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Abstract Climate-economic modeling often relies on macro-
economic integrated assessment models (IAMs) that in gener-
al try to capture how the combined system reacts to different
policies. Irrespective of the specific modeling approach, IAMs
suffer from two notable problems. First, although policies and
emissions are dependent on individual or institutional behav-
ior, the models are not able to account for the heterogeneity
and adaptive behavior of relevant actors. Second, the models
unanimously consider mitigation actions as costs instead of
investments: an arguable definition, given that all other expen-
ditures are classified as investments. Both are challenging if
the long-term development of climate change and the econo-
my shall be analyzed. This paper therefore proposes a dynam-
ic agent-based model, based on the battle of perspectives ap-
proach (Janssen [1]; Janssen and de Vries [2]; Geisendorf [3,
4]) that details the consequences of various behavioral as-
sumptions. Furthermore, expenditures for climate protection,
e.g., the transition of the energy system to renewables, are
regarded as investments in future technologies with promising
growth rates and the potential to incite further growth in ad-
joining sectors (Jaeger et al. [5]). The paper analyzes how a
different understanding of climate protection expenditures

changes the system’s dynamic and, thus, the basis for climate
policy decisions. The paper also demonstrates how erroneous
perceptions impact on economic and climate development,
underlining the importance to acknowledge heterogeneous
beliefs and behavior for the success of climate policy.

Keywords Climate change . Energy policy . Energy
transition . Green investments . Agent-basedmodeling .

Learning by doing

1 Introduction

Economic analyses of climate change often apply integrated
assessment models (IAMs). These multi-equation computer
models attempt to identify and evaluate different climate pol-
icy strategies [6–10]. Among the most prominent IAMs, var-
ious modeling approaches can be found. CGEs, for example,
balance costs and benefits of climate change and its mitigation
to determine an optimal path over time [11–15]. Others do not
try to optimize but attempt to capture how the system reacts to
specific changes [16–30]. In this paper, we propose a modifi-
cation of the Bbattle of perspectives^ model introduced by
Janssen [31] and Janssen and de Vries [32] and updated by
Geisendorf [33]. Our aim is to analyze how the perspectives of
agents affect chances for growth and climate protection under
the assumption that expenditures for climate protection are
considered as investments instead of costs. The assumption
is based on a report by Jaeger et al. [34]; results from
Acemoglu et al. [35], Barker et al. [18], and Barker and
Scrieciu [36]; and ideas presented by Fankhauser and Tol
[37]. We thereby address two problems that we identified for
most of the existing IAMs, irrespective of the modeling
approach:

* Christian Klippert
cklippert@escpeurope.eu; sustbusy@escpeurope.eu

Sylvie Geisendorf
sgeisendorf@escpeurope.eu

1 ESCP Europe, Business School Berlin, Chair of Environment and
Economics, Heubnerweg 8–10, 14059 Berlin, Germany

2 SustBusy: Business and Society—Towards a Sustainable World,
Research Center at ESCP Europe Business School Berlin,
Heubnerweg 8-10, 14059 Berlin, Germany

3 Competence Centre for Climate Mitigation and Adaptation (CliMA),
Kurt-Schumacher-Str. 2, 34117 Kassel, Germany

Environ Model Assess (2017) 22:323–343
DOI 10.1007/s10666-017-9549-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s10666-017-9549-3&domain=pdf


1. IAMs usually understand climate change mitigation ac-
tions as costs with a negative effect on production. However,
expenses for climate protection, including the transition of the
energy system (e.g., new technologies, grids, power plants),
have a lifetime much longer than a year and the technological
know-how established to develop them represents part of the
advance of technological progress. They can thus be under-
stood as investments. Renewable energy and energy saving
measures are considered as the main actions to mitigate cli-
mate change [38]. With respect to their effects in macroeco-
nomic growth models, these investments should be treated
similar to conventional investments, such as road construc-
tion, machinery, or a coal-fired power plant: they increase
the capital stock, with a positive effect on output.
Macroeconomic growth models do not distinguish between
different types of investments. They assume that the capital
stock, increased through investments, is crucial for economic
growth [39, 40]. In turn, to evaluate policy strategies, it is
essential to represent the economic effects of abatement strat-
egies completely, including the recognition that green invest-
ments both reduce emissions and increase the stock of phys-
ical capital, which can lead to higher production [16].
Moreover, investments in the energy transition induce learn-
ing by doing (LbD), which can initiate further growth
throughout the entire economy [36, 41]. A global climate-
economic model, reaching decades into the future, should in-
clude this potential. There are noteworthy examples that ac-
count for positive effects resulting from mitigation, i.e., in-
duced technological change due to LbD or investments in R
&D [3, 42, 43]. However, thus far, only fewmodels explicitly
understand expenses in climate change mitigation as invest-
ments in a green capital stock (e.g., [34, 44, 45]).

2. In general, IAMs are not able to account for changing
preferences or decision dynamics due to the actual behavior of
relevant actors [6]. However, worldviews and perspectives
regarding the real world’s dynamics are essential elements of
the agent’s environmental behavior, such as investments in a
green energy transition. Decisions about (green) investments
are made by individuals or groups of individuals, i.e., compa-
nies, institutions, governments, or households. In order to un-
derstand possible obstacles to the decarbonization of the en-
ergy system, it is crucial to understand the decision behavior
of relevant actors which is characterized by bounded rational-
ity [46]. Due to a limited cognitive capacity [47], people often
make decisions based on heuristics or follow routines because
they are satisfied even though there are probably better solu-
tions [46]. Such routines and heuristics are mainly influenced
by beliefs or worldviews. This is especially true for climate
change. People have different beliefs about the seriousness of
the problem, and thus, different positions regarding the actions
that have to be taken [48–50]. While numerous authors dis-
cuss the usefulness of agent-based models in climate econom-
ics [51–57] and the approach is considered as an opportunity

for integrated assessment modeling since more than 15 years
[51], only a few models actually exist. Furthermore, most of
them deal with rather specific questions, such as the energy
consumption of houses in the UK [58] or land use and farming
[1, 2, 59]. Also, the approach to consider different beliefs
about climate change when analyzing climate policies is rather
rare even though uncertainty plays a key role in the economics
of climate change [60]. One exception is Boschetti [61].

