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Abstract
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limited R&D budgets, a policy of continuous Resource tax growth is needed to direct technological change
to achieve a greener economy. This needs to be coupled with planned government spending adjustment to
spur demand and boost investment. The findings also suggest that a mix of market-based and centralized
policies may be optimal.
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1. Introduction

In 2009, OECD countries signed the Green Growth Deceleration in a bid to achieve higher growth while
simultaneously tackling aspects of resource use and emissions (OECD 2011). Following the 2015 Paris
Accord, the European Union (EU) has set itself an ambitious target of reducing emissions by at least 40%
by 2030 relative to 1990 levels (EC 2016a). Both agreements signal a shift in the policies of high-income
countries that want to achieve “sustainable growth” through “green” investment and innovation (OECD
2015; EIB 2015). In the EU, “green growth” forms an integral part of the holistic EU2020 strategy, which
aims to tackle issues of environment, unemployment, and inequality (EC 2010). A recurring theme across
these agreements is a focus on research and development (R&D) which can simultaneously enable green
innovation, productivity gains, and job creation. This is also reflected in the reclassification of the R&D
from an expenditure category to an investment category in the European System of Accounts (ESA) in 2010
in order to better highlight its contribution towards overall economic growth (EC 2017). Additionally, the
EU also proposes to increase R&D spending to at least 3% of GDP by 2020, up from the current 2% to
bring it in line with other high income regions (EC 2016b).

While there is consensus among economists that higher R&D spending is positively correlated with higher
levels of innovation, productivity gains, and growth, the channels through which this materializes has been
a subject of decades of research (Dosi 1988; Rousseau 2008; Pollitt et al. 2010; Marangoni and Tavoni 2014).
In neo-classical models, technological change is usually defined as efficiency gains in inputs resulting from
improved productivity.! While in standard Solow-type growth models, productivity gains are introduced
exogenously, usually on the whole production function (Solow 1956), endogenous growth models discuss how
input-specific technological change can be determined within the model. One key assumption used to explain
endogenous technological change is the induced innovation hypothesis (Hicks 1932) which states that inputs
with rising prices will spur higher investments in those inputs to reduce costs in order to maximize profits
(Romer 1990; Tavani and Zamparelli 2017). Thus by manipulating price signals, whether through taxes or
subsidies or increasing R&D, or a combination of these, a policy planner can “direct” technological change
towards a certain input. This logic has also been applied to climate change models where the discussion
focuses transitions to a low emissions economy by shifting resources away from “brown” sectors towards
“green” sectors and is also supported by a growing body of empirical literature (Léschel 2002; Popp et al.
2010).

Unlike standard exogenous growth models, endogenous technological change models acknowledge the
role of path dependencies, role of input substitutability, and the role of policy interventions in markets

under certain conditions (Acemoglu et al. 2012, 2016; Aghion et al. 2016). Despite these advantages,

IThis is distinctly different from a Schumpeterian technological change, which results in the probabilistic creation of new

technologies through invention, innovation, and diffusion (Schumpeter 1934; Nelson and Winter 1977).
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endogenous technological change models have three shortcomings. First, they operate in a world with
perfect foresight, for example without unemployment, thus miss out on crucial aspects of environmental
policies that potentially might result in negative effects on the economy (Daly 1991). For example in the
EU, secular stagnation, unemployment, and inequality remain a persistent problem since the 2008 financial
crisis (EC 2016¢). Second, European Union (EU) countries have strong labor laws and wage bargaining
institutions that have a strong impact on wage formation. This indirectly encourages R&D investment in
labor-saving technologies as opposed to resource-saving technologies. Third, the role of limited finance is
not discussed. Post-2008 financial crisis, investment levels on the whole have gone down, while firms are
unwilling to invest in high-risk “green” projects (EC 2016¢). This implies that the conditions for green
investment needs to be created through regulation or state-led investment schemes where the state itself
might need to fill in the role of the innovator (Mazzucato 2015, 2016).

With rising skepticism of supply-side market-based solutions provided by mainstream climate models
(Spash 2012; Stern 2016; Pindyck 2017), non-mainstream models, mostly stemming from the post-Keynesian
school, have recently emerged (Hardt and O’Neill 2017). These models do away with perfect foresight
assumptions and introduce adaptive behavior in a world with uncertainty. They also discuss at length,
the role of institutions and regulations. Like endogenous growth theory models, they also ascribe to path-
dependencies, but go a step further to also include endogenous institutional change. However, since non-
mainstream demand-driven climate models are relatively new, they lack a proper treatment of supply-
side environmental constraints (Fontana and Sawyer 2013; Rezai et al. 2013) and a detailed exposition of
endogenous technological change.

In this paper we provide a conceptual modeling framework that integrates the demand-driven post-
Keynesian theory with the induced innovation hypothesis. We develop a model, where demand for capital
and consumption goods is met by the firms that require three inputs — Labor, Capital, and Resources — to
produce outputs. Resource represents the general material intensity of the economy where less is preferred
to more. Private firms produce R&D as part of general investment in the economy. The R&D budget is
determined through firm’s profitability and government sector’s revenue both of which are assumed pro-
cyclical. 'We propose a novel way of modeling R&D decisions, where, in a limited finance environment,
the R&D allocation across the three inputs follow a portfolio choice-like decision. Following the induced
innovation hypothesis, we assume that the inputs with the highest growth in costs sees the highest increase
in the R&D investment share over time. This determines the level of productivity gains across all inputs.
The model allows for involuntary unemployment, and wage dynamics depend on target wages shaped by
labor market institutions and path-dependent social norms. This can result in constellations where workers
try to index wage growth to labor productivity growth, which in turn induces firms to direct innovation
towards labor-saving technological change.

We report two policy experiments. In the first experiment, the impacts of a market-based one-off versus

3



continuous resource (or carbon) tax increase are compared. In the second experiment, we combine the
continuous resource tax increase with an autonomous increase in public R&D (or green R&D) expenditure
on Resources and discuss the effects of hybrid policies. Model results show that in a world of demand-led
growth, endogenous technological change with complementary inputs, strong labor institutions and limited
finance, market-based climate policy instruments need to be continuously increased over a long-time horizon
rather than pursuing a one-off optimal target level of, say, environmental taxes or subsidies in order to
achieve a green transition. Thus one does not need to stop economic growth (Acemoglu et al. 2012) or
solely rely on command-and-control policies (Lamperti et al. 2016) to achieve a green transition under the
input-complementarity assumption. This, however, needs to be combined with carefully managed public
spending to ensure demand generation to keep the economy on a growth path. Results also show that a mix
of market-based policies (e.g. carbon taxes) combined with centralized command-and-control policies (e.g.
green public R&D) might be optimal to achieve a greener economy.

The remaining paper is structured as follows. Section 2 reviews the literature in detail. Section 3
presents the model, and Section 4 presents the simulation results. Section 5 provides conclusions and

discusses potential extensions.

2. Literature

This section discusses various schools of thought, their treatment of climate change, and in particular
their discussion of technological change. The first subsection reviews the developments in neo-classical
endogenous growth theory and its contribution to climate models. The second subsection explores non-

mainstream schools, their applications to climate change, and their treatment of technological change.

2.1. Neo-classical environmental economics

Technological change in neo-classical models is introduced as either exogenous or endogenous (Loschel
2002; Jaffe et al. 2003; Rousseau 2008; Popp et al. 2010). Exogenous technological change models are derived
from the Solow framework (Solow 1956), where an exogenous productivity shock to the overall production
function, or specific inputs (for example, labor augmenting technological change), causes the production
possibilities frontier to shift outwards, resulting in higher growth. In climate economics, the Solow framework
was first adapted by Nordhaus in the widely-cited DICE framework (Nordhaus 1994; Nordhaus and Sztorc
2013), which now forms the backbone of the Integrated Assessment Models (IAMs). In their simplest form,
TAMs assume that economic activity results in emissions, that causes temperature and radiative forces to
increase, negatively feeding back on the economy though an environmental damage function. The solution to
this problem is the price of carbon, which is derived as the equilibrium condition between marginal damage

and marginal abatement costs of climate change in a perfectly competitive environment with perfect foresight



(Weitzman 2012). TAMs form the bulk of research done on addressing policy goals like the 2 degree climate
targets (IPCC 2012, 2016). While TAMs have been expanded considerably to include multiple sectors (Tol
1997), and regions (Nordhaus and Yang 1996; Nordhaus and Sztorc 2013; Hope 2013), they face rising
criticism over a lack of discussion of the importance of non-competitive markets, path-dependencies, the
role endogenous technological change, and the role of R&D and innovation, which can cause models to
overstate the extent of climate damage (Stern 2016; Pindyck 2017).

