lower class Upper class Current Capital + Central bank

Routine consumption —-cY —Cr +Ce s
Green consumption —Cgr —Cq +Cyrs
Investment in conventional capital +I. s —Iq4
Innovation spending:

- Green investment +igr s —lgra

- Other +BEtech,s —BEtecn,a
Gov. routine spending +Grout —Grout 0
Gov. innovative sp. (Gmois):

- Green spending +Ggr —Ggr 0

- Other +Giocn —Giecn 0
Taxes on income —Ty —T, T +T 0
Taxes on consumption (VAT) —VAT,, —VAT, +VAT 0
Wage bill +WB -WB 0
Interests on loans —1—1 Ly =71 " Lfq +1-1Lg 4 0
Repayments on loans —rep Ly, _4 +rep - Ly, 4 0
Interests on deposits +7g-1"Dy 1 +rg-1"Dp—q —Tg-1"Ds 1 0
Return on gov. bills +1rp_1Br_4 —Tp—1 " Bg_1 0
Entrepreneurial profit +Fsq —F +Fey 0
Bank profit +F, —F, 0
Change in money —AH,, —AH, +AH; 0
Change in loans +AL, +ALf —ALg 0
Change in deposits —AD,, —AD, +ADg 0
Change in shares —Aeg " pe +Ae; - p, 0
Change in gov. bills —ABy, —AB,, +AB; 0
2 0 0 0 0 0 0 0
Memo: capital gains —Ap, - eg_4 +Ap, - es_4 0

Notes: A ‘+’ before a magnitude denotes a receipt or a source of funds, whereas ‘" denotes a payment or a use of funds. Reserves and advances from the central bank are omitted. No
interest rate on government bills held by central bank, bank reserves and advances.

33



Table 3. Physical stock-flow matrix (a) and related physical flow matrix (b)

(a) (b)

Atmospheric

Material Energy Socio- Hazardous Material
CO2 . Energy balance
reserves reserves . economic stock waste balance
concentration
Initial Stock km,—l ken,—l COZAT,—I kse,—l hWS_l Inputs
Resources converted into
+conv,, +conv,, Extracted matter +mat
reserves
CO2 emissions (global) +emis Renewable energy +er
Production of material goods +Ymat Non-renewable energy +cen +en
Non-recycled hazardous
+haz - wa Oxygen +02
waste
Extraction/use of
—mat —en Outputs
matter/energy
Net transfer to +(¢p11— 1) - co2pr 4 . I )
. Industrial emissions —emis;,
oceans/biosphere +pa1 - cO02yp 4
Demolition of socio-
) —des Waste —wa
economic stock
Final stock ki ken 02,7 ke hws Dissipated energy —ed
Changeins.e.s. —Akg,
z 0 0

Notes: Matter is measured in Gt while energy is measured in EJ. In sub-table (a), a ‘+' sign denotes additions to the opening stock, whereas ‘—’ denotes reductions; in sub-table (b), a ‘+’ sign
denotes inputs in the socio-economic system, whereas ‘—’ denotes outputs.
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Table 4. Impact of expansionary fiscal policies on selected variables

Economy Society Financial Sector Ecosystem
Type of policy Description of policy T ; i ;
GDP Growth Income and wealth (injequality Firms Iever?ge ratio and CO2 emissions and atmospheric
households’ debt burden temperature
Tax cut for the capitalists 1% cut in the tax rate + -—— ~ -
Tax cut for the workers 1% cut in the tax rate ++ ++ ~ -—
Selective taxation on 2% cut in the VAT rate on green consumer + - - _
consumption goods
Increase in routine government
spending funded by issues of  1.5% increase in routine government spending e - N o
Treasury bills andfor money growth rate
base.
Increase in overall MOIS
funded by issues of Treasury 1.5% increase in MOIS growth rate et ~ ~ -———-
bills and/or money base
Increase in green MOIS funded o .
by issues of Treasury bills 1'.5A’ increase in MOIS grpyvth rate coupled +t + "+ +
with a change in its composition
and/or money base
Increase in green MOIS funded  1.5% increase in MOIS growth rate coupled
by levying taxes on capitalists’  with a change in its composition and a 1% ++ +H ++ +H
income increase in capitalists’ income tax rate.
Increase in green MOIS funded  1.5% increase in the VAT rate on non-green t + " +
by green taxes on consumption  products (to fund green MOIS policies)
Increase in green MOIS funded 30 million USD taxes on firms per 1 Gt of " t ++ it