Our assumption of climate protecting investments is based
on evidence from several studies. Jaeger et al. [34], for exam-
ple, conclude that a more ambitious CO2 reduction goal of
30%, instead of 20%, by 2020 compared to 1990 would boost
European investments from 18 to 22% of gross domestic prod-
uct (GDP) and also increase the growth rate of the European
economy by up to 0.6% per year. They assume that climate
protection measures constitute green investments inducing
LbD, which in turn spurs economic growth (Bvirtuous circle^).
Barker and Scrieciu [36] argue that stricter emission reduction
targets would stimulate both investments in low-carbon alter-
natives and technological change. Contrary to the conventional
view on the economics of climate change, they argue that a
transition to a low-carbon economy would not lower produc-
tion or lead to welfare losses but rather provide macroeconomic
benefits. Their results show that world GDP in 2100 could be
3.7% above a baseline scenario with a 550 ppm CO2 level and
6.3% higher with a more stringent 400 ppm CO2 requirement.
Barker et al. [18] also assess opportunities for reaching pro-
posed 2020 targets for climate stabilization and suggest that
low-carbon investments of 0.7% of GDP annually could be
sufficient to achieve the climate targets as well as increase
GDP and lower unemployment. The effect of green invest-
ments alone (without considering induced technological
change) would encompass an increase of world GDP by about
0.9% by 2020, compared to a reference scenario [18]. Finally, a
study commissioned by UNEP shows that green investments in
renewable energies between 2008 and 2011 were responsible
for 1.2% of additional GDP growth in that period [62].

Yet, economies can only profit from this positive relationship
between mitigation measures and economic growth if relevant
actors actually invest more into climate protection. Investment
decisions are strongly influenced by beliefs about future
developments. We argue that while conventional IAMs are not
integrating adaptive agents, agent-based models are able to ac-
count for different beliefs and changing perspectives. Therefore,
we adopt the battle of perspectives model to explore what dif-
ference it makes if climate protection expenditures are consid-
ered as investments instead of costs. Our aim is to analyze how
different perspectives of agents affect chances for growth and
climate protection under the new assumption of climate
protecting investments. The combination of an aggregated
climate-economic model with adaptive agents also provides
the opportunity to analyze why decision makers sometimes do
not follow optimal solution paths proposed by other models.
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The remainder of the paper is organized as follows. In
Sect. 2, we will give a brief overview of the B battle of
perspectives^ model including all equations together
with a list of all relevant parameters and starting values.
Section 3 presents our arguments to consider climate
protection measures as investments instead of costs and
outlines the relevant modifications of the reference mod-
el. In Sect. 4, we compare simulation runs of the mod-
ified model with runs of the reference model in order to
analyze the changed system dynamics and we analyze
the effect of learning under the new assumption.
Section 5 concludes and indicates possible questions
for further research.

2 The Battle of Perspectives Model

Janssen [31] and Janssen and de Vries [32] propose a multi-
agent, climate-economic model based on well-established
IAMs, such as that of Nordhaus [24] or Manne et al. [22].
The aim is to account for the possibility of different world-
views and adaptive behavior resulting from interaction and
learning. The structure of the original model follows tradition-
al macroeconomic growth models coupled with a climate sys-
tem. For the purpose of this paper, we use the updated version
of the model by Geisendorf [63]. In the following, we provide
an overview of the model equations together with a short
description. For a more detailed explanation, see Janssen
[31], Janssen and de Vries [32], and Geisendorf [33].

2.1 The Economic System

Y tð Þ ¼ c� a tð Þ � S tð Þ � K tð Þγ � P tð Þ1−γ ð1Þ

a tð Þ ¼ a tð Þ þ δa tð Þ;with δa tð Þ ¼ e
loge 0:5ð Þ
60�t ð2Þ

S tð Þ ¼ 1−b1 � 1−M tð Þð Þb2
1þ θ1 �ΔT tð Þθ2 ð3Þ

K tð Þ ¼ I tð Þ � Y tð Þ−δK � K t−1ð Þ ð4Þ
E tð Þ ¼ α�M tð Þ � σ tð Þ � Y tð Þ ð5Þ

M tð Þ ¼ 1

1−ε
� 1

1þ e
ρM tð Þ LM tð Þ

LM t−1ð Þ� i−2005ð Þ−LM tð Þ
� � ð6Þ

ρM tð Þ ¼ −
1

LM tð Þ � log
ε

1−ε

� �
ð7Þ

σ tð Þ ¼ 1−δð Þ � 1

1−εð Þ �
δ

1þ eρσ t−2005−50ð Þ ð8Þ

ρσ ¼ 1

50
� log

ε
1−ε

� �
ð9Þ

Y(t) Output

c × a(t) Total factor productivity (increasing at a declining rate varying
with perspectives)

S(t) Scaling factor

K(t) Capital stock

I(t) Investments

δK Depreciation rate

γ Output elasticity

P(t) Population (as a proxy for labor)

E(t) Emissions

α Emission coefficient

M(t) Energy transition measured as proportion of fossil energy on
whole energy mix

ε Individual assumption about autonomous energy transition
(varying with perspectives)

ρM(t) Autonomous energy transition

LM(t) Individual aimed speed of energy transition (based on an
agent’s decisions as explained in the following section)

σ(t) Energy intensity per output unit

Based on total factor productivity, capital stock, popu-
lation, and a scaling factor, the output is calculated. The
scaling factor S(t) depicts the relation between damage
costs of climate change and cost of its mitigation.
Depending on the modeled world, increasing temperatures
respectively increasing mitigation measures have more or
less negative impacts on production. Here, bi and θi are
the scale and non-linearity of the cost and damage func-
tions, varying with perspectives.1 Economic production
generates emissions, which reflect the link between the
economy and the climate system. Emissions are propor-
tional to output and depend on a logistically declining
energy intensity per unit as well as on the transition from
fossil fuels to alternative energy sources, all weighed by
an emission coefficient of the used fossil fuel.