This gap in the IAMs models is filled by endogenous technological models, which attempt to explain
how factors like prices, investment levels, and R&D, can help explain input-specific productivity gains
within the model (Kennedy 1964; Binswanger and Ruttan 1978; Dosi 1988). A key theory behind this is
the induced innovation hypothesis (Hicks 1932) which states that inputs with rising costs will see higher
R&D investment to improve input-specific productivity gains, which, for profit-maximizing firms, implies
lower costs. Endogenous growth theory models, as formalized by Romer (1990), do away with the perfectly
competitive markets and assume that firms invest in R&D to produce innovation, which enables them to
create patent-driven monopolistic markets, allowing them to extract rents (Tavani and Zamparelli 2017).
This theory, for example, has been used to explain that despite persistent labor productivity gains over the
last century, wages have been rising, resulting in an upward sloping demand-curve (Acemoglu 1998, 2002).

Endogenous technological change climate models build on the Romer framework (Romer 1990) by intro-
ducing a low or zero-emissions “green” and a high-emissions “brown” sector, where the aim of the central
planner is to transition towards a greener economy (Loschel 2002; Kahouli-Brahmi 2008; Gillingham et al.
2008; Popp et al. 2010). Within this field, the seminal contribution of Acemoglu et al. (2012) considerably ex-
pands the earlier research in this field (Smulders 1995; Bovenberg and Smulders 1996; Ferrante 1998) to show
how climate policies can be introduced in a generic endogenous growth model. A growing body of literature
in this field discusses various strands of assumptions, for example, the role of input substitutability, level of
R&D investment, the timing of policies, and whether to use market-based or “command-and-control”-based
policy instruments (van der Zwaan et al. 2002; Carraro et al. 2003; Jaffe et al. 2003; Bretschger 2005; Lutz
et al. 2005; Requate 2005; Popp 2006; Sue Wing 2006a; Kahouli-Brahmi 2008; Grimaud and Rouge 2008;
Behar 2009; Windrum et al. 2009; Vona and Patriarca 2011; Acemoglu et al. 2012, 2016; Lamperti et al.
2016).2

These models also highlight the complexity of the problem with several avenues still open to further
research. First, understanding and calculating the indirect effects of R&D, which potentially materialize

over a longer time horizon (Sveikauskas 2007; Grimaud and Rouge 2008). Second, understanding the role of

2See also, for example the ENTICE model, that introduces the endogenous technological change in the DICE framework
(Popp 2004). Additionally, the WITCH CGE-IAM model (http://www.witchmodel.org/), that provides a rich combination
of bottom-up energy supply decisions with top-down output optimal growth decisions with endogenous technological change

(Bosetti et al., 2006, 2007; Carrara and Marangoni, 2017).



the private and public sectors’ contribution to R&D spending since their incentive structures vary. While
the private sector aims at maximizing profits, the public sector aims at maximizing social welfare (Loschel
2002; Popp et al. 2010). Third, highlighting the impact of innovation in one input on other inputs, where
the elasticity of substitution between the two can play an important role. These for example can result in
“crowding-out”, where R&D investment is shifted towards a specific input leaving less for innovation in other
inputs (Sue Wing 2006b; Pizer and Popp 2008; Popp et al. 2010; van den Bergh 2013), or “rebound effects”
where lowering of costs increases demand (Binswanger 2001; Herring and Roy 2007; Otto et al. 2008). To
tackle some of these questions, endogenous technological change climate models are also supported by a
growing number of empirical papers, which usually investigate the direction and intensity of climate policies
in inducing technological change towards a greener economy (Popp 2001, 2002; Lutz et al. 2005; Golec and
Vernon 2010; Sue Wing 2006b; Aalbers et al. 2013; Eom et al. 2015; Aghion et al. 2016).

2.2. Debates in Ecological Economics

A core criticism of mainstream climate models comes from the recently flourishing field of Ecological
Economics. The Ecological Economics discourse starts with the premise that the planetary boundaries
need to be respected (Rockstrom et al. 2009; Steffen et al. 2015), and there are limits to growth such that
once certain environmental tipping points are crossed, the consequences will be non-reversible (Meadows
et al. 1972, 2004). Therefore one needs to find a balance between the use of natural resources and minimal
societal needs to come up with equitable and “just” development pathways (Raworth 2017). The field is
skeptical of the standard economic models, especially the IAMs, which only rely on supply-side pricing
(Victor and Rosenbluth 2007; Spash 2012; Rezai and Stagl 2016; Rgpke 2016) without discussing the role of
path-dependencies and institutions that are central to overall societal transformations towards a low-carbon
economy (Kronenberg 2010; Pollitt et al. 2010; Scrieciu et al. 2013; Rezai et al. 2013). Additional they
also emphasize the role of finance and financial institutions in impacting investment decisions (Lavoie, 2014;
Monasterolo and Raberto, 2018), and the role state, which both complements and competes with the private
sector in terms of R&D spending and innovation (Mazzucato, 2015, 2016).

Despite these criticisms, the field of ecological economics is agnostic about the right choice of modeling
tools, and with polemic viewpoints ranging from “de—growth” (Victor 2012; Klitgaard and Krall 2012; Kallis
et al. 2012), “a—growth” (Van den Bergh 2011; van den Bergh 2017), to more recent “post—growth” (Victor
and Rosenbluth 2007) movements. These debates broadly mentions technological change and innovation as
one of the drivers of green transition (Bretschger 2005; Cato 2012; Scrieciu et al. 2013; van den Bergh 2013)
but the limited pool of non-mainstream models that deal with climate change are still a step away from

fully incorporating these concepts within their modeling frameworks.



2.3. Non-mainstream approaches

Non-mainstream ecological macromodels are a relatively new field, mainly due to the fact that supply-side
environmental constraints have not been a concern in a primarily demand-driven field (Kronenberg 2010;
Rezai et al. 2013; Fontana and Sawyer 2013, 2016). These models use alternative model closures, focusing
on the demand and investment side of the economy, while also addressing endogenous institutional change
(Lavoie 2014). This implies a stronger role of both financial sectors and the government as key players
in policy outcomes. Several modeling approaches exist within this field: analytical demand-driven models
(Fontana and Sawyer 2016; Rezai et al. 2018), agent-based models (ABMs) that exploit properties of a large
continuum of heterogeneous agents (Balint et al. 2017), and a newer pool of accounting-based Stock-Flow
Consistent (SFC) macro models that carefully analyze the impact of climate policies given financial and

institutional constraints (Hardt and O’Neill 2017).

2.3.1. Analytical post-Keynesian models

The post-Keynesian framework is significantly different from neo-classical framework in its rejection of
the Say’s Law, despite having growth and investment as central themes (Lavoie 2014). At the core of post-
Keynesian models are two key assumptions. First, is fundamental uncertainty where future outcomes are
unknown resulting in adaptive behavioral heuristics that can be modeled through adaptive expectations or
herding behavior (as opposed to rational expectations in mainstream models). As a consequence, agents
update their behavior based on past experiences, current market signals, and future expectations. In this
scenario, one moves away from optimal inter-temporal allocation of resources to path-dependent outcomes.
Second, capital stock and employment, are in general, not at their optimal level allowing the economy the
flexibility to adjust to fluctuations both in the short and in the long-run (Robinson 1956; Kaldor 1957;
Kalecki 1971).

While both endogenous growth models and post-Keynesian models emphasize mechanisms that give rise
to path-dependent growth, the post-Keynesian school goes a step further to include endogenous institutional
change as well, for example hysteresis effects on the labor markets (Setterfield 2011; Stockhammer 2011).
Under these assumptions, the implications for R&D investment are significantly different. This implies that
investment in resource-saving technologies might be competing with the dominant labor sector mostly driven
by the structure of the labor markets, for example, due to the presence of union bargaining processes or
endogenous social wage norms, that constantly put an upward pressure on the labor share in output.

In post-Keynesian models, technological change is introduced as either as constant factor of time or
using the Verdoorn’s law (Verdoorn 1980), which hypothesizes that innovation and productivity go up as
demand increases through either learning-by-doing effects or increasing returns-to-scale production functions
(Lavoie 2014). The Verdoorn’s law complements the post-Keynesian theory as it ensures that the demand

shocks shift aggregate demand as well as aggregate supply (Kaldor 1957; Dutt 2006; Bhaduri 2006). Recent
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papers also attempt to endogenize technological change from a non-mainstream perspective, for example by
modeling labor productivity growth as a function of capital accumulation, income distribution, and labor
market tightness (Foley and Michl 1999; Tavani 2012; Zamparelli 2015; Tavani and Zamparelli 2017)
Ecological macro models stemming from the post-Keynesian school are a relatively new field (Hardt and
O’Neill 2017). Within these small pool of models, technological change and innovation, are introduced as
broad concepts without discussing mechanisms in detail (Kronenberg 2010; Fontana and Sawyer 2013, 2016).
Models introduce productivity parameters as either constants (Victor 2008; Jackson 2009; Berg et al. 2015;
Naqvi 2015) or linearly increasing over time (Fontana and Sawyer 2013, 2016; Dafermos et al. 2017).