by carbon tax

industrial emissions of CO2

Notes: + = positive impact; — = negative impact; multiple signs highlight stronger impacts; ~ = no significant (or no univocal) impact.
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Figure 1. Main interactions among the productive sector (blue shade), the financial institutions (purple shade), the ecosystem (green shade) and the society
(orange shade). The policy makers (yellow shade) cannot influence one sphere (e.g., production) without affecting other spheres (e.g., matter resources).
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Figure 2. Selected variables under the baseline scenario (all forecasted values after 2018)
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Figure 3. Impact of fiscal policies on the economy (selected variables)
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(b) Price level following fiscal shocks

(relative to baseline)
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Figure 4. Impact of fiscal policies on the financial sector (selected variables)

(a) Tobin q following fiscal shocks
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Figure 5. Impact of fiscal policies to the society (selected variables)

(a) Labour force following fiscal shocks (b) Unemployment rate following fiscal shocks
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Figure 6. Impact of fiscal policies to the ecosystem (selected variables)
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Figure 7. Univariate sensitivity tests on green policies

(a) Effect of MOIS on atmospheric temperature
(sensitivity test, difference with baseline)
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Figure 8. Multivariate sensitivity tests on green policies
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Appendix A - Model equations

Firms Transactions and Profit

Yy=C+IN+G—Cyr (1) Aggregate demand (constant prices, 2010 USD)
Y=Y, (2) Aggregate supply (equilibrium condition)
NY =Y, - P (3) Nominal output (current prices)

P[z2010]
Cint = Co + €1 Cinr -1 (4) Intermediate consumption
WB=w-N-H (5) Wage bill
w = @ (6) Wage share
Ly =Lg_q + 1 + BE — Ciyr — d(es) " pe — Fpy (7) Loans to firms
Fr=Yy—WB—1_q-Lf_1 —TAX; (8) Firms’ total profit (net of taxes)
Fry =F;-0 (9) Firms’ retained profit
Frqg = Ff — Fpy (10) Firms’ distributed profit

Firms Investment Decisions

K.=K._1+I.—DA, (11) Conventional capital stock
Iy =h-E(Yy) - (1 — dT,—l) (12) Total private investment
_ . 1+gy - . . —
U=1u_ —(1+gK)'(1+gAf) (13) Actual utilisation rate of plants (note: 0 < u < 1and g,r = Aays/ay)
h=[1+4+¢- - (u_,—u,] -h_4 (14) Total investment share to output
I =1Ir — Iy (15) Conventional investment undertaken by firms
DA, =6, K._1 (16) Depreciation allowances on conventional capital
lyr = ygr - If (17) Green private investment
Gyr Cor— . .
Yor = Y5 +Vi Yor-1tVs - ‘Z—'l +vi o dr 1ty ~‘9C—‘1+y5‘gr - Tf_1 (18) Share of green investment to total investment
-1 -1
Kgr = Kgr—1 + lgr — DAy, (19) Green capital stock
K = K. + Ky (20) Total stock of capital at constant prices
DAy = b4y - Kgr—1 (21) Depreciation allowances on green capital
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DAf = DA, + DAgr
BE = ygech + ylteCh ) Gtech,—l

IN = I + BE
Ir_

es =6 1t x- p];’_ll

_AY
9y = Y,

__ ANY

Iny = NY_,

_ MKy
Ik = Kt

Households Income and Wealth
YD,=WB+r4_1-Dy_1—Ty,—1_1 Ly 41— VAT,
YD, =Fpq+ Fp+ 731 Dy +1y_1-Bg_1— T — VAT,
YD =YD, + CG

YD=YD, +YD,

Sw =YD, —C,

NW,, = NW,, _, + S,

Ly =1Ly_1- (1—rep) +¢-C,

_ Lwea (reptrya)
YDy,

NW, = NW,_, + YD — C,
NW = NW,, + NW,

bur

Households Consumption Decisions

C, = [cw YD, - E® 4 o NW, - %} (1-dr_,)