2.2 The Climate System

pCO2 tð Þ ¼ pCO2 t0ð Þ þ ∫tt00:47� E tð Þ
� c1 þ ∑5

i¼2ci � e
τ−t
ali−1

� �
dτ

ð10Þ

ΔQCO2
tð Þ ¼ ΔQ2�CO2

ln 2:0ð Þ � ln
pCO2 tð Þ
pCO2 t0ð Þ

� �
ð11Þ

ΔTp tð Þ ¼ ΔT2�CO2

ΔQ2�CO2

�ΔQCO2
tð Þ ð12Þ

ΔT tð Þ ¼ β � ΔTp tð Þ−ΔT tð Þð Þ ð13Þ

1 Free Market Economist: b1 = 0.25, b2 = 3.5, θ1 = 0.00166, and θ2 = 2.
Scientifically Informed: b1 = 0.11, b2 = 2.9, θ1 = 0.0011, and θ2 = 3.
Environmentalist: b1 = 0.05, b2 = 2.3, θ1 = 0.0025, and θ2 = 4, taken from
Geisendorf [33].
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pCO2(t) Atmospheric CO2 concentration (with ci being fractions
of carbon emissions with ci = 2 to 5 having different
atmospheric lifetimes ali − 1. The multiplier of 0.47
has been introduced by Janssen to translate GT of
atmospheric carbon in the original
Maier-Reimer/Hasselmann model into atmospheric
CO2 concentration)

ΔQCO2(t) Radiative forcing

ΔTp(t) Potential temperature change

ΔT(t) Global mean surface temperature (with β = time lag of
20 years)

The climate system is based on the carbon cycle by
Meier-Reimer and Hasselmann [64]. Emissions increase
atmospheric CO2 concentration which in turn negatively
affects radiative forcing, defined as the difference between
incoming and outgoing radiation energy in a climate sys-
tem, measured in watts per square meter [65]. Radiative
forcing is assumed to influence the global mean surface
temperature, calculated in relation to the expected temper-
ature change for a doubling of CO2. As oceans take lon-
ger to warm up, the actual temperature increase lags be-
hind by β = 20 years.

2.3 Agents’ Perspectives and Their Decision Rules

The agents represent relevant actors on the international
level in an abstract form, all of which have different
worldviews offering an explanation of observed climate
change and differing objectives for economic growth. To
achieve their individual goals, they seek to control
investments I(t) and the speed of the green transition
LM(t).

2.3.1 Free Market Economists

They aim at economic growth rates of at least 3.2% per year. If
such rates do not occur, they increase investments, according
to the following decision rule:

IFME tð Þ ¼ min 0:4;min dY½ � I t−1ð Þ
Y t−1ð Þ

� �
;∀dY tð Þ < min dY½ �

and IFME tð Þ ¼ IFME t−1ð Þ;∀dY tð Þ≥min dY½ � ð14Þ

with dY tð Þ ¼ Y tð Þ−Y t−1ð Þ
Y t−1ð Þ

Because they believe in a strong resilience of the nat-
ural system, they see no need to rush the transition of the
energy system, as expressed by a very slow green transi-
tion with a 50% reduction of the share of fossil fuels over
1000 years [66]. If damage costs exceed a threshold of

1% of GDP, the green transition gets accelerated moder-
ately (lower bound of 20 years):

LM FME tð Þ ¼ 20þ LM FME t−1ð Þ þ 20ð Þ � 0:99;∀θ1

�ΔT θ2 ≥0:01 ð15Þ
LM FME tð Þ ¼ LM FME t−1ð Þ;∀θ1 �ΔT θ2 < 0:01

2.3.2 Scientifically Informed

They adjust their investments as a function of former invest-
ments and changes in economic growth:

ISI tð Þ ¼ 0:9 �ISI t−1ð Þ þ 0:1� D dY½ �
dY t−1ð Þ � ISI t−1ð Þ ð16Þ

They try to avoid a temperature increase of more than 2 °C
compared to pre-industrial levels which require a reduction of
global CO2 emissions of 50% by 2050 compared to 2000 [67],
i.e., an energy transition reducing the share of fossil fuels by
50% every 50 years. If the temperature increases, this transi-
tion gets accelerated successively2:

LMSI tð Þ ¼ 50;∀ΔT tð Þ < 1:15 ð17Þ

LMSI tð Þ ¼ 20þ LMSI t−1ð Þ−20ð Þ ∙ 0:995;∀1:15
< ΔT tð Þ≤1:65

LMSI tð Þ ¼ 20þ LMSI t−1ð Þ−20ð Þ ∙ 0:99;∀1:65
< ΔT tð Þ ≤ 2:15

LMSI tð Þ ¼ 20þ LMSI t−1ð Þ−20ð Þ � 0:98;∀ΔT tð Þ > 2:15

2.3.3 Environmentalists

Environmentalists invest only to compensate for depreciation
(δK) and aim for the fastest possible green transition, i.e., a
50% reduction of the share of fossil fuels every 20 years:

IE ¼ δk � K t−1ð Þ
Y t−1ð Þ ð18Þ

LME tð Þ ¼ 20 ð19Þ

Besides changes of the behavior within the different world-
views, there is also the possibility that agents may adapt their
worldview to the observed modeled world’s dynamics. The
higher the deviation between expected and observed temperature
development, the higher is the probability that agents may learn

2 In Geisendorf [33], the Scientifically Informed decision rule for LM(t) is
based on M(ΔT(t)). This expression is taken from Janssen [31] and means
Bmeasured temperature change.^ SinceM(t) represents also the energy transi-
tion, we changed the notation of the decision rule to ΔT(t).
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from others and adapt their worldviews to one which seems to fit
better. This part of the model has been implemented based on a
genetic algorithm [68, 69].3 The algorithm that the model uses
only allows for full imitation, not for a recombination of world-
views or strategies. It is thus not a full genetic algorithm.
Learning is depicted as the realization that the own worldview
does not correspond with observed facts and a propensity to
adopt a more fitting perspective other agents already have.4

3 Optimizing Climate Change or Changing
the Economy?

3.1 Theoretical Background

Considering the contributions of Jaeger et al. [34], Acemoglu
et al. [35], Barker et al. [18], Barker and Scrieciu [36], and
Fankhauser and Tol [37], we argue that expenses for climate
change mitigation should not be regarded as costs but rather as
investments that trigger economic growth. In the short term, a
higher growth rate can also be achieved through additional in-
vestments in other technologies or sectors; as an example, Jaeger
et al. [34] refer to the armament after the Great Depression of
1929 which triggered GDP growth. However, only green invest-
ments have also the potential to generate higher growth rates in
the long run (i.e., 2050 and beyond), compared to a business-as-
usual scenario, because they additionally help avoiding damages
caused by climate change. Since investments in climate protec-
tion relate to new energy technologies, such investments are also
likely to lead to greater technological progress than conventional
investments, which as well generates increased economic output
[35]. The transition of the energy system also implies efficiency
improvements with the potential to save substantial energy costs.