2.3.2. Agent-based models

Agent-based models (ABMs) are a bottom-up modeling technique where interactions across large con-
tinuum of agents results in meso and macro outcomes (Arthur 1999; Axtell 2000; Tesfatsion 2006). A key
advantage of ABMs is their ability to handle out-of-equilibrium states, non-linear interactions, and ability
to incorporate learning and evolutionary behavior that can give rise to non-linear outcomes that standard
models are not able to handle (Axtell 2003; Gilbert 2008). After the 2008 financial crisis, ABMs have become
an important tool for modeling and analyzing the complexity of financial interactions (Farmer and Foley
2009) mostly focusing on the aspects of an endogenous system collapse using a complexity approach (Dosi
et al. 2010; Battiston et al. 2012; Thurner and Poledna 2013; Dosi et al. 2013; Monasterolo and Raberto
2018).

In climate economics, ABMs, have been referred to as the “third wave” (Farmer et al. 2015) filling in
the gaps created by mainstream models and addressing the complexities that can arise from interaction
of heterogeneous firms, households, and banks. Balint et al. (2017) reviews the key strands of ABMs
where in the macro models domain, ABMs predominantly expand existing IAMs by introducing a large
set of heterogeneous agents to analyze distributional impacts of climate policies in a limited information
environment (Haas and Jaeger 2005; Gerst et al. 2013; Rengs et al. 2015; Safarzyniska and van den Bergh
2017; Lamperti et al. 2017). Lamperti et al. (2018) reviews the climate ABM literature and discusses
the limitations of existing models, including the analysis of extreme events and climate policies in current
models. They suggest that extreme events can result in fat-tailed distributions and non-equilibrium states
where a bottom-up heterogeneous agent approach can help understand the distributional aspects of climate
change and climate policies. Lamperti et al. (2018) also propose modeling frameworks that can help solve
this problem but highlight that more research is required on distributions, finances, and climate policies.

ABMs usually introduce innovation in a Schumpeterian framework (Schumpeter 1934; Nelson and Winter
1982) and couple it with Keynesian dynamics (Dosi et al. 2010, 2013; Rengs et al. 2015). Within this
framework, heterogeneous firms are endowed with probabilistic functions to innovate, where another set of

probability distributions determine how much gets diffused, adapted, and replicated in a network dynamics-
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type setting.?

While ABMs are strong tool for exploring high levels of complexities, especially of the type that exist in
coupled economic-environment systems, they also have several drawbacks. ABMSs, usually operate with a
very large parameter space making calibrations difficult. Furthermore, a large pool of heterogeneous agents
within different institutional classes considerably increases the complexity of interactions making the results

less tractable.

2.8.8. Stock-flow consistent (SFC) Macromodels

Stock-flow consistent (SFC) models stem from the post-Keynesian school (e Silva and dos Santos 2011;
Caverzasi and Godin 2015; Nikiforos and Zezza 2017) and employ a national systems of accounts of approach
to represent the interactions of economic sectors. The sectors are usually represented as Households, Firms,
Government, Banks, where each sector is endowed with its own set of behavioral rules. SFC models were
first introduced in the early 1940s, to study the role of money in the Flow of Fund accounts of central banks
(Copeland 1949; Cohen 1972) and were later expanded to understand current monetary systems focusing on
endogenous money theory and banking regulations (Godley and Lavoie 2007; Lavoie and Godley 2012). They
gained high traction post-2008 financial crisis, especially with their ability to incorporate business cycles,
effectively challenging the pre-dominant viewpoint of “efficient market hypothesis” under which financial
collapse cannot occur (van Treeck 2009).

SFC models uses a balance sheet approach with a quadruple-entry accounting framework that tracks
stocks and flows across and within sectors. A key strength of this approach is that it ensures that interactions
across and within sectors result in zero-sum transactions. Therefore, by construction, changes triggered in
one sector due to a policy, feedback across other sectors to balance the accounting identities (dos Santos and
Zezza 2008; Caverzasi and Godin 2015). These feedback loops, resulting from a zero-sum condition, are of
key interest in this paper, where we aim to highlight how economic conditions affect investment decisions,
and subsequently innovation when facing a budget constraint where crowding-out (Loschel 2002; Popp 2006)
and rebound effects (Otto et al. 2008) can be systematically analyzed. By construction, SFC models can
be placed in the middle of analytical models with a small parameter space and agent-based models which
operate with a large parameter space. This provides a medium level of complexity that allows for easy
tractability, even allowing analytical solutions to be derived for relatively large models (Zezza 2003).

SFC models have also been employed to study the impact of climate policies by coupling economic
accounts with environmental accounts (Jackson et al. 2015; Naqvi 2015; Hardt and O’Neill 2017). They
have also been extended to include environmental boxes used in standard climate models (Dafermos et al.

2017), input-output analysis to incorporate material flows (Berg et al. 2015), and multi-regional analysis in

3See, for example, the Journal of Evolutionary Economics, that specializes on applications of Schumpeterian innovation.



a North-South framework (Dunz and Naqvi 2017). SFC models have also been recently extended to a new
branch of SFC-ABM models where stock-flow norms govern a large set heterogeneous agents (Monasterolo
and Raberto 2018) within each sector, for example, to analyze policies across EU member states (Caiani
et al. 2016, 2018).

While, on the one hand, SFC models are a relatively new unexplored methodology that provides a rich
framework for analyzing environmental policies, on the other hand, they lack an extensive treatment of
climate problems, aspects of endogenous technological change, and climate-financial linkages that provide a

strong avenue for future research.

3. The Model

The model is set up using four sectors typically represented in the national system of accounts maintain
by central banks; a firm sector which produces all the goods in the economy, a household sector, further
divided into workers and capitalists that provide labor and capital respectively, a government sector, which
collects tax revenue and spends it on public consumption and investment decision, and a banking sector,
which hold household deposits and give out loans to firms.

In order to keep the model tractable, several simplifying assumptions are introduced. First, the firm
sector produces both consumption and capital goods. Additionally, the firm sector also produces R&D,
as part of the general investment demand. Ré&D is financed through the firm sector’s profitability and
government sector’s general expenditure decisions. The government targets a balanced budget by adjusting
its variable expenditure and thereby acts pro-cyclical. Since both firms and the government are affected by
macro trends, R&D investment is also cyclical.

The firm sector uses three inputs — Labor, Capital, and Resources — to meet the final demand. The
Resource input in the model broadly represents material and energy requirements of the economy. This
is a simpler specification than standard models, where the distinction is usually made between “green”
and “brown” firms, typically introduced as two separate sectors (see Monasterolo and Raberto 2018 for
an application in an SFC framework). Our approach avoids expanding the balance sheet to include two
firm sectors in the SFC framework. Instead Resources are introduced as a generic input in the production
function. Therefore, a growth of the green sector relative to the brown sector is reflected in a decrease in
resource intensity.

We assume a closed monetary circuit which allows us to link financial flows generated within the model
through interactions across the sectors. The Household sector earns profit and wage income and interest
on savings held in banks. We also introduce labor institutions that index wage growth to past economic
performance and target wage share constantly putting an upward pressure on wages. Banks are introduced

as simple intermediaries and the environmental sector simply reports the direct emissions resulting from
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output and Resource use.

Table 3.1 shows the Transition Flow Matrix (TFM) which records all the flows across and within the four
sectors of the economy. All rows and columns represent accounting identities which by definition sum up
to zero. For example, in the first column, workers earn wage income (W B) and interest income on deposits
(raD}Y 1), pay taxes (T"), consume goods (C"'), and then adjust the remaining money as bank deposits
(ADWY), resulting in a change in the stock of wealth at the end of the year. Similarly, capitalists earn
dividend income from firms (Div), profit income from banks (II?), and resource rents (IT?). Like workers,
they also earn interest on past deposits (rg DX ;).

The rows highlight the interactions across institutional sectors. For example, the first row shows the
consumption expenditure of households (CW + CX) that is fully met by firms (C). The second row the
shows the government expenditure (G), and the third row the investment (I). The first three rows define

the core identity of the economy which can be summarized in Equation 1 as:

Y, =C,+ I, + Gy (1)

where the total output or GDP Y;, equals household consumption Cy, investment I;, and government

expenditure Gy.