Pw

Cr = [CTL' : YD#S : E;pn) + Cam - NWr,_y - %] ’ (1 - dT,—l)

) A— w
Cgr = Cgr* Cy

(22) Total depreciation allowances
(23) Private non-green innovative spending
(24) Total spending for investment and innovation

(25) Quantity of new shares issued by firms as a percentage of planned investment

(26) Real output growth rate
(27) Nominal output growth rate

(28) Rate of accumulation of total capital

(29) LC disposable income

(30) UC’s disposable income

(31) UC’s Haig-Simons disposable income
(32) Total disposable income

(33) LC's saving

(34) Net wealth of LC

(35) Loans to LC

(36) Debt burden of LC

(37) Net wealth of UC
(39) Total net wealth of households

(40) Total consumption of LC (net of climate-related damages)

(41) Total consumption of UC (net of climate-related damages)

(42) Green consumption of LC
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Cgr = cgr - Cyy (43) Green consumption of UC

C =C, —Cgr (44) Routine consumption of LC
Cr=c,-cy (45) Routine consumption of UC
cgr=co tc -dr_q1t+cy - (vatc — vatgr) (46) Green consumption share of LC
Cgqr=c¢o tcf -dp_q+c3- (vatc — vatgr) (47) Green consumption share of UC
c=¢C,+C; (48) Total consumption

Cgr = Cgr + Cgy (49) Total green consumption

Households Portfolio Decisions

Pe = E(NW,) - [/110 + A1 E() + A4 5((;3;;)) + A3 E(ry) + A4s - E(rd)] -é (50) Unit price of shares

eq = € (51) Equilibrium condition for the stock market
E;=e; De (52) Nominal shares held by capitalist households
B; = E(NW,) - [/’120 Ay E(r,) + Ay 5((153)) + A3 - E(rp) + Agy - E(rd)] (53) Nominal government bills held by capitalist households
D = E(NWi) - |Aso + A5y - E(re) + Az - jgf;)) + Asg - E(ry) + Aga - E(r)] (54) Deposits held by capitalist households
H,=NW,—E; —B; — Dy (55) Cash held by capitalist households

D, = NW¢ —H,, (56) Deposits held by LC

NWS = NW,, + L, (57) Gross wealth of LC

H, = A, - NWS (58) Cash held by LC

Dy =D,, + D, (59) Total demand for bank deposits

H;=H, + H, (60) Total demand for cash

Commercial Banks and Central Bank

D; = Dy (61) Supply of bank deposits

A; =Dy —Ls + Hg (62) Demand for advances (+) / Excess reserves (—)

As = Ay (63) Supply of advances (+) / Excess reserves (—)

Hg =pp-Ds_4 (64) Reserve requirement (demand)
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H = H}
Ly=1Ls4 + d(Lq)

Lg=1Ls+ 1Ly,
Fy=Ls—1-1,-1—Ds—1-7g-1
By = Bs — By

HS=Bcb+AS—H_§
T =Tep + I

Ta = Teb

Other Financial Variables and Indices

CG = €s—1° d(pe)
F
r, = —L—
€s,—1'Pe,—1
__ Es'Petly
Ky
__Lr
es~pe+Lf
Pe
Frles—1

per =

Government Spending and Taxation
TAX =TAX; + TAX,, + TAX; + VAT,, + VAT,

vat
VAT, = C, - —%
1+vat,,
vat.
VATE = Cn ket
1+vaty
cy cy
— A L=<
vat,, = vatg, C + vat, C
ct

T
vat, = vat,, - & + vat, - &<
bid gr ", ¢,

TAXy = 17 - emisy, 4

(65) Reserve requirement (supply)

(66) Supply of loans (endogenous)

(67) Total demand for loans

(68) Bank profit

(69) T-bills purchased by CB (residual amount)
(70) Money created by CB

(71) Interest rate on bank loans

(72) Return rate on bank deposits

(73) Capital gains/losses on shares

(74) Dividend yields
(75) Tobin’s q
(76) Firms’ leverage ratio

(77) Price-earnings ratio

(78) Total tax revenue

(79) Taxes on value added paid by LC

(80) Taxes on value added paid by UC
(81) Average VAT rate for LC

(82) Average VAT rate for UC

(83) Taxes on firms’ emissions (carbon tax)
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TAXy, =Ty (WB+74_1-Dy 1)