The idea that green investments can lead to economic
growth stems from the BGreen NewDeal.^ This stimulus pack-
age aimed to overcome the global economic crisis of 2008–
2009 while simultaneously addressing an imminent energy and
climate crisis through investments in low-carbon energy sup-
ply, energy efficiency, transportation, and water infrastructure.
The program was developed to channel the economy towards a
more sustainable growth path. However, this stimulus package
can also lead to crowding out, as all fiscal policies inherit the
danger of increasing nominal interest rates that lessen private
investments [72–76]. Since we do not distinguish between pub-
lic and private investments, we account for crowding out in a

stylized way. The agents have to allocate their maximally pos-
sible investments between conventional and green investments.
Depending on their worldview, they prefer either conventional
( f r ee marke t economis t ) o r g r een inves tmen t s
(environmentalist) or split equally (scientifically informed).

In the model, green investments lead to higher GDP growth
through two main effects. First, green investments seek the
development of alternative energies and improvements in en-
ergy efficiency to transform the economy from a high-carbon
to a low-carbon one. For efficiency improvements, the built
environment plays a key role. It accounts for the greatest part
of the capital stock, so its renewal alone can produce a net
increase in the overall capital stock, which in macroeconomic
growth models means higher output [34, 77]. Second, green
investments induce technological progress [18, 34–36], par-
ticularly investments in new technologies such as alternative
energies. This rapid technological progress results in higher
productivity, allowing for increased production. The LbD ef-
fect is not limited to the energy sector but spreads throughout
the economy [34]. Such positive spillovers are often not in-
cluded in climate-economic models [78].

In summary, climate protection relates strongly to the devel-
opment and implementation of new technologies for the produc-
tion, distribution, and use of energy. These developments in turn
require green investments and can induce technological change.
Such changes likely push the economy towards a new and last-
ing growth path. Especially, renewable energy is, at least in the
long run, basically infinite and freely available. Electricity gen-
eration with solar power or wind has almost no operating costs
and even the nowadays high installation costs will decline in the
future, whereas different studies show that prices for fossil en-
ergy will increase considerably in the next decades.

3.2 Modeling Green Investments and Learning
by Doing—Modifying the Original Model

Our proposed modifications of the battle of perspectives mod-
el focus on these arguments, that is, increasing capital stock
and LbD through investments in climate change mitigation.
The first step is the implementation of green investments ad-
ditionally to conventional investments. Both conventional and
climate change mitigation investments increase the overall
capital stock, leading to more economic output. We thus as-
sume two types of capital stock: conventional and green, in
line with other research [16, 30]:

dKconv

dt
¼ Kconv þ I conv � Y−∂K � Kconv ð20Þ

dKgreen

dt
¼ Kgreen þ Igreen � ξ � Y−∂K � Kgreen ð21Þ

The installation of green capital comes at higher costs com-
pared to conventional capital. While agents get one unit of

3 In case of an acknowledged misfit of the own perspective, adaptation occurs
with 80% probability, and the chosen worldview is not necessarily the best or
correct one. It is determined by a roulette wheel-like procedure from all other
perspectives with a higher likelihood to take a perspective with a relatively
good prediction quality at the current stage. The procedure has been calibrated
to replicate the speed of learning in Janssen’s model.
4 For a thorough description of the modeling details of genetic algorithms,
other sources should be consulted (e.g., [70], [71]).
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conventional capital for one unit of GDP, this relation is dif-
ferent for green capital (0 ≤ ξ ≤ 1). These costs for green
capital differ between the three modeled worlds. In the
Environmentalist world, mitigation measures are easy and
cheap to implement, whereas in the Free Market Economist
world such measures are very costly. Thus, green investments
in a FreeMarket Economist world are less efficient in terms of
emission reductions and more costly in terms of green capital
accumulation (ξFME = 0.4, ξSI = 0.6, ξE = 0.8). Referring to
Arrow [63] and Romer [79], we assume that costs decrease as
a side effect of the accumulation of green capital, i.e., the
higher the stock of green capital, the lower the costs are.

Since we understand climate mitigation actions as invest-
ments, we adapt the original decision rules for the desired
energy transition (LM(t)) as decision rules for the amount of
green investments.

3.2.1 Free Market Economists

Since they aim at high economic growth, they observe the
current damage costs. If the share of damage costs is higher
than 1% of GDP, agents gradually increase investments in
green capital at a low rate, starting from zero. Otherwise, the
amount of green investments will remain the same.5

Igreen;FME tð Þ ¼ 0:4− 0:4−Igreen;FME t−1ð Þ� 	� 0:99;∀θ1

�ΔT θ2 ≥0:01 ð22Þ
Igreen;FME tð Þ ¼ Igreen;FME t−1ð Þ;∀θ1 �ΔTθ2 < 0:01

3.2.2 Scientifically Informed

In order to keep the temperature increase below 2 °C by 2100,
the IEA [82] estimates required additional investments in cli-
mate change mitigation measures of 2% of GDP p.a. Thus, if
temperature increases are less than 0.5 °C, these agents invest
2% of GDP in the energy transition. If temperature goes up
further, the amount of green investments increases successively:

Igreen;SI tð Þ ¼ 0:02;∀ΔT tð Þ < 1:15 ð23Þ

Igreen;SI tð Þ ¼ 0:4− 0:4−Igreen;SI t−1ð Þ� 	� 0:995;∀1:15

< ΔT tð Þ < 1:65

Igreen;SI tð Þ ¼ 0:4− 0:4−Igreen;SI t−1ð Þ� 	� 0:99;∀1:65

< ΔT tð Þ < 2:15

Igreen;SI tð Þ ¼ 0:4− 0:4−Igreen;SI t−1ð Þ� 	� 0:98;∀ΔT tð Þ > 2:15

3.2.3 Environmentalist

The Environmentalist has an internal representation of the emis-
sion path related to an energy transition of minus 50% fossil
fuels in the energy mix every 20 years. To determine this reduc-
tion path, Environmentalists use calculations of the reference
model. Here, an energy transition to 50% reduction of fossil
fuels over 20 years (LM(t) = 20) results c.p. viaM(t) in a partic-
ular emission reduction path. We assume that Environmentalists
compare the observed emissions with the calculated emissions
related to the desired energy transition according to the reference
model (Eq. (3)). If observed emissions exceed the desired emis-
sions by more than 1%, the Environmentalist increases green
investments to achieve the desired emission path.