Table 3.1: Transition Flow Matrix (TFM)

Households Firms Banks Govt Total
Workers  Capitalists Current Capital
Consumption -cV —CK +C; 0
Government +Gy -Gy 0
Investment +1; —1I; 0
(R&D) (+R&Dy;) (—R&DF) (—R&DE) 0
Wages +W B, —W By 0
Resources +IE —RB; +TF 0
Loan repay. —BLN;_1 +BLN;_4 0
Profits +Div, + 1IP i +R&DF -5 0
Taxes -V -TK -TF -TP +T3 0
i Deposits +rdeK1 +rdei1 —rqDi_1 0
7 Loans —ri LNy _1 +r LNy 0
A Deposits —AD} —~ADE +AD, 0
A Loans +ALN; —ALN; 0
Total 0 0 0 0 0 0 0
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Two additional features are introduced in Table 3.1 over a standard SFC model (Lavoie and Godley
2012). First, Resources are assumed to be privately owned by Capitalists extract Resource rents (IIF),
determined by firm’s Resource bill (RB;), after paying a Resource tax (T/?). Second, firms produce R&D,
a subset of investment, which is financed by the private sector’s own R&D contribution (R&Df'), and
government’s public expenditure (R&D).

For the sake of clarity, several notations are introduced. The subscript ¢ represents variables that are
updated every point in time. Greek letters represent calibration parameters. Capital letters with subscript ¢
represent nominal values, for example nominal output equals Y;, while small letters with subscript ¢ represent

real values, for example real output equals y;. Simulation runs are presented for a total of 50 years.

3.1. Firms

Firms produce all consumption and capital goods demanded within the economy. Input requirements
are based on the real output y; = Y;/p; and are determined by a Leontief production function using three

inputs:*

yr = min[Ly, Ky, Ry (2)

where the quantity of three complementary inputs, Labor (L), Capital (K), and Resources (R) are

determined by their relative productivities:

Yt Yt Ye
Lo=Y% k=% R =2 3
t GtL t etI( t 65 ( )

The Leontief function represents the production function typically used in post-Keynesian models, where
a fix-coefficient input technology is required to produce a unit of output. This is a simplifying assumption
where a complete model would allow for the ex-ante production technology to be substitutable, however
ex-post, once a certain technology has been selected, substitution is difficult and the production is thus
proxied by a Leontief technology (Koesler and Schymura 2015). This also allows for under-utilization of
labor and capital technologies allowing for supply adjustments based on changes in demand. In our model,
production coefficients across the three inputs will vary over time due to endogenous technological progress,

thus our model allows for substitution in a dynamic sense.®

Labor costs

Total labor demand and the wage bill are determined as follows:

4See Kiimmel et al. (2015); Voudouris et al. (2015) for a discussion on using energy and resources as a third input in standard

climate models.
5See Appendix B for the CES input demand function case.
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L, = 2 (4)
WB; = prL, (5)

The price of labor is the wage rate pL paid per unit of output produced. Average wages in the model are
determined by past wage growth rates and union bargaining processes that mimic labor market hysteresis

(Skott 2006; Stockhammer 2011). The wage dynamics are described as follows:

Pr = Vbt 1 +w(Q — Q1) (6)

Qf =0 +70(Qe-1 — Q) (7)
W B;

O = 8

L ®

Wage growth pL (Eq. 6) is determined as a function of past wage growth rate pL ;, highlighting the
inertia from past wage increases. The second part of Eq. 6, shows the gap between the target wage share QF
and the past wage share ;_1, where wage share is defined as the total wage bill over GDP (Eq. 8). ~, and
~yw represent the relative adjustment weights. Therefore, if wages have been previously rising, and if the
current wage share (Eq. 8) is below that target wage shares, wages will continue to rise due to endogenous
wage norms. The target wage share Q; (Eq. 7) is updated based on past wage share trends. Skott (2006) and
Stockhammer (2008) demonstrate that this is sufficient to generate an endogenous NAIRU and hysteresis
in wages and unemployment. If the economy is in long periods of slump, the target also falls implying that
workers and unions ultimately lower their expectations over time. -y, represent the degree of hysteresis and

ensures that the natural rate of unemployment is endogenous in the long run.

Resource costs

Resources represent non-renewable inputs in the production process and are assumed to be owned by
capitalist households. Like Labor and Capital, the firm’s demand for Resources (R;) is determined by it
level of productivity e (Eq. 9):

R, = % (9)
pit=p"(1+ 77 (10)
RB; = pl*R, (11)
Ik =RB, - T} (12)
Tf = Ryp"r* (13)



For the sake of simplicity, we assume that Resources exist in abundance and have a fixed per unit
production cost pf*. The price of a unit of Resource pf (Eq. 10) is estimated as the base price times the
Resource tax, 7. The total Resource bill, RB; (Eq. 11), equals the resource demand times the price.
The total resource tax revenue T}t is given in Eq. 13. Rents earned from Resources II7 go to capitalist

households as income (Eq. 12) calculated as reveue RB; (Eq. 11) net of taxes T,F (Eq. 13).

Capital costs, investment, and loans
We use a simple investment function, which has as its central feature that investment is demand-driven.
Capital formation takes place through investment decisions where the target real capital stock k], is deter-

mined by the capital productivity level €:

T _ Yt
= (14)
Assuming capital depreciates at a rate §, the current Capital stock k; is determined as the past Capital

stock adjusted for depreciation plus investment i;:

kt = k’tfl(l - (5) + it (15)

The investment function is derived as:
ir = vkl — ki_1) + 6ki_y (16)
I = iyp; + R&DF (17)

where real investment i; (Eq. 16) is a fraction of the gap between the target capital stock and the
past capital stock, closed at a rate -;, plus capital stock replacement resulting from depreciation. Nominal
investment, I; (Eq. 17), equals Capital investment (i;p;) plus the R&D expenditure (R&D{") undertaken
by firms (see Sec. 3.6 for the derivation of R&D).

Firm’s investment in Capital stock is fully supported by loans (LN;) from banks. Although, this is a
simplistic assumption, since firms can also self-finance investment through retained earnings, it does not
effect the model results. In principle higher dividends to capitalists imply that capitalists save more in
banks giving banks more liquidity to lend out new loans, especially at very low borrowing interest rates.

The total current loan demand (LN;) equals:

LN, = LN;_1(1 - B) + I, (18)

where 3 is the loan repayment rate.
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Prices and profits

Firms use mark-up pricing over unit costs (Kalecki 1971) where the burden of the tax is fully shifted on
to the consumers. Unit costs are calculated as the sum of the three input costs; the wage bill (W By), the
Resource bill (RB;), plus the interest and repayment of past loans ((r; + 8)LN;_1), divided by the total real

output (y;):

WBt + RBt + (7'[ + 6)LNt_1

UCy = 19
' Yi (19)
Unit costs contribute to the prices, where the target price p! equals:
pf =UC,(1+0)(1+7F) (20)
pe=pi—1+7 (pf —pi-1) (21)

In Equation 20, 6 is the mark-up value on costs, where a higher value of 6 represents a higher monopoly
power of firms. 7 is the profit tax. Prices update at a rate vp (Eq. 21) implying sticky price adjustments.
Profits of the firm (II;) can be derived as:

ne =Y, - TF —WB, — RB; — (r + B)LN;_1 (22)

TF = (Y, = WB; — RB; — (r; + B)LN;_1) (23)

Following the general consensus in literature, that private R&D decisions are directly linked to firm
profitability and economic growth (Audretsch 1995; Dosi 1988; Guellec and van Pottelsberghe de la Potterie
2003; Golec and Vernon 2010; Sue Wing 2006a; Karjalainen 2008; Aghion et al. 2012; Minniti and Venturini

2017), we replicate this in the model by assuming that a fraction of profits are invested in private R&D

such that:

R&DF = p1if (24)

Divy = (1 - p)lI¥ (25)
The remaining profits go to the capitalists as dividend income, Div; (Eq. 25).

3.2. Households

Households are split into two categories, Workers (W) and Capitalists (K). Both classes earn income

from different sources:
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Inc” =WB; +r4D}", (26)

Inck = Div, + TP + TIF 4 ryDE | (27)

Workers earn (Eq. 26) wage income W B; plus interest on their past deposits 74D}V ;. Capitalists earn
(Eq. 27) dividend income, Div;, from firms, profit income, ITZ, from banks plus rents from selling Resources
I17. Like workers, they also earn interest income on their past deposits rgDJ .