TAXp =Tg (Fra+ Fp +74-1 D1+ Tp—1-Ba-1)
G = Grour + Gmois

Grout = Grout,—1 - 1+ ggout)

Grmois = Gmois,—l : (1 + ggwis)

Ggr = a - Gmois

Grech = (1 — @) - Ginois

Government Budget

B; = Bs_1 + GDEF

GDEF =G+1,_1-(Bs—1—Bep-1)—T
GDEB = GDEB_; + GDEF

Ty =Tep T Up

Up =No + 11 -dr

The Ecosystem: Material Resources and Reserves

Ymat = M- Ys

mat = Yyt — rec

TeC = Prec * des

des = p-(DAs +{-DC_y)

DC=DC_,-(1-0+C

kse = kse,~1 + Ymar — des

wa = mat + cen + 02 — emis — Ak, = mat — Ak,

hws = hws_; + haz - wa
hws

hratio = surs

km =kpy 1+ convy, —mat

convy, = max(0y, 1 TeSy 1, mat_;)

(84) Taxes on LC’s income

(85) Taxes on UC’s income (excluding capital gains)

(86) Total government spending (net of interest payments)

(87) Routine government spending

(88) Mission-oriented innovation spending by government (MOIS)
(89) Government MOIS devoted to green conversion

(90) Other government MOIS (e.g., new technologies)

(91) Nominal supply of government bills

(92) Government deficit (note: no interest payments on government bills held by CB)
(93) Stock of government debt

(94) Return rate on government bills

(95) Risk premium on T-bills

(96) Production of material goods

(97) Extracted matter

(98) Recycled socio-economic stock

(99) Demolition or disposition of socio-economic stock
(100) Durable goods (lasting more than one period)
(101) Socio-economic stock

(102) Waste generated by production process

(103) Hazardous waste level

(104) Hazardous waste ratio (Gt/Km?)
(105) Stock of material reserves

(106) Material resources converted to reserves
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T€Sy =TeSy_1—C

Pm = P+ Pm -

onvy,

mat_q

Om,—1T€5m,—1

Om = 07(1)1+071r1'E(pm)

emis

cen =
car

02 = emis — cen

The Ecosystem: Energy Resources and Reserves

e =¢-Y;

er =Ten "€
en =e—er
ed =en+er

ken = kep—1 + conv,, —en

CONVpp, = MaX(Ogp —1 " T€Sen,—1,€N_1)

T€Sen = TeSen—1 — CONVgy

Pen = pgn + p;n S

en_q

en,—1'T€Sen,—1

Oen = O-eon + Geln “E(Pen)

Emissions and Climate Change

emis;, = B -en

emis; = emis;_, - (1 —g;)

emis = emis;, + emis;

COZAT = emiS + lpll . COZAT'_]_ + lp21 . COZUP,—l
co2yp = Y13 €021 1 + Yoy - CO2yp_1 + P35 - CO219 4
C0210 = Yp3 - CO2yp 1 + Y33 - CO210 4

co2at

F=F, log, (—RE
T

P
co2y

Fx = ex—1 T fex

)+ Fox

(107) Stock of material resources

(108) Unit price of extracted matter

(109) Actual conversion rate of matter resources
(110) Carbon mass of (non-renewable) energy
(111) Mass of oxygen (02)

(112) Total energy required for production

(113) Renewable energy at the end of the period
(114) Non-renewable energy

(115) Dissipated energy at the end of the period
(116) Stock of energy reserves

(117) Energy resources converted to reserves
(118) Stock of energy resources

(119) Unit price of energy

(120) Actual conversion rate of energy resources

(121) Industrial emissions of CO>

(122) Land emissions of CO;

(123) Total emissions of CO3

(124) Atmospheric CO; concentration

(125) Upper ocean / biosphere CO; concentration
(126) Lower ocean CO; concentration

(127) Radiative forcing over pre-industrial levels (W/m?)