Igreen;E tð Þ ¼ 0:4− 0:4−Igreen;E t−1ð Þ� 	� 1−
E tð Þact:−E tð Þdes:

E tð Þdes:

� �
;

∀ΔE tð Þ≥0:01

ð24Þ

Igreen;E tð Þ ¼ Igreen;E t−1ð Þ;∀ΔE tð Þ < 0:01

In contrast to the original model, emissions are reduced via
the accumulation of green capital:

E tð Þ ¼ α� 1

Kgreen
� σ tð Þ � Y tð Þ ð25Þ

Investments in emission mitigation are a limiting factor for
conventional investments and vice versa. This takes into ac-
count the possibility of crowding out in a stylized way. In the
extended model, agents must make decisions about two types
of investments: green and conventional. First, the agents de-
termine how much they ideally should invest in the green and
conventional capital stock. According to the reference model,
their maximum investment level depends on a minimum con-
sumption level (Imax(t) = Y(t) −Cmin). If the sum of desired
investments exceeds the maximum possible amount, a Free
Market Economist cuts green investments first. Because the
Environmentalist focuses on green investments, she cuts con-
ventional investments if the desired amount exceeds the max-
imum possible. The Scientifically Informed, located between
the two extreme worldviews, reduces both green and conven-
tional investments in equal parts (50:50).

Since we understand climate change mitigation measures
as investments not costs, the new scaling factor consists of the
inverse damage function, with the same limiting effect as the
original version (Eq. (6)):

S tð Þ ¼ 1

1þ θ1 �ΔT tð Þθ2 ð26Þ

A greater rise in temperature increases the damage costs
and thus reduces the scaling factor S(t), which is an expected
multiplier between zero and one, such that it also reduces
economic output (see Fig. 1).

5 Using evidence from the World Bank [80] and the IMF [81], we assume a
global minimum consumption level of 60% of GDP which in turn means a
maximum investment of 40% of GDP.
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No consensus exists regarding the effect of green capital on
the productivity of an economy. Weber et al. [30] assert that
there is no difference between a green and a conventional capital
stock; Ackermann et al. [16] state that green investments cannot
have the same or higher productivity than standard investments,
because in this case, the market would have solved climate
change problems on its own. Without empirical data, they as-
sume that mitigation investments are half as productive for in-
come as conventional investments are. In contrast, one could
argue that investments in climate protection, in addition to hav-
ing a pure effect on the overall capital stock, influence the pro-
ductivity of the applied capital stock, particularly if investments
focus on new technologies, such as energy-saving advances or
renewable energies [83]. Thus, it is possible that the green cap-
ital stock has greater productivity than the conventional capital
stock, and green investments enhance production not only be-
cause of the increase in capital stock but also through the higher
productivity that results from LbD [5, 34, 83, 84].

Typical findings indicate that LbD proportionally decreases
the unit costs for each increase in production. To maintain the
original structure of the "battle of perspectives" model [31],
we chose not to implement this cost-reducing effect directly.
Instead, referring to Castelnuovo et al. [5], who in turn cite
Arrow [63] and Romer [79], we argue that an increasing stock
of knowledge leads to greater productivity, which reduces the
negative impact on the environment per unit of GDP. This
stock of knowledge represents LbD and increases as a side
effect of physical capital formation and affects factor produc-
tivity in terms of increasing returns to scale of the production
function. The idea that increasing returns resulting from the
accumulation of knowledge are crucial for long-run growth
has a long history [4, 79, 85]. Increasing returns to scale are
one way to model endogenous growth on an aggregate level.
On the firm level, constant returns to scale can appear, but
spillovers would be external to the firm and still lead to in-
creasing returns to scale for the whole economy [86].

For our purpose, we assume that the green capital stock has
a different marginal productivity than conventional capital
which leads to a new production function:

Y tð Þ ¼ c� a tð Þ � S tð Þ

� Kgreen tð Þ 1þβLð Þ þ Kconv: tð Þ
� �γ

� P tð Þ1−γ
� �

ð27Þ

Since the different worlds behave according to the different
worldviews, the advantage of green capital over conventional
capital varies between the assumed real-world scenarios. We
assume that a Free Market Economist does believe in a lower
productivity of green capital. Thus, following Ackermann
et al. [16], we set βL to −0.5 in the Free Market Economist
world. On the contrary, we assume that Environmentalists
have a strong belief in green capital which leads to a βL of
0.07 in the Environmentalist world. The Scientifically
Informed agents also believe in a higher productivity of green
capital compared to conventional capital but on a more mod-
erate level. Therefore, we set the βL in the Scientifically
Informed world according to Castelnuovo et al. [5] to 1/10
of the capital–output elasticity, i.e., βL = 0.03.

3.3 Data

Tables 1 and 2 give an overview of relevant parameters and
starting values (partly taken from Geisendorf [33]).