For simplicity, the behavior rules of the two classes is assumed homogenous. Assuming the Household
sectors can be indexed as j = W, K, the behavioral rules of the j sectors can be described by the following

generic set of equations:

T =t Incl (28)
YD! = Inc, — T/ (29)
C! = YD] + ayD]_, (30)
D] =D]_, +(YD] - C{) (31)

Eq. 28 gives the income tax (Tt] ) calculation on the household income at a rate 77. Eq. 29 gives the
disposable income (Y D7), or income minus taxes. Eq. 30 describes the consumption (C?) decision of the
households which is determined by the marginal propensity to consume out of income a7, and the marginal
propensity to consume out of past deposits as. Eq. 31 shows the change in deposits (Dg ), which equals the
opening deposit balance plus savings which equal disposable income (Y D) minus consumption (C).

A richer analysis would imply different parameters across different household classes allowing for exploring

the distributional impacts of climate policies.

3.8. Banks

Commercial banks are a passive entity in the model playing the role of intermediaries between households
and firms. Banks earn income through interest earnings from loans (r;) less interest paid out to household
on deposits (r4). Since the model is SFC, loans and deposits should equalize in the long-run. As long as
71 > 74, banks will earn profits. Banks profits IT? (Eq. 32) are therefore derived as interest earnings net of

taxes (Eq: 33):

2 =r LN, | —rqD}Y, + DE ) - TP (32)

TP = (nLN;—1 —ra(D}Y, + DE ) 75 (33)
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where banks pay a tax rate 72 on profits.

As the focus of the paper is endogenous technical change in a post-Keynesian SFC model, we pur-
posefully keep the financial sector simple. This is for the sake of tractability, not realism. In particular
we sidestep issues of credit rationing credit rationing and financial instability (Nikolaidi and Stockhammer

2017; Monasterolo and Raberto 2018; Caiani et al. 2018).

3.4. Government

In the model, the government subsumes the role of the central bank. The government flows comprise of
tax revenues which are balanced by government’s variable spending. In the model we assume a conservative
balanced-budget government in line with the official policies in the EU, for example, the Maastricht Treaty,
which limits deficit spending.

Assuming the government has a fixed minimum expenditure G, its balance can be written:

B(th = G — Tt (34)

where Ty = TW +TK +TF + TR + TP represents the overall tax revenue. In order to have a zero balance

(Bal; = 0), the government adjusts its variable expenditure G}"

Gyr = Gy + ~,(Bal, — G§*%) (35)

at a rate 4, where a low value of 0 <, <1 implies lags in slowing down of government expenditure in

a downturn. Total government expenditure can be derived as:

Gy =G+Gyr (36)

The share of government spending on R&D is set as a fraction ¢ of its variable expenditure G}*" such

that:

R&DE = Gyen (37)

making public R&D cyclical to economic outcomes.
A richer government sector would include issuing of bonds (including green bonds) to balance the gov-
ernment budget, and an independent Central Bank (Lavoie (2014) chap 11), which will allow for testing of

green monetary and fiscal policies.
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3.5. Environment

In economic models, the environment is usually modeled as a “climate box” with multiple components
(Nordhaus 1994; Weitzman 2012). The core assumption behind the climate box is that economic output
increase emissions, causing temperatures to rise, resulting in higher radiative forces. Some models also
introduce full carbon cycles from the environmental sciences domain which features upper and lower atmo-
spheres, land-use change, forests, and ocean temperatures (Nordhaus and Sztorc 2013). Collectively these
components of the environment affect the economy through a “damage function” that directly affect capital,
output, or labor productivity. Within SFC models, notable applications include Dafermos et al. (2017),
which replicates the Nordhaus and Sztorc (2013) carbon cycles, and Berg et al. (2015), which incorporates
a detailed input-output material flow analysis.

In the model, we keep the climate box minimalistic, simply focusing on direct emissions related to output

and Resource use. An emissions function is defined as:

ye + Ry
G

Emm; = Emmy_1 + (38)

Equation 38 implies that emissions rise based on overall real output and Resource use where €“ is the

constant emissions-to-output ratio.

3.6. Research and Development (RED)

The investment decision in inputs follow the induced innovation hypothesis (Hicks 1932; Romer 1990;
Acemoglu 2002), where the relatively more expensive input sees higher R&D investment, resulting in higher-
than-usual productivity gains. While on the one hand, the induced innovation hypothesis has been modeled
and tested extensively in mainstream literature with a focus on price related market mechanisms for a green
transition (Newell et al. 1999; Popp et al. 2010), on the other hand, little is discussed about the role of
limited finance on such investment decisions (Sveikauskas 2007). This is even more pertinent now, where
firms, following the 2008 financial crisis, are cautious about investing in riskier technologies (Monasterolo
and Raberto 2018). In such a scenario, limited investment is likely to go the most expensive input, which
historically has been labor. To deal with this challenge, we suggest that R&D investment decision in
complementary, yet competing inputs, can be modeled as a portfolio choice allocation problem, similar to
the one developed in Tobin (1982) and extensively used in financial portfolio choice models in SFC models
(van Treeck 2009; Lavoie and Godley 2012; Caverzasi and Godin 2015). This allows us to have heterogeneous
treatments of the three inputs in the allocation of the R&D budget. This is formalized as follows:

Total R&D expenditure equals private firm expenditure R&D/} (Eq. 24) and public R&DE (eq. 37)
expenditure such that R&D; = R&D} + R&DE. The government exogenously allocates investment shares

across the three inputs (A1g, A2g, A3¢). Firms similarly have a baseline autonomous investment allocation
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across the three inputs (A1g, A20, A30) plus additional adjustments based on relative price growth signals.

This can be summarized in a matrix form:

R&D{‘ Mg Ao Al Az Az pf
R&DE | = [ Mg | R&DT + | | doo | + [ Aar A2 Nas | | 65 | | R&DS (39)
R&DFE A3c A30 Azt Asz Asz ) \pf

where pl', pK, pft are the growth rates of prices of Labor, Capital, and Resources costs respectively. The
price of capital we simply defined as the interest rate paid on the investments or pX = r;;. The above
portfolio choice problem is subject to adding up constraints such that vertical summation of the first and
second columns must add up to one. For example, Aig + Aog + A3g = 1 implying the budget is fully
exhausted. The rows and columns of the 3 x 3 matrix must add up to zero, for example A11 + Ao; +A31 =0
and A1; + A2 + A3 = 0. This implies that an increase in investment in one input is taken out from the
other two inputs, crowding-out their potential productivity growths. Additionally, symmetry conditions are
also imposed on the matrix, for example A12 = A21, which highlights the cross investment sensitivity of one
input on another input.

Assuming that m represents the index of three inputs such that m = {L, K, R}, the above formulation

can be simplified as share of investment in each factor input as:

o — R&D}"
t " R&D:

(40)

Since the system in Equation 39 is fully consistent, if two factor share are estimated, the third can be
derived as a residual. For example, if ¢ and ¢ are known, then ¢X =1 — ¢L — oF.
Next we assume that the allocation of Resource across the three inputs determines their level of produc-

tivity gain determined as a difference between a target productivity €*7 and past productivity € ;:

E;n = 6?11 + ’Ym(GQnT - 6?—1) (41)

€T is the target productivity growth estimated as function of the share of R&D investment in Resource

m times the relative size of overall R&D-to-GDP (R&D intensity).

R&D
T = e (14 67 (1 T )

Y, (42)

The key assumption here is that higher R&D spending relative to output increases overall productivity
growth, while a higher share of investment in an input relative to the overall R&D budget gives an additional

boost to productivity gains.
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4. Policy simulations

Two policy experiments are conducted in this paper. Experiment 1 shows how the government uses
taxation to induce private firms to change their R&D behavior. We contrast a one-off increase in the
Resource tax (7%) (RTaxl) to a gradual but continuous increase (RTaz+), such that both tax scenarios
are equal at the 20 year mark, but RTaz+ continues to rise throughout the 50 year simulation period. In
Experiment 2, the government autonomously increases the share of public R&D towards Resources from
33% to 80% (R&D+). This experiment is then coupled with the RTaz+ to assess the impact of the dual
policies on the economy within the stock-flow consistent norms.

The business-as-usual (BAU) scenario is calibrated using the parameter values given in Appendix A.
The parameters are in line with what is typically found in literature. MPC out of income («;) is 0.75
while MPC out of wealth (as) is set to 0.05. Households, Firms, and Banks pay income and profit taxes
(78, 7F 7B respectively at a rate of 20%. In addition, Capitalist households pay a 5% Resource tax (7%).
Markup value (6) for firms is set at 10% and the loan repayment rate (3) is 5%. Banks charge a higher
interest on loans (r;) at a rate of 0.2% while they pay households interest on deposits (ry) at a rate of
0.1%. The government spends 1.5% of its variable expenditure on public R&D (¢) while firms spend 20%
of its profits, on private R&D. The government allocates all of its R&D equally across the three inputs
(M@ = A2c = A3¢ = 0.33), while firms have a higher baseline investment level for Labor, its most expensive

input (/\10 = 070, /\20 = /\30 = 015)

4.1. Experiment 1 — A Resource tax increase

The first experiment showcases the impact of market-based policies, for example carbon taxes, on an
economy which exhibits strong labor institutions, and limited finance. In this experiment two Resource tax
scenarios are considered; RTaxl which results in a one-off Resource tax increase from the baseline rate of
10% to 20%, and RTaz+, where the Resource tax is slowly, but continuously increased such that it equals
RTaz1 at the 20 year mark. RTax+ keeps rising throughout the simulation period where the tax rate crosses
the 50% mark (Figure 4.1).