(128) Radiative forcing (W/m?) due to non-CO; greenhouse gases
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F
sens

Tro =Tro-1+ t3- (TAT.—l B TLO"l)

Tar = Tar,—1 +t1 - [F -

Ecological Efficiency
Kgr K¢

,u:;ugr'K_f-l'UC'K_f

K K
e=¢gg L teg =
Ky Ky

K K,

= . 9r . =<
B=Bor ot Be i
K K
— gr c
nen_rlgr'Kf-l' C'K_f

mat

pm km,—l
en

Pen =

ken,—1

Ecological Feedbacks and Damages

8 =80 +(1-62)-(1—ady) drp,
§;=60+(1-62) - (1—ad?) drr—s

ar = as_q - (1 + gf) . [1 —(1—adp)- dTp,_l]
9r = 9ro + 9r1 " 9BE-1

Ap = an_1-(1+ gy) - [1 —(1—adp)- dTP,—l]
9n = 9no T n1 T Gn2 " 9y,-1

Ino = Gno-1* (1 — gn3)

dp=1— :

1+dam, T ar+dam, Tip+dams - Tap
dTP = damp : dT
1-dy

“Tar-1 — Ly (TAT,—l - TLO,—l)]

(129) Atmospheric temperature (C)

(130) Lower ocean temperature (C)

(131) Matter-intensity coefficient

(132) Energy-intensity coefficient

(133) COs-intensity coefficient

(134) Share of renewable energy sources

(135) Matter depletion ratio (net of recycling)

(136) Non-renewable energy depletion ratio

(137) Impact of climate change on conventional capital stock depreciation
(138) Impact of climate change on green capital stock depreciation

(139) Product per unit of (either conventional or green) capital

(140) Growth rate of product per unit of capital

(141) Labour productivity
(142) Growth rate of labour productivity
(143) Deceleration rate of labour productivity

(144) Proportion of gross damage due to changes in at. temperature (x = 6.6754)

(145) Productivity damage
(146) Fund damage
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Labour force, Employment and Working Time
LF=LF_;-(1+g.)- [1 —(1—ady)- dTF,—l]
gir = Ufo + Ufs = Uf; -un_y — lf3 - hratio_,

lfo = lfo,—1 -(1—=1f)

Ys
" Heay,
H = H—l + h’l . (em_l - hz)
em =2
LF

un=1—em

Production Function and Price Level

Yo =as-Kf

Y; = an . LF_l . H—l
* km,—1trec

¥y, = fmertree

Ken —
Yo ==
Yee = min(Y7, Y;)
Yoco = min(Yy,, Y5,)
Y* = min(Yeee, Yeco)

py=aﬁn-(1+mk)

W=Ww_q- (1 +w, - dia”))
mk = mky + mk, Y;’fl
-1

P =T Py + T Pen + T3 P
pw =p - (1 +vaty)

Pz =p (1 +vaty)

E(x) =x_1+¢ - [E(x_1) — x_4]

(147) Labour force level
(148) Labour force growth rate

(149) Autonomous component of labour force growth rate

(150) Employment level
(151) Annual working time
(152) Employment rate
(153) Unemployment rate

(154) Capital-determined potential output
(155) Labour-determined potential output

(156) Matter-determined potential output

(157) Energy-determined potential output

(158) Economically-constrained potential output
(159) Ecologically-constrained potential output
(160) Potential output (Leontief function)

(161) Unit price of production

(162) Money wage rate

(163) Gross mark-up over labour cost

(164) General price level (output deflator)

(165) Price paid by LC including VAT

(166) Price paid by UC including VAT

(167) Expectation function (with: x = p, 13,74, %)
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Other Utilisation Rates

u, == (168) Matter utilisation rate
m Ym
Uep = Y:—Sn (169) Energy utilisation rate

Redundant Equation
H, =H, Cash: supply = demand
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Appendix B - Additional tables and figures

Table B1. Coefficient values and initial values of lagged variables and stocks (in 2008)