4 Results and Discussion

Besides the three worldviews characterizing the agents and
their behavior, there is also the possibility to build different
scenarios about the actual dynamics of the Breal^ world. This
allows for analyzing how different groups or individuals of
agents behave in different modeled worlds. Agents can thus
be placed in a world behaving according to their expectations,
i.e., utopia, or in different kinds of dystopias, and the effect of
Bwrong^worldviews can be analyzed.6 In order to analyze how
the perspectives of agents affect chances for growth and climate
protection under the new assumption of climate protecting in-
vestments, we compare simulation runs of the modified model
with those of the reference model. The analysis takes place in
two steps. First, we are going to discuss results of various
simulation runs with non-adapting agents, i.e., with agents that
are only able to slightly adjust their decisions but not able to
learn. Second, we enable agents to learn from each other in
order to analyze how the system’s dynamics change if agents
switch their worldviews. This addresses the second issue we
identified with respect to most of the existing IAMs, i.e., IAMs

6 Please note that Bwrong^ here only means Bnot adapted to the modeled
world they are placed in.^
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Fig. 1 Scaling factor depending on observed temperature change
(ΔT(t)), showing free market economistic (dotted), scientifically
informed (dot dashed), and environmentalist (dashed) worlds

The Effect of Green Investments in an Agent-Based Model 329



are not able to account for changing preferences or decision
dynamics due to the actual behavior of relevant actors.

4.1 Non-adapting Agents

4.1.1 A World Working According to the Free Market
Economist Worldview

In a first experiment, we ran simulations in which agents
representing all three perspectives are placed in a world be-
having in accordance to the Free Market Economist’s world-
view. On the left-hand side of Fig. 2, the results of the refer-
ence model are depicted while the right part shows the results
of the modified model including green investments. In both
cases, the Free Market Economist agents are able to increase
economic output and emissions without heating up the cli-
mate. However, the output realized by the Free Market
Economists in the modified model is 6% higher than in the
reference model. This in turn leads to higher emissions (+8%)

compared to the reference model and a greater temperature
change (+1%). The world the agents are placed in behaves
exactly as the Free Market Economist believes, i.e., a very
robust climate system and a high rate of technological prog-
ress which help her to achieve this massive GDP growth.
Thus, the fact that Free Market Economists invest intensively
triggers GDP growth but the high increase is only possible
because the dynamics of the modeled world allow such a
development. The assumptions about the climate system re-
sult in a moderate effect of increasing emissions on tempera-
ture change and thus damage costs. This is the reason why the
higher emissions in the modified model have only a small
effect on temperature change. Free Market Economists in
the modified model therefore see no reason to invest in green
capital and channel all investments in the conventional capital
stock which is assumed to have a higher productivity in this
world. In the beginning, they are able to achieve their goal of a
3.2% GDP growth per year. At around year 2050, GDP
growth drops below this desired value. In reaction, Free
Market Economists in the modified model successively in-
crease conventional investments until the maximally possible
proportion of 40% of GDP is reached (cf. Fig. 3, left side).

The results of the Scientifically Informed agents (thin line)
are quite similar to the reference model at first glance. A closer
look in the data, however, reveals that economic output in the
modified model is almost 11% higher than in the reference
model. The reason can be found in Fig. 3 (right side) which
depicts the developments of the investment rates and capital
stocks (conventional: thin line; green: dashed line) in the mod-
ified model. The Scientifically Informed agents accelerate
their investments in green capital at around year 2070. The
reason is that temperature increase surpasses a certain

Table 2 Starting values

World population 2005 6 883 billion

GDP 2005 (in 2005 USD) 66.95 billion

Capital stock 2005 (in 2005 USD) 137 trillion

Initial investment rate (conventional capital stock) 0.237

CO2 emissions 2005 (GtC) 8.079

Radiative forcing (W/m2 for 2× CO2) 3.7

Emission coefficient α 0.12

Temperature increase 2005 (°C)a 0.65

a According to NOAA [87] the average global temperature in 2005 was
0.65 °C above the twentieth century average of 13.9 °C.

Table 1 Specifications for
different worldviews (taken from
Geisendorf [33])

Parameter FreeMarket
Economist

Scientifically
Informed

Environmentalist

Technological development

δa_start 0.04 0.012 0.002

δ 0.4 0.5 0.6

ε 0.01 0.003 0.00001

Climate sensitivity

ΔT2CO2 1.5 3 7.7

Damage costs

θ1 0.00166 0.0011 0.0025

θ2 2 3 4

Mitigation costs

b1 0.25 0.11 0.05

b2 3.5 2.9 2.3

Attempted speed of energy transition
at start (years)

1000 50 20

Green capital productivity

βL −0.5 0.03 0.07
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Fig. 2 Economic output, CO2 emissions, and temperature change of the referencemodel (left), and the modified model (right) for all perspectives placed
in a free market economist world. Free market economists (thick line), scientifically informed (thin line), environmentalists (dashed line)
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threshold (here: 1.65 °C) which forces them to expand their
climate protection efforts. The different developments of
emissions in the modified model result mainly from different
assumptions: in the modified model, emissions depend on the
green capital stock while emissions in the reference model are
related to the speed of the energy transition (LM(t)). Due to the
accelerated green investments, Scientifically Informed agents
are able to rapidly reduce emissions. At the end, emissions
decrease almost to zero. Although the decision rules about
the speed of the energy transition (reference model) or the
green investments (modified model), respectively, are the
same in both models, emission reductions happen more rap-
idly and abrupt in the modifiedmodel. The reason is that green
investments have a more direct impact on emissions than the
desired speed of the energy transition (LM(t)) in the reference
model which is only one influencing factor of the energy
transition M(t). In both model versions, these actions help to
keep the temperature increase below 2 °C. The results for the
Environmentalists are more interesting especially with respect
to economic performance. After a period of increasing GDP,
the Environmentalists’ performance at the end of the simula-
tion of the modified model is significantly worse compared to
the reference model (almost −25%). In both model versions,
the Environmentalists assume a very sensitive climate system
and aim at a very fast energy transition. To be successful in the
modified model, she massively invests in green capital in or-
der to stay on the emission reduction path required to realize
an energy transition to 50% renewables within the first
20 years irrespective of whether the transition is necessary or
not.7 As explained previously, the Free Market Economist
world assumes a climate system which is rather robust against
emission increases. Moreover, in this world, mitigation mea-
sures are less efficient than Environmentalists believe. To cut
emissions by 50%within the desired period, huge investments
in the green capital stock are necessary, leading to a substantial
increase in the entire capital stock (see Fig. 3). After a short
period of a mixed investment strategy, this leads to a decrease
of the conventional capital stock almost to zero due to depre-
ciation.8 Thus, since Environmentalists cut conventional in-
vestments first if their combined investments exceed the pos-
sible 40% of GDP, all investments are channeled in the green
capital stock in the end in order to stay on the required emis-
sion reduction path. However, since green capital is less pro-
ductive in the Free Market Economist world than convention-
al capital, the increasing capital stock is not sufficient to pos-
itively affect economic output.