Figure 4.2 shows the set of key macro indicators for this experiment. Real GDP falls below the BAU
in both scenarios (Fig. 4.2a) where RTaz! results in an immediate decline while RTaz+ diverges slowly
from the BAU. These adjustments can be attributed to differential prices trends (Fig. 4.2¢) which equalize
at the 50 year mark. Wages (Fig. 4.2b) remain unchanged across the two scenarios. Figure 4.2f shows
an increase in the share of government spending in GDP, driven by additional tax revenue. In RTaz+ it
continues to rise, as opposed to RTaz! where it initially rises, and then stabilizes. Consumption (Fig. 4.2d)
and Investment (Fig. 4.2e) shares in GDP fall over partly due to a lower demand from the private sector.

Emissions, on the whole, fall below the BAU scenario, where RTax+ shows the highest decline in absolute
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Figure 4.1: Experiment 1 — Two Resource tax scenarios
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terms (Fig. 4.2g). R&D intensity increases above the BAU level (Fig. 4.2h), partly driven by an increase
in the public sector’s contributions in the overall R&D expenditure (Fig. 4.2i).

Figure 4.3 shows the adjustments across the three inputs. The direct impact of a higher Resource tax
is an increase in the share of Resource costs (Fig. 4.3c). RTax! results in a one-off spike in the share of
Resource costs (Fig. 4.3c) forcing a sharp increase in R&D allocation towards Resources (Fig. 4.3f). This
causes Resource productivity to spike up (Fig. 4.31), eventually slowing down and stabilizing to BAU trends.
RTazx+ shows a gradual increase in the share of Resource costs. As the price of Resources continues to rise
(Fig. 4.3c), R&D investment in Resources keep rising as well (Fig. 4.3f) resulting in a continuous increase
in Resource productivity, which eventually overtakes the Tax1 scenario somewhere around the 30 year mark
(Fig. 4.31).

These two tax scenarios have very different implications for Labor productivity. In RTax1, Resource costs
initially dominate Labor costs reducing the R&D allocation for Labor in a very short span. As Resource
achieves its desired productivity level due to exceptionally high R&D allocation in RTax1, the share of Labor
costs starts to rise, forcing firms to shift investment back to Labor-saving technologies, such that the R&D
Labor share rises above the BAU level (Fig. 4.3d). In contrast, RTaxz+, continuously reduces the share of
Labor costs (Fig. 4.3a), allowing for a continuous increase in R&D allocation towards Resources (Fig. 4.3f)
crowding out Labor sector’s R&D investment, that creates a constant pressure to increase wages especially
as the gap between current and target wage share increases over time.

To analyze the impact of redirection of Resources towards one input, we look at relatively productivity
levels of the three inputs to measure for crowding-out. We calculate the input requirement for producing

one unit of output to relative Labor and Resource inputs required in combination with one unit of Capital.
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Figure 4.2:

Experiment 1 — Macro indicators
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Figure 4.3: Experiment 1 — R&D and productivity
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In other words, we make Capital the numéraire for all time periods. This representation allows us to explore
evolution of relative productivities of the three inputs over time in a 2-D graph. The slope of the relative

L/R productivity curve can be derived as:

L R L
€ € €
L/R=-"1Lt /%t ==L 43
/ Ezr(/eg( 65 ( )

A steeper L/R curve implies that Labor becomes more efficient relative to Resources over time, or
less of it is required to produce a unit of output. Since inputs are perfect complements, a relatively high
productivity gain in one input is not desirable since it needs to be used in combination with other inputs
whose costs might be rising due to a relatively slow increase in productivity. This can potentially result in
a net negative effects due to rising costs (Acemoglu et al., 2012; Lamperti et al., 2016). Therefore a flatter
curve, which implies relatively homogenous co-evolution of Labor and Resource productivities, is preferred
over a steeper one.

For Experiment 1, the L/R curve is shown in Figure 4.4 for the two tax scenarios. RTazl gives a short
boost to Labor productivity moving it downwards eventually stabilizing to roughly the same gradient as
the BAU, implying that investment in Labor still dominates the R&D investment. In contrast, in RTaz+,
the L/R curve becomes flatter, showing constant innovation in Resources that permanently crowd out the
Labor productivity gains shifting to a relatively higher Resource-saving technology regime through constant
intervention. This also results in a slower rise in costs relative to the RTax! scenario, allowing the economy

to adapt to slowly evolving cost structures.

Figure 4.4: Experiment 1 — Technological development of inputs
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This experiment highlights a crucial policy outcome of this paper: in an economy with induced tech-
nological change, a continuously rising Resource or “carbon” tax will be more effective in the long run
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in reducing emissions than a one-off tax increase. While RTax! manages to improve productivity in the
short-run, rising wage costs eventually dominate the firm’s decision making process. Hence a constantly
increasing Resource tax is needed to direct technological change away from Labor-saving technologies.
Qualitatively, this result is different from Acemoglu et al. (2012), which suggests that if the inputs are
complements, then the only way to prevent an environmental disaster is to stop long-run growth. Lamperti
et al. (2016) builds on the Acemoglu et al. (2012) framework, and suggests that shutting off long-growth
is not necessary, but timing matters. If inputs are complements (or even weak substitutes), a command-
and-control policy can an environmental disaster without stopping long-run growth. While we agree with
the conclusions of Lamperti et al. (2016), our model highlights that market-conform instruments like taxes
can still be useful provided they are continuously increased (in order to direct technological change) rather
than aimed at an optimal level. For example, if the gap between actual and desired resource productivity
increases, then a faster resource tax rate growth can help close this gap. While a continuously increasing
tax can have a dampening effect on household demand growth, carefully managed government spending can

still boost consumption and investment putting the economy back on a growth trajectory.

4.2. Ezxperiment 2 — Green public RED

In the second experiment, the impact of a centralized “green” policies (or command-and-control polices)
are explored. The government influences Resource productivity directly by autonomously increasing the
share of public R&D towards Resources. In the BAU, the government allocates its R&D budget to each of
the three inputs equally such that \i¢ = Aag = A3¢ = 0.33. Two scenarios are introduced here; R&D+,
where the public R&D allocation towards Resource is increased to Asg = 0.80. The remaining budget is
split evenly across the other two inputs such that A\;¢ = Aag = 0.10. The aim of this scenario is to look
at direct policy interventions by the government through internal redistribution of public R&D budgets. In
the second scenario, R&D+ is combined with RTaz+ from Experiment 1, to test the implications of hybrid
policies on the economy.

Macro outcomes are summarized in Figure 4.5. The overall impact on the real GDP (Fig. 4.5a) and
wages (Fig. 4.5b) is negligible in the R&D+ scenario, while in the hybrid (R&D+ RTaxz+) scenario, real
GDP falls below the BAU. This is because public R&D policy only changes the composition of government
spending, but not its level relative to government’s income that is generated through tax revenue. Prices rise
above the BAU level in both scenarios showing a higher increase in the hybrid policy (Fig. 4.5¢). In R&D+,
consumption share stays stable (Fig. 4.5d), while government share falls slightly (Fig. 4.5f) and investment
shares rise (4.5e). The reverse happens in the hybrid policy, where due to rising taxes, government income
increases, resulting in higher spending.

Emissions fall in both scenarios where the hybrid policy shows a higher decline (Fig. 4.5g). R&D
intensity falls slightly below BAU in Ré&D+ but rises significantly in the hybrid policy (Fig. 4.5h) driven
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both by lags in spending adjustments (Fig. 4.5h) and rising government spending (Fig. 4.51). The share of
public R&D increases in both scenarios (Fig. 4.51).

Figure 4.5: Experiment 2 — Macro indicators
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Figure 4.6 shows the impact on individual inputs of the two scenarios which have very different implica-
tions on the input costs. While in R&D+, the government permanently shifts the R&D allocation towards
Resources (Fig. 4.6f), resulting in higher-than-BAU productivity gains (Fig. 4.6i), the Resource share in
costs declines (Fig. 4.6¢). The autonomous shift towards Resources results in lower allocation of R&D
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towards Labor (Fig. 4.6d), resulting in lower-than-BAU productivity gains (Fig. 4.6g), and an increase in
the share of costs (Fig. 4.6a). As a consequence, prices rise above BAU levels in the R&D+ scenario (Fig.
4.5¢).