Symbol  Description Value Remarks / Sources
as Real product per unit of capital 0.64 Calibrated such that the model generates the baseline
scenario presented in section 3.4
a, Hourly product per unit of labour input 0.012 Calibrated such that the model generates the baseline
scenario presented in section 3.4
adi  Adaptation coefficient of conventional capital stock 0.75 Based on Dafermos et al. (2017)
adlg Adaptation coefficient of green capital stock 0.75 Based on Dafermos et al. (2017)
ad;;  Adaptation of labour force to global warming 0.95 Based on Dafermos et al. (2017)
adp Sensitivity of capital depreciation rate to sustainability gap 0.50 Based on Dafermos et al. (2017)
By Demand for T-bills (and other government securities) 11.71 Calibrated such that the model generates the baseline
scenario presented in section 3.4
Cc Total consumption 47.70 Based on World Bank data, 2019
cy Coefficient of green consumption share of LC 0.15 Calibrated such that the model generates the baseline
scenario presented in section 3.4
cF Coefficient of green consumption share of UC 0.15 Calibrated such that the model generates the baseline
scenario presented in section 3.4
cy Coefficient of green consumption share of LC 0.50 Calibrated such that the model generates the baseline
scenario presented in section 3.4
cf Coefficient of green consumption share of UC 0.50 Calibrated such that the model generates the baseline
scenario presented in section 3.4
cy Coefficient of green consumption share of LC 0.50 Calibrated such that the model generates the baseline
scenario presented in section 3.4
¥ Coefficient of green consumption share of UC 0.50 Calibrated such that the model generates the baseline
scenario presented in section 3.4
Caw LC's propensity to consume out of wealth 0.02 Calibrated such that the model generates the baseline
scenario presented in section 3.4
Can UC’s propensity to consume out of wealth 0.0125 Calibrated such that the model generates the baseline
scenario presented in section 3.4
CinT Intermediate consumption 10.68 Based on World Bank data, 2019
Cw LC's propensity to consume out of income 0.90 Calibrated such that the model generates the baseline
scenario presented in section 3.4. Note: 0.88 = average
value worldwide
Cy LC’s consumption 31.95 Calibrated such that the model generates the baseline
scenario presented in section 3.4
Cr UC'’s propensity to consume out of income 0.60 Calibrated such that the model generates the baseline
scenario presented in section 3.4. Note: 0.88 = average
value worldwide
Cy UC'’s consumption 15.74 Calibrated such that the model generates the baseline
scenario presented in section 3.4
car Conversion coefficient of Gt of carbon into Gt of CO2 3.67 Based on Dafermos et al. (2017)
cen Carbon mass of the non-renewable energy sources (Gt) 9.8 Based on Dafermos et al. (2017)
co2,r Initial level of atmospheric CO2 concentration 3,120.00 Based on Dafermos et al. (2017)
co25RE  Pre-industrial CO2 concentration in atmosphere (Gt) 2,156.20 Based on Dafermos et al. (2017)
co2;o Lowerocean CO2 concentration 36,706.70 Based on Dafermos et al. (2017)
co2yp  Upper ocean/biosphere CO2 concentration 5,628.80 Based on Dafermos et al. (2017)
dr Percentage of damages 0.0028 Based on Dafermos et al. (2017)
drp Percentage of damages to fund 0.0026 Based on Dafermos et al. (2017)
drp Percentage of damages to productivity 0.0003 Based on Dafermos et al. (2017)
D, Bank deposits held by UC 2343 Calibrated such that the model generates the baseline
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Parameter of damage function
Parameter of damage function
Parameter of damage function

Share of productivity damage in total damage due to global
warming

Nominal amount of shares held by UC

Employment rate (to total labour force)

Land-use CO2 emissions (Gt)

Land-use CO2 emissions (Gt)

Radiative forcing over pre-industrial levels (W/m?)

Increase in radiative forcing due to doubling of CO2 concentraton
since pre-industrial levels (W/m?)