4.1.2 A World Working According to the Scientifically
Informed Worldview

In a second experiment, we ran simulations with Free Market
Economists, Scientifically Informed, and Environmentalists
all placed in a world behaving according to the Scientifically
Informed beliefs. Figure 4 compares the results of the modi-
fied model (right) with the reference model (left). The Free
Market Economists in the modified model achieve a 7%
higher GDP than in the reference model. In both case, they
perform best compared to the other perspectives in terms of
economic output even though the result is, of course, worse
compared to their utopian case, i.e., Free Market Economists
in a Free Market Economist world (c.f. Fig. 2). In order to
achieve their overall goal of 3.2% GDP growth, they put all
their effort on building up the conventional capital stock. The
massive increase of conventional capital helps them to boost
economic performance. However, since they are now placed
in a world with different conditions, i.e., lower rate of techno-
logical progress and a more sensitive climate system, the
resulting GDP growth turns out to be lower than expected,
i.e., as if they were placed in a Free Market Economist world.

As a reaction, they further increase conventional invest-
ments leading to an even higher GDP growth which is related
to increasing emissions. In the end, emissions in the modified
model are higher compared to the reference model (+8.6%)
which is mainly due to the higher output in the modifiedmodel.
The emission reductions in the middle of the simulation stem in
both cases from the autonomous energy transition σ(t). Due to
the more sensitive climate system, the increasing emissions
have a stronger effect on atmospheric CO2 in this world and
thus lead to a higher temperature increase (+16.4%).

The Scientifically Informed agent aims at stabilizing the
temperature on a level below +2 °C compared to pre-
industrial level and in both model versions, she is barely able
to achieve this goal. However, in the modified model, the
temperature is 10% lower compared to the reference model.
Scientifically informed agents start with a green investment
rate of 2% of GDP in order to keep the temperature increase at
the desired level. In the beginning, this is not enough to build
up a green capital stock because depreciation is assumed to be
10%. Emissions even go up due to increasing economic pro-
duction. In the following, they observe that temperature in-
crease exceeds 1.65 °C in year 2052 which motivates them to
increase green investments with an immediate effect on emis-
sions (cf. Fig. 5). In the reference model, the Scientifically
Informed agents start with the goal to decarbonize the energy
system by 50% every 100 years. In the course of the simula-
tion, they observe higher temperature increases which induce
them to intensify their efforts by accelerating the
decarbonization. In the end, they are able to reduce emissions
close virtually to zero by 2100. In the modified model, emis-
sions are reduced faster and temperature increases a bit less.

7 As explained previously, the environmentalists have an internal representa-
tion of the emission reduction path related to a 50% reduction of fossil fuels
every 20 years. For the calculation, they refer to LM(t) andM(t) in the reference
model.
8 Since the model assumes declining balance depreciation and not linear
depreciation, the capital stock can mathematically not become zero although
the figure looks as if it does.
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However, due to the laggardness of the climate system, this
advantage is not visible as strongly. At the end, agents in the

modified model are successful in keeping temperature in-
creases on an agreeable level, i.e., below 2 °C, while achieving
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Fig. 4 Economic output, CO2 emissions, and temperature change of the referencemodel (left), and the modified model (right) for all perspectives placed
in a scientifically informed world. Free market economist (thick line), scientifically informed (thin line), environmentalist (dashed line)
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their aim to ensure a continuous GDP growth without any
fluctuations which is even higher than in the reference model
(+9.7%) due to an increasing green capital stock (cf. Fig. 5).
Again, the most noticeable differences between the two simu-
lations occur for the environmentalist agents, especially with
respect to economic performance. As explained previously,
Environmentalists aim at decarbonizing the energy system as
fast as possible. In terms of economic performance, they want
to maintain the existing capital stock and, thus, invest in con-
ventional capital only to compensate for depreciation. To
achieve their ambitious energy transition goal in the modified
model they have to invest in green capital. In the first years,
they see no requirement to do so because emissions develop
according to their internal representation, i.e., related emission
reduction path of a 50% decarbonization of the energy system
within 20 years. After a while, however, they observe slight
deviations and start to successively increase investments in
green capital in order not to miss their ambitious goal. At the
of the 2040s, they invest only in green capital because they
focus firstly on temperature increase and cut conventional in-
vestments in favor of green investments if the temperature
development requires additional efforts. Since green capital
has a higher productivity than conventional capital in the
Scientifically Informed world, green investments have a posi-
tive effect on economic performance. The unexpected and un-
intended GDP growth leads to higher emissions (i.e., rebound
effect), which requires even more green investments. Even in
the reference model, one can observe an increasing economic
output. This is due to population growth and technological
progress, which are assumed to be moderate in the
Scientifically Informed world. Compared to the other perspec-
tives, the Environmentalist in the reference model performs
best in terms of emissions and temperature increase but worst
in terms of economic performance. This picture is different for
the modified model. In the end, economic performance of the
Environmentalists is only slightly lower than that of the Free
Market Economists (10%) and clearly higher than that of
Scientifically Informed agents (38.6%). The growth enhancing
effect of green investments pays off in the modified version.

4.1.3 A World Working According to the Environmentalist
Worldview

The effect of outperforming Environmentalists becomes even
more visible if all agents are placed in a world behaving ac-
cording to the Environmentalist worldview. Figure 6 compares
the results of simulation runs with only Free Market
Economists (thick line), only Environmentalists (thin line),
and only Scientifically Informed (dashed line) agents (reference
model left; modified model right). Results of both model ver-
sions reveal that a focus on economic growth while neglecting
climate protection as pursued by the Free Market Economists
leads to only short-term benefits in this sensitive environment.

