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Addressing four persistent problems, namely human-induced environmental change, financial instability, in-
equality and unemployment has now become an urgent necessity. To better grasp complex interactions between
technological, financial and energy systems, we propose a formal behavioral-evolutionary macroeconomic
model. It describes the coevolution of four populations, namely of heterogeneous consumers, producers,
power plants and banks, interacting through interconnected networks. We examine how decisions by all these
economic agents affect financial stability, the direction of technological change and energy use. The approach
generates non-trivial, even surprising insights, such as that brand loyalty, captured by a network externality on
the demand side, can increase the likelihood of bankruptcies of banks. Cascades of such bankruptcies are found
to bemore likely under greater income inequalities and higher electricity prices. We employ themodel to assess
macroeconomic impacts of sustainability policies along three dimensions: environmental effectiveness, financial
stability and socio-economic consequences.
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1. Introduction

Theworld's inability to solve current persistent problems of an envi-
ronmental, financial and socio-economic nature has now become fla-
grant. Much has been written about potential solutions to stabilize the
financial system, to solve environmental problems, or to address persis-
tent unemployment and inequality. However, most existing studies
limit themselves to only one of these problems, without paying atten-
tion to how different subsystems interact or how solving one problem
would affect the other challenges. Nevertheless, there are many indica-
tions now that these problems are not independent but intricately con-
nected. While their isolated study greatly simplifies formal analysis, it
ignores relevant feedback mechanisms underlying the ultimate eco-
nomic dynamics. Moreover, it maymean that important causes of prob-
lems or crises may be downplayed or even overlooked, such as the role
of energy scarcity and prices in the outbreak of the last financial crisis,
and hence certain potential solutions remain unnoticed. In addition,
the role of social interactions, such as imitation or diffusion of

knowledge, in causing instability in financial systems has been fully ac-
cepted in behavioral finance but is still not well integrated in traditional
macroeconomic approaches. Not surprisingly, from many corners it is
now argued that a new approach tomacroeconomics is needed for a ro-
bust analysis of multiple relevant policies (Farmer and Foley, 2009;
Schweitzer et al., 2009; Stiglitz and Gallegati, 2011).

To this end, we propose a general model for studying feedback
mechanisms between finance, technology and energy systems, to sub-
sequently derive lessons for sustainability policies. The proposed frame-
work consists of populations of heterogeneous consumers, producers,
power plants and banks interacting through interconnected networks.
The starting point of our analysis is thatwithout a proper understanding
of the fundamental relationships between sub-systems in the economy,
our ability to guide their interactions towardsmore economically stable
and environmentally sustainable trajectories is unnecessarily limited.
Worse, policies suggested for one subsystem may rebound through
their indirect impacts on the other subsystems, resulting in a failure of
meeting all desired goals associated with each subsystem. Current
models dealing with each issue separately are, however, incapable of
identifying – let alone quantifying – such indirect effects. As a result,
they may overestimate the effectiveness of various policies, and possi-
bly even contribute to promotion of alleged policy solutions that can
turn out to be erroneous. The proposed new approach allows examina-
tion of interactions between policies in different domains, which aids in
designing effective policy packages.
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Attention for social networks inmacroeconomic analysis is important
as well, as crises often take the form of cascades of failures spreading
through financial networks (Battiston et al., 2012; Acemoglu et al.,
2013; Tedeschi et al., 2012; Thurner and Polenda, 2013), or through net-
works of firms producing final and intermediary products (Henriet et al.,
2012). Typically, macroeconomic agent-based models, which explain
business cycles as emerging from firms' innovative activities, either
omit the banking sector entirely (as discussed in Section 2) or the bank-
ing sector is reduced to one bank (e.g. Battiston et al., 2007; Assenza
et al., 2015). On the other hand,models of contagion in financialmarkets
rely on a simplified description of firms, focusing on firms' investments
in risky assets while ignoring their core production activities (Tedeschi
et al., 2012; Thurner and Polenda, 2013; Gabbi et al., 2015). These ap-
proaches do not allow studying how production factors and associate
problems of energy use (scare fossil fuels or carbon pricing) and labor
(employment) relate to financial processes and public regulation. Only
few agent-based models make a connection between networks of het-
erogeneous firms and banks (Cincotti et al., 2010; Gaffeo et al., 2008;
Delli Gatti et al., 2009; Neveu, 2013). Our approach fits in this line of re-
search. The novelty of ourmodel is that it combines financial and energy
markets, and bridges macro-evolutionary (e.g., Delli Gatti et al., 2011;
Fagiolo and Roventini, 2012, 2016) and environment-evolutionary
modeling (Safarzynska et al., 2012). This results in a new approach that
allows for studying integrated crisis and environmental policies in rigor-
ous and systemic manner.

The approach also ideally allows to incorporate insights frombehav-
ioral economics. Akerlof (2002) strongly advocated so-called “behavior-
al-macroeconomics”. Models of habits formation and social imitation
have been shown to have important macroeconomic implications. For
instance, habit formation model explains the excess smoothness of ag-
gregate consumption (Campbell and Cochrane, 1995; Lettau and
Uhlig, 2000; Dynan, 2000). A study by Ljungqvist and Uhlig (2000)
showed that if keeping up with Joneses, agents tend to overconsume.
This can be corrected with tax policy, namely through countercyclical
economic effects provoked byprocyclical taxes: “cooling down” the
economy with higher taxes when it is “overheating” in booms and
“stimulating” the economy with lower taxes during recessions to keep
consumption up. Behavioral utility functions, notably interdepen-
dencies between the utility of multiple individuals, often imply that
the consumption or social problem cannot be treated as a straightfor-
ward dynamic optimization problem (Laibson, 1998). Other ap-
proaches, such as agent-based models, offer a powerful tool then to
study associated macroeconomic phenomena.