Alternatively the hybrid scenario R€&/D+ RTaz+, introduces the additional continuously rising tax which
continuously increase the Resource share in costs (Fig. 4.6¢). This pushes R&D allocation towards Resources
even more (Fig. 4.6f), continuously redirecting R&D investment away from Labor (Fig. 4.6d), whose share
in costs also continues to decline (Fig. 4.6a). As a consequence, in the hybrid scenario, Resources exhibit
the highest productivity gains, and Labor the lowest.

Overall, the net effect is small since a decline in household consumption (Fig. 4.5d) is compensated
by higher government spending (Fig. 4.5f). This implies that, by directing public R&D spending towards
Resources, the net effect can still result in a slight slowdown of the economic growth while improving the
overall Resource productivity (Fig. 4.61) resulting in lower emissions (Fig. 4.5g).

Figure 4.7 shows the development of input ratios. In both scenarios, the L/R curve becomes flatter,
implying that Resource productivity relative to Labor productivity increases at a faster rate than the BAU.
The hybrid policy shows the flattest curve highlighting that, Resource productivity gains catch up with
Labor productivity.

This experiment illustrates how an exogenous allocation of “green” public R&D can enable a substitution
away from a Labor-saving investment towards a Resource-saving investment. In our model it does so with
a small impact on the overall growth in the economy while also reducing emission levels. In this case the
state is solely responsible for green investment. The government is also responsible for ensuring the demand
remains high by increasing it expenditure share in the economy. This is still achievable with a pro-cyclical
policy but with high lags in spending adjustments. This hybrid policy strategy is more effective in terms of
Resource efficiency gains where the mix of market-based and command-and-control-based policies can enable
high Resource efficiency gains while also ensuring demand-creation in the process to keep the economy on a

reasonable growth path.

5. Conclusions

After the 2008 financial crisis, a key challenge has been to overcome the deep recession while also tack-
ling climate change by reducing non-renewable Resource use and emissions (EC 2016a). A recent strategy
proposed to address this problem is increased R&D spending supported both by private and public sectors
(OECD 2015). Firms invest in innovation to save costs, improve efficiency, increase competitiveness and
increase profit margins. The government wants to maximize social welfare by minimizing environmental
externalities (Popp et al. 2010). Mainstream endogenous growth theory discusses processes through which

technological change can be directed towards greener resources. While this literature has contributed sig-
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Figure 4.6: Experiment 2 — R&D and productivity
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Figure 4.7: Experiment 2 — Technological development of inputs

© ]
T
XY
o
=
o
Qo
=
[0}
[o]
(&}
S«
3¥
= |
g I
-
t
I
9 I
(0. 4
- I
T T T T T T
0 10 20 30 40 50
Years

nificantly to the understanding of the mechanisms through which the climate policies can be understood,
three aspects still need to be addressed in literature. First, institutional structures pull their weight on
how the resources are invested affecting how the economy evolves. For example, labor institutions push for
higher wages, directing investment towards labor-saving technologies. Second, the discussion on the role of
finance in R&D investment decisions is missing. Firms invest in R&D based on profitability. Similarly, the
government R&D expenditure is determined by pro-cyclical policies. Hence R&D investment is not only
budget constrained but is also dependent on the overall economic performance.

This paper has presented a post-Keynesian ecological macroeconomic model with endogenous technolog-
ical change. It incorporates the induced innovation framework in a demand-driven multi-sector stock-flow
consistent (SFC) model. A key advantage of the SFC framework is its ability to financial flows across sectors
and thus allows us to better assess the feedback effects of climate policies on the overall economy. Within this
framework, we propose an innovative way of modeling R&D decision across competing yet complementary
inputs. We suggest that R&D investment decisions can be understood as a portfolio choice which responds
to relative changes in input costs. If social wage norms index wage growth to labor productivity growth,
technological progress will be primarily labor-saving.

The paper explores policy scenarios, which can enable a transition towards resource-saving technologies.
Two climate policy experiments are conducted. The first experiment compares a one-off market-based
resource (or carbon) tax increase with a continuous resource tax increase. This experiment shows that
in world of endogenous technological change with demand-led growth, an active public sector, and labor-
market hysteresis, a continuously increasing resource tax is necessary to shift technological process to increase

resource productivity. The resource tax policy involves rising government shares, thus public spending policy
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is important to avoid shortfalls in the aggregate demand. In the second experiment, a centralized green
policy is explored where the government autonomously shifts the public R&D’s budget towards Resources.
This is then combines it with a continuously rising Resource tax from the first experiment. As we assume
sluggish adjustment of government expenditures to rising tax income the impact of this hybrid market- and
command-and-control-based policy is a growth trajectory that is slightly below BAU, but is most effective
in transitioning out of the labor-saving technologies to resource-saving technologies.

This paper contributes to recently emerging post-Keynesian ecological macroeconomic literature where
the role of R&D expenditure, and directed technological change is incorporated in a multi-sector model with
fully tracked financial flows. While most of mainstream environmental economics perceives of environmental
taxes and subsidies as a static attempt to internalize the external effects of emissions, and then let markets
do the adjustment, our approach regards the resource tax as a dynamic instrument that is used to direct
technological innovation over a longer time horizon. Our findings are in contrast to Acemoglu et al. (2012),
who argue that if inputs are complements then the only way to prevent an environmental disaster is to
prevent long-run growth. Additionally we agree with the conclusions of Lamperti et al. (2016), which suggest
that well-timed command-and-control policies are likely to be more effective than market-based policies. We
extend this to suggest that market-based instruments can still work provided they are continuously increased
to help close the technological progress gap created through path-dependencies to enable a green transition.
The model also highlights that the interactions across and within different economic agents (Households,
Firms, Banks, and the Government) combined with an active public sector (Mazzucato 2015, 2016) and
financial constraints, cannot be excluded from climate policy analysis.

While the macro model presented in this paper is highly stylized, this framework naturally allows exten-
sion in several directions. This ranges from introducing a more complex financial system with credit rationing
and financial instability (Monasterolo and Raberto 2018; Caiani et al. 2018) including an independent cen-
tral bank that can conduct green monetary and fiscal polcies. A richer climate box can also be introduced
with integrated material, energy, and emission flows (Berg et al. 2015; Dafermos et al. 2017; Lamperti et al.
2017). Future research can take two steps to make non-mainstream climate models more comparable with
mainstream ones. First, expanding the firm sector to explicitly include substitutable “green” and “brown”
sectors which allows us to incorporate lock-in effects of sector-specific investments, giving a richer picture
of path-dependency in policy analysis. Second, incorporating a production function that allows for weak
or strong substitution across inputs (for example, by utilizing the generic constant elasticity of substitution
(CES) production functions) (Acemoglu et al. 2012; Lamperti et al. 2016; Tavani and Zamparelli 2017). Such
a model would abandon the Kaleckian notion of variable capacity utilization, but would allow to test for the
impact of various climate policies on the productivity trajectories resulting from different policy scenarios
(Balint et al. 2017). These extensions can be extended and calibrated using large-scale SFC-ABM models
where environmental policies can be simulated in a holistic multi-sectoral environment-economy framework.
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Appendix A. Parameters

Table A.1: Calibration parameters

Parameter Description Value Equation
T Resource tax 0.1 10
§ Depreciation rate 0.1 15, 16
7 Interest on loans 0.002 19, 32
153 Loan repayment rate 0.05 19, 22
0 Markup costs 0.1 20
¥ Profit tax on Firms 0.2 23
I Share of profits in private R&D 0.2 24
T4 Interest on deposits 0.001 26, 27, 32
il Income tax on Households 0.2 28
aq MPC Income 0.75 30
Qg MPC Wealth 0.05 30
B Profit tax on Banks 0.2 33
P Government R&D as a share of expenditure 0.015 37
e“ Output-to-emissions ratio 0.0001 38
A Public R&D investment in Labor 0.33 39
A3g Public R&D investment in Resource 0.33 39
Ao Autonomous R&D investment in Labor 0.7 39
A30 Autonomous R&D investment in Resource 0.15 39
A1 Sensitivity of Labor investment to Labor costs 0.05 39
A2 Sensitivity of Labor investment to Capital costs -0.025 39
A13 Sensitivity of Labor investment to Resource costs -0.025 39
A31 Sensitivity of Resource investment to Labor costs -0.025 39
A3 Sensitivity of Resource investment to Capital costs 0.05 39
A33 Sensitivity of Resource investment to Resource costs -0.025 39
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Table A.2: Adjustment parameters