Radiative forcing over pre-industrial levels (W/m?2) due to non-COz
greenhouse gases (W/m2)

Annual increase in radiative forcing due to non-CO2 greenhouse
gas emissions (W/m?2)

Total government spending (net of interests)
Growth rate of private innovation

Baseline value of growth rate of real product per unit of capital
before global warming damages

Sensitivity of growth rate of real product per unit of capital to
innovative spending growth rate

Growth rate of mission-oriented government spending
Routine government expenditure growth rate

Rate of decline of land-use CO2 emissions
Labour force growth rate before global warming
Mission-oriented government spending (MOIS)

Autonomous growth rate of labour productivity

Additional component of autonomous growth rate of labour
productivity

Sensitivity of labour productivity growth rate to growth rate of
output

Rate of decline of autonomous (absolute) growth rate of labour
productivity

Routine government spending
Government debt (non-consolidated)

Investment share
Annual working hours per employee
Sensitivity of working day length to output gap

Reserve requirement (demand)

Hazardous waste ratio (Gt/million km?)
Proportion of hazardous waste to total waste
Hazardous waste stock (Gt)

Stock of energy reserves

Total capital stock
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0
0.00284
0.000005
0.1

11.71

0.95
36.00
4.00
2.30
3.80

0.28

0.005

10.95
0

0.001

0.04

0.04

0.044
0.012
547

0.029

0.6

0.007

547

15.62

0.237
1,800.00
100

11.80

0.03
0.04
14.00
37,000.00
124,26

2017
2017
2017
2017

Based on Dafermos et al.
Based on Dafermos et al.
Based on Dafermos et al.
Based on Dafermos et al.

Py

)
)
)
)

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on World Bank data, 2019
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)

Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on United Nations data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on World Bank data, 2019
Based on Penn World, Table 8.1

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on World Bank data, 2019
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Conventional capital stock 94.78
Green capital stock 29.48
Stock of material reserves 6,000.00
Socio-economic stock 1,135.60
Labour force (billion people) 3.12
Coefficient of labour force growth rate function 0.022
Coefficient of labour force growth rate function 0.022
Coefficient of labour force growth rate function 0.2
Coefficient of labour force growth rate function 0.001
Deceleration rate of labour force 0.018
Employment (billion people) 2.96
Total net wealth 156.20
Total net wealth of LC 78.10
Total net wealth of UC 78.10
Price level (GDP deflator, 2010 = 100) 0.98
Sensitivity of price level to output gap 0.05
Sensitivity of price level to price of energy 0.05
Sensitivity of price level to price of matter 0.05
Unit price of shares 1.00
Autonomous component of energy price 1.00
Sensitivity of energy price to demand-supply gap 0.20
Autonomous component of matter price 1.00
Sensitivity of matter price to demand-supply gap 0.20
Interest rate set by central bank 0.015
Interest rate on bank deposits 0.00
Repayment rate of LC’s loans 0.60
Stock of non-renewable energy resources in 2010 542,000.00
Stock of material resources in 2010 388,889.00
Equilibrium climate sensitivity 3
Earth surface (million km2) 510.10
Speed of adjustment parameter in atmospheric temperature 0.027
function

Coefficient of heat loss from the atmosphere to the lower ocean in 0.0018
atmospheric temperature function

Coefficient of heat loss from the atmosphere to the lower ocean in 0.005
lower ocean temperature function

Atmospheric temperature over pre-industrial levels (C) 1
Lower ocean temperature over pre-industrial levels (C) 0.0068
Actual utilisation rate of plants 0.72
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Based on World Bank data, 2019, and Dafermos et al.
(2017)

Based on World Bank data, 2019, and Dafermos et al.
(2017)

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on World Bank data, 2019
Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Normalisation condition

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Google data, 2019

Based on Dafermos et al. (2017)

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on World Bank data, 2019
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Normal utilisation rate of plants

VAT rate on brown consumption goods

VAT rate on green consumption goods

Wage rate per hour (trillion USD / annual working hours)

Waste generated by production activities (Gt)
Wage bill

Total output (trillion USD, constant prices)
Total disposable income of LC

Total disposable income of UC

Percentage of MOIS devoted to green innovation

Parameter defining CO2 intensity coefficient of conventional
capital

Parameter defining CO2 intensity coefficient of green capital

Autonomous component of firms’ innovative spending

Autoregressive component of green investment

Private non-green innovative spending following government
MOIS

Sensitivity of green investment to government MOIS

Sensitivity of green investment to environmental damages

Sensitivity of green investment to green consumption

Conventional capital depreciation rate

Green capital depreciation rate

Energy intensity coefficient (initial value)
Energy intensity coefficient on green production
Portion of durable goods discarded every year
Initial value of risk premium