The model proposed here builds upon our precedingwork, in which
we modeled technological change as resulting from interactions be-
tween heterogeneous consumers interested in new products and
firms undertaking product and process innovations (Safarzynska and
van den Bergh, 2010a,b). This model was extended by integrating elec-
tricity produced from diverse energy sources as an important factor of
production in Safarzynska and van den Bergh (2011) and Safarzynska
(2012). Here, we further extend thesemodels by adding a financial sec-
tor as well as labor markets. In the market for consumer goods, a
technological trajectory arises from the interplay of incremental innova-
tion and the search for new product designs by individual firms, follow-
ing the seminal work by Nelson and Winter (1982). New firms asks a
bank for a startup loan. This way firm-bank inter-credit linkages evolve
as a result of activities in the real economy. If banks have no sufficient
liquidity, they ask other banks for loans in the interbank lending net-
work. In modeling the interbank lending market, we follow Thurner
and Polenda (2013).

In our model, electricity is assumed to be an important input in the
production of consumer goods, alongwith capital and labor. This is illus-
trated by electricity being essential to manufacturing: it can reach up to
95% of total energy use for production (Steinbucks, 2010). The electric-
ity market is modelled as composed of heterogeneous plants producing
electricity from diverse energy sources. Over time, new power stations

enter the market. The discounted value of investments in each energy
technology determines the type and size of power plants to be installed.

On the demand side, consumers imitate choices of others within
their social networks. We distinguish three consumer classes based on
the source of their income, namely owners of the factors capital and en-
ergy, and workers. Energy owners can be thought of as shareholders of
energy utilities or companies working in oil and gas, while capital
ownersmay be regarded as small producers who own somemachinery.
In our model, consumers evaluate the attractiveness of different prod-
ucts based onwhether others in their socio-economic class have already
adopted them. The stronger the brand loyalty is, the more likely the
clustering of consumer choices occur around similar products. One
may think of products in our model as electronics, as here brand loyalty
and social comparisons play an important role. For instance, the pur-
chase of smartphones is strongly influenced by brand loyalty. In fact,
many consumers frequently upgrade their phone merely to keep up
with the Joneses. This partly explains why the smartphone market is
so innovative, showing new products to appear every year and strongly
competing for adoption. Distinguishing three heterogeneous consumer
classes allows us to study the impact of distributive policies on financial
and economic stability beyond other agent-based models. Consumer
differentiation is behind arising income inequalities, while the degree
to which consumers imitate others in their social networks determines
the degree of market competition.

Our model for the first time conceptualizes connections between fi-
nance, energy and labor. It allows us to examine the potential trade-offs
between financial and economic stability. We show that if the network
effect on the consumer side is weak, the more likely bankruptcies of
banks are to occur. This is because under a weak network effect, the
market resembles the fashion market with many firms competing for
adoption. As a result, more firms ask banks for loans, which translates
into a higher connectivity in the interbank lending market. On the
other hand, conventional indicators, used by banks to evaluate riskiness
of firms' projects, are less informative here compared to markets char-
acterized by a strong network effect. In addition, the cascades of
banks' failures are more likely the greater are income inequalities and
the higher is the price of electricity. In particular, high income inequal-
ities lead to wealth accumulation by some socio-economic groups,
undermining demand. In addition, we find that high prices of electricity
drive up the total debt in the economy, causing inflation. Finally, we em-
ploy the model to assess macroeconomic impacts of sustainability poli-
cies along three dimensions: environmental effectiveness, financial
stability and socio-economic consequences. Specific instruments con-
sidered include: distributive policy; renewable energy subsidies, and
regulations of bank lending to firms.

The reminder of this paper is organized as follows. Section 2 explains
the general model approach and its connection with the existing litera-
ture. Section 3 discusses the detailed model structure. Section 4 exam-
ines the potential trade-offs between financial and economic stability.
Section 5 discusses policy lessons derived fromourmodel for suitability.
Section 6 concludes.

2. General approach

Our study connects with the theoretical literature on agent-based
models that combine networks of heterogeneous firms and banks
(Cincotti et al., 2010; Gaffeo et al., 2008; Delli Gatti et al., 2009; Neveu,
2013) and coevolutionary models of supply and demand dynamics
(Janssen and Jager, 2002; Windrum and Birchenhall, 1998, 2005; Oltra
and Saint-Jean, 2005; Saint-Jean, 2006; Windrum et al., 2009a,b;
Malerba et al., 1999, 2001, 2009; Safarzynska and van den Bergh,
2010a,b). Agent-based models combing financial markets with the
real economy have shown that the cascades of bankruptcies can propa-
gate between networks of heterogeneous firms and banks. In such
models, a bankruptcy of one firm can trigger bankruptcies in intercon-
nected firms or banks. On the other hand, coevolutionary models of
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