Parameter Description Value Equation
Voo Past wage growth 0.01 6
Yw Wage share target 0.001 6
YQ Wage share adjustment 0.001 7
Yi Rate of investment 0.4 16
Yp Price adjustment 0.08 21
Yq Government spending adjustment  0.05 35
Ym Productivity growth 0.4 41
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Appendix B. CES input demand

Appendiz B.1. Model extension

The production function specified in Eq. 2 is extended here to the general Constant Elasticity of Sub-
stitution (CES) form with m inputs (Acemoglu 2002; Raval 2011; Koesler and Schymura 2015):

1/p
Yy = (Z Qm (e;”mt)p> (B.1)

where y; is the total real output defined at time ¢ (Eq. 2). a, is the relative share of input m in the
output such that > a,, = 1. Usually a,, are set equal implying that all the inputs have equal weights in
the production function but are usually subject to empirical estimation (Koesler and Schymura 2015). €}
is the input m-augmenting productivity that evolves with time (see Eq. 42). p = (0 — 1)/0 where o is the
elasticity of substitution. If ¢ — oo (p — 1), then the inputs are perfect substitutes, if o — 0 (p = —00),
then the inputs are perfect complements, and if ¢ — 1 (p — 0), the production function takes the usual
Cobb-Douglas form. In general we are interested in the case of complementarity (o < 1) or substitutability
(o > 1) of inputs.

The generic cost function of the can be defined as

Cy = (Zp?”m,) (B.2)

In standard models one calculates the input requirements for producing a given level of output Y; given

input prices p{® by minimizing the cost function C; subject to the output function y;. The generic demand

function of input m; can be derived as follows:

o\ T
=Y (Zt’") p (B.3)

Appendiz B.2. Simulations

In order to operationalize the CES input demand function derived in Equation B.3, for three inputs m =
{L, K, R}, we assume that the shares are set equal such that o, = 0.33, ax = 0.33,ar = 1—ar—ax = 0.333.
The modified Labor (Eq. 4), Capital (Eq. 14), and Resource (Eq. 9) input demand functions are derived

as:

42



()
K=o _— . (B.5)
€ pl\ 71 pE 7T pE =AY
o () an ()7 + (10— aw - o) (=)
(=)
R =2 ormox (B.6)

& pi\ 7T P\ 7T o\
g, (a) + ai (E) + (]. — oy, — OZK) (71_0‘L_04K>

The remaining model structure is kept the same. The BAU and the RTax+ scenario are repeated from
Experiment 1 (Sec. 4.1). We set o = 0.001 to replicate the complementary production function and o = 2
to make the inputs substitutable. A higher value of sigma implies perfect substitutability across the inputs,
implying that corner solutions can exist where just one good can be used for producing all the output, a
highly implausible scenario. The results are explored in Figure B.1 and B.2 below.

The two thick lines represent the business-as-usual from complementary inputs case (BAU, thick solid
line) and the substitutable inputs case (BAU (sub), thick dashed line). To make the results comparable,
the initial values are kept the same, but at Year = 1, the elasticity parameter is switched from ¢ = 0.001
to o = 2 which results in adjustments in the model. For the two BAU scenarios, the immediate impact is
clear in Figure B.1. There is switch away from labor to more resource and capital intensive technologies
due to cheaper input costs. This results in an overall general reduction in the price levels (Fig. B.lc),
increasing GDP (Fig. B.1a). Share of investment in GDP rises (Fig. B.le), while consumption (Fig. B.1d)
and government shares (Fig. B.1f) fall below the BAU scenario once the model stabilizes. An increase in
the output results is a rise in emissions (Fig. B.1lg). There is a reduction in R&D intensity (Fig. B.1h),
while the share of public R&D eventually stabilizes above the BAU scenario (Fig. B.1i).

In Figure B.2, the switch from complementary to substitute inputs results in an increase in the capital
(Fig. B.2b) and resource share (Fig. B.2c) in costs, off-setting the share of labor (Fig. B.2a). Do to an
increase in the wage rate (Fig. B.1b), share of labor (Fig. B.2a) in total costs continues to rise after the
initial decline. Since the slope of the costs functions do not change after the initial adjustment (Fig. B.2a-c),
share of R&D investment across the two BAU scenarios stays the same (Fig. B.2d-f).

For the two RTax+ and RTax + (sub) experiments, shown as thin solid and dashed lines respectively, we
evaluate the impacts of a continuously increasing tax increase across the two production functions. As the
Resource costs go up in both scenarios (Fig. B.2c¢), R&D investment is shifted away from Labor (Fig. B.2d)

towards Resources (Fig. B.2f). In the Leontief case, the inputs evolve independently resulting in rising
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Figure B.1: Experiment 3 — Macro indicators

(a) Real GDP (y)

(b) Wage rate (pF)

(c) Prices (p)
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(a) Labor share in costs

Figure B.2: Experiment 3 — R&D and productivity

(b) Capital share in costs

(¢) Resource share in costs

8 T ER \
© | ~ /“\\ | |
~—— _—
34 II T N } o
I ! ef PS==zzi it ==
-—
i ‘ oy i i Tre—a
o] | | ° I | ° ] | T~
g | 2 I | 2 | ~
£ | g g I T~
5 |1 \ ,I \ 8T | \ ~~-
5. | | 5 | 5 i |
2810 | el | S \
‘ \ i ! | \
e o
@] \ l’_,——” BAU 1 } BAU - ‘
‘ RTax+ ‘
~1q == BAU (sub) |
o I ——— RTax+ (sub) | o] | — —— RTax+ (sub)
~ T T T T T T T T T T T T - T T T T T
0 10 40 50 0 10 40 50 0 10 40 50
Years Years Years
(d) Labor share in R&D (¢F) (e) Capital share in R&D (%) (f) Resource share in R&D (¢7)
ol
N
sl
o 8
8
ol
o |
N \
o e e
g g g1 -
£ £ £l \
884 8 &= !
£ g & | ‘
H }
1 1
eq il !
BAU ‘ || | BAU
RTax+ | RTax+ I | RTax+
- BAU (sub) | == BAU (sub) | == BAU (sub)
8 o RTaxe (sub) w© 7 | o RTaxe(sud) < | o RTaxe (sud)
0 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Years Years Years
(g) Labor productivity () (h) Capital productivity (eX€) (i) Resource productivity (ef?)
S 2
&4 | ° \ 81 \
| 8| | |
| | |
| | |
e \ \ g \
\ . \ \
| S | |
| | |
of=} 3 33
| | |
\ . |
21 |
8 - \ 8
- ‘ BAU ‘ BAU - ‘ BAU
‘ RTax+ ‘ RTax+ ‘ RTax+
| - BAU (sub) ‘ ——— BAU (sub) | ——— BAU (sub)
3| | — — — RTax+ (sub) 3| | — — — RTax+ (sub) 3 | | — — — RTax+ (sub)
=T T T T T T - T - T T T T
0 10 20 40 50 0 10 20 40 50 0 10 20 40 50
Years Years Years

45



costs (Fig. B.1c) due to lower investment in Labor. In the substitution case, trade-offs between Resources
and Labor allows firms to not only invest more in Resources but also substitute Labor (Fig. B.2a) with
higher Resource use (Fig. B.2c). As a result, the weight of Labor in costs declines (Fig. B.2a), rsulting in
lower R&D spending towards it (Fig. B.2d), resulting in lower labor-specific productivity gains (Fig. B.2g).
Similarly the productivity gains are also only slightly above the BAU for Resources (Fig. B.2i). As a result
emissions fall but only slightly in the RTax + (sub) scenario while in RTax+ they fall below the BAU level
due to a highly induced technical change (Fig. B.1g).

This result is also summarized in Figure B.3 which shows that the relative efficiency of labor stays high
and close to the BAU scenario in the case of substitutability. In the case of complementarities, the efficiency

gains in Resources outweighs the gains in Labor.

Figure B.3: Experiment 3 — Technological development of inputs
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These results are not far from what has been discussed in mainstream literature. For example, Acemoglu
(2002) highlights that when inputs are complements, a resource-saving technological change automatically
translates into labor-saving technological change. If the inputs are substitutes, then an efficiency gain in
one input, will change the demand towards that specific input. While in the former, constant intervention
in needed in the Resource sector to prevent to Labor sector directing resources towards it, in the latter a
simple tax on the dirty input and subsidy on the clean input is sufficient to induce a “green” transition.

While this is a first attempt at the use of the CES input demand function in an SFC model, and the
results are preliminary, it provides one way of making non-mainstream models comparable with mainstream
ones. However flexible CES functions forms needs to be further tested for parameter sensitivities since the
feedbacks triggered by policies across the substitute and the complementary cases are non-trivial and can

be potentially result in massively different policy conclusions.
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