Sensitivity of risk premium to global warming

Share of renewable energy (initial value)
Share of renewable energy linked with green production

Profit retention rate of firms

Parameter in portfolio equation for equity and shares
Parameter in portfolio equation for equity and shares
Parameter in portfolio equation for equity and shares
Parameter in portfolio equation for equity and shares

Parameter in portfolio equation for equity and shares
Parameter in portfolio equation for T-bills
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0.90

0.02

0.02

0.0088

11.00
41.82
64.35
35.79

28.55

0.44

0.09

0.05
0.0328
0.20

0.25

0.35

0.5

0.02

0.11
0.1

7.92
6.65
0.015
0.055

0.05

0.14
0.4
0.2

0.30

0.00

0.00

0.00

0.00
0.30

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on World Bank data, 2019
Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Deloitte's 2016-2017 Global CIO Survey

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on World Bank data, 2019
Based on World Bank data, 2019
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Horizontal constraint on coefficients for rates of return

Calibrated such that the model generates the baseline
scenario presented in section 3.4
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Parameter in portfolio equation for T-bills
Parameter in portfolio equation for T-bills
Parameter in portfolio equation for T-bills

Parameter in portfolio equation for T-bills
Parameter in portfolio equation for bank deposits

Parameter in portfolio equation for bank deposits
Parameter in portfolio equation for bank deposits
Parameter in portfolio equation for bank deposits

Parameter in portfolio equation for bank deposits
Percentage of cash held by LC

Risk premium on T-bills

Matter intensity coefficient on conventional production
Matter intensity coefficient on green production
Mark-up on interest rate for bank loans

Adjustment coefficient of price expectations

Percentage of reserve requirement

Recycling rate of discarded goods

Autonomous component of non-renewable energy conversion rate

Sensitivity of energy conversion rate to energy price
Autonomous component of matter conversion rate
Sensitivity of matter conversion rate to energy price
Average tax rate on LC's income

Average tax rate on UC'’s income

Sensitivity of investment share to utilisation gap

COz transfer coefficient
CO:z transfer coefficient
COz transfer coefficient
CO:2 transfer coefficient
CO:2 transfer coefficient
CO:2 transfer coefficient
CO:2 transfer coefficient
Equity to capital ratio

Gross percentage of new personal loans to disposable income

Wage share to total output

0.00

0.00

0.00

0.00
0.30

0.00

0.00

0.00

0.00
010

0.055

0.76
0.61
0.055

0.03

0.24
0.003
0.00001
0.0005
0.00001
0.14
0.14
0.11

0.9817
0.0183
0.0080
0.9915
0.0005
0.0001
0.9999
0.001

0.01

0.65

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Horizontal constraint on coefficients for rates of return

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Horizontal constraint on coefficients for rates of return

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on World Bank data, 2019
Based on World Bank data, 2019

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)
Based on Dafermos et al. (2017)

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Calibrated such that the model generates the baseline
scenario presented in section 3.4

Based on World Bank data, 2019
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Figure B1. Potential output as determined by equations (153) to (159)

(a) Production function: economic contraints only (baseline) (b) Production function including ecological constraints (baseline)
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Note: ecologically-constrained output is defined by equation (158); economically-constrained output is defined by equation (157).
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Figure B2. Auto- and cross-correlations of main output components: in-sample series vs. out-of-sample (predicted) series
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Note: Series are all expressed in logarithms. A Hodrick-Prescott filter (with A = 100) was used to separate the cyclical component of each series from its trend. Only the former is considered. Observed data refer
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to the period 1960-2018. Simulated series cover the period 2018-2050 (out-of-sample predictions).
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Figure B3. Differential policy effects: a 5D comparison
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Note: The five dimensions considered are: i) the economic sphere, which is expressed by real output (x axis); ii) the financial sphere, which is
expressed by the leverage ratio of firms (y axis); iii) the ecosystem, which is expressed by the atmospheric temperature (colour); iv) the society,
which is expressed by income inequality (z axis); v) the year of the observation (which determines the size of each marker and is sorted according
to an ascending order). Variables in quadrant (a) are at their baseline values. By contrast, variables in quadrants (b) to (j) are calculated as ratios
to (or differences with) baseline values.
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