In both model versions, Free Market Economists offer a
good start in terms of economic performance, by neglecting
the sensitive environment. However, high emissions and high
temperature increases have long-lasting consequences, such
that Free Market Economists fall behind Environmentalists
and Scientifically Informed in the long run (24.4% lower than
Environmentalists and 34.4% lower than Scientifically
Informed in the reference model). The high initial GDP growth
realized by the Free Market Economists causes emissions
which have a significant impact on the climate system. The
rapid temperature increase has strong negative effects on the
economy through the scaling factor, because even small chang-
es in temperature are related to high damage costs in that sce-
nario. The effect of underperforming Free Market Economists
is even stronger in the modified model (63.1% lower than
Environmentalists and 60.1% lower than Scientifically
Informed agents), because they do not benefit from the green
investment effects. By trying to avoid the negative economic
development, the FreeMarket Economist in the modified mod-
el increases investments in the conventional capital stock right
in the beginning which exacerbates the situation (cf. Fig. 7).
Although damage costs exceed the pre-defined threshold of 1%
of GDP which would motivate them to invest in green capital,
FreeMarket Economists keep back from doing so. This type of
agent focuses on economic performance which means that they
cut green investments first if economic performance falls be-
hind their goal, i.e., annual GDP growth of 3.2%. Throughout
the whole simulation run, GDP growth is below 3.2% or even
negative. Consequently, Free Market Economists in the modi-
fied model invest all their money in the conventional capital
stock. Although they pursue the same objective (annual GDP
growth of 3.2%) in the referencemodel, they at least react to the
increasing damage costs by adjusting the desired speed of the
energy transition. In the new version, we restricted even such a
moderate adjustment by assuming them to react with only more
conventional investments to every crisis. If the world is ruled
by Environmentalists (dashed line), the rapid emission reduc-
tions mitigate the high temperature changes and therefore the
negative consequences for the economic system in both model
versions. In the modified model, investments in climate protec-
tion measures increase the green capital stock and induce LbD.
In this world, green investments are assumed to be very effi-
cient and green capital to be very productivity. These two con-
ditions enable such a positive development of economic per-
formance as depicted in Fig. 6 (right).9

While FreeMarket Economists solely invest in conventional
capital in order to increase GDP growth, Environmentalist

9 Although it is an utopian situation for the Environmentalists, they perform
only second best behind the Scientifically Informed agents in terms of eco-
nomic growth in the reference model. The reason is that Environmentalists do
not aim at economic growth, even if it is possible within certain bounds,
whereas the Scientifically Informed agents follow a mixed strategy of contin-
uous economic growth and keeping temperature increase below 2 °C.
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agents start investing in green capital in order to reduce CO2

emissions. These investments not only increase the green
capital stock but also induce LbD and help keeping tempera-
ture, and thus, negative economic effects at a low level. A
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Fig. 6 Economic output, CO2 emissions, and temperature change of the referencemodel (left), and the modified model (right) for all perspectives placed
in an environmentalist world. Free market economist (thick line), scientifically informed (thin line), environmentalist (dashed line)
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mixed strategy followed by Scientifically Informed agents
leads to the best economic performance in the reference model.
However, with respect to their climate goals, they are not suc-
cessful: temperature increases more than 3.5 °C, because they
have wrong beliefs about the real world’s dynamics, especially
about the sensitivity of the climate system. After starting with
the aim to reduce the share of fossil fuels by 50% in 100 years,
they soon realize that this will not be fast enough to keep the
temperature increase below 2 °C. However, all their efforts to
accelerate the decarbonization are not enough to avoid a high
temperature increase with significant negative effects on eco-
nomic performance. In the modified model, the Scientifically
Informed agents are more successful. Due to their massive and
early investments in green capital, they are able to reduce emis-
sions fast enough to keep temperature increases at a tolerable
level. Moreover, since they invest in both green and conven-
tional capital, they produce the highest overall capital accumu-
lation. However, with regard to GDP growth, this is only sec-
ond best behind the Environmentalist agents. This is due to the
fact that, first, Environmentalist agents invest solely in green
capital with a significant higher productivity in this world and,
second, even a temperature increase of 2 °C is related to sensi-
ble damage costs and thus negative impacts on economic per-
formance in the Environmentalist world. Obviously, the
Environmentalists in the modified model achieve an unintend-
ed win–win situation of keeping temperature at a tolerable level
(below 2 °C) while realizing high GDP growth by investing in
green capital.

4.2 Adaptive Agents

In the previous section, we compared the results of the
modified model with the results of the reference model
with only one perspective at a time ruling the world.
However, in reality, the world is simultaneously populat-
ed by people with different beliefs and assumptions about
the real world’s dynamics. In the following, we will
therefore discuss simulation runs for various scenarios
with heterogeneous groups of adaptive agents. Here, ad-
aptation means not only to adjust investment decisions
according to the real world’s development but instead
changing the perspective if expectations about the real
world’s dynamics are not met. The more the expectations
deviate from the observed development, the higher gets
the probability that the agents will take over another per-
spective with a higher explanatory power. This adaptation
process is based on a procedure inspired by a genetic
algorithm as explained previously. In this part of the
analysis, we focus on the differences between non-
adaptive and adaptive agents in the modified model to
address the effect of adaptive agents under the new as-
sumption of green investments.

4.2.1 Non-adaptive vs. Adaptive Environmentalists in a Free
Market Economist World

Figure 8 shows the results of a simulation with only
Environmental is ts ( th in l ine) and a major i ty of
Environmentalists, placed in a Free Market Economist world
(thick line).10 The results show that adaptive Environmentalists
understand rather fast that their worldview is not the correct
one, i.e., the spread of the Environmentalist perspective is re-
duced step by step (see Fig. 9). However, although the Free
Market Economist worldview is the best fitting perspective, a
significant number of agents adopt the Scientifically Informed
agent’s worldview. The reason is that even this perspective has
a higher explanatory power than the Environmentalist world-
view. As long as the observed results, i.e., continuous GDP
growth and temperature increase below 2 °C, deviate only
slightly from the expected results, the Scientifically Informed
worldview is still good enough to adopt or keep.

Nevertheless, the composition of the population changes
from a majority of Environmentalists to a majority of Free
Market Economists. This is also reflected by the results of this
simulation. The change of the population leads to an increas-
ing conventional investment rate, because the majority of
agents want to achieve GDP growth of 3.2% per year.
However, since there is still a substantial number of
Scientifically Informed and Environmentalist agents who ei-
ther want to keep the temperature increase below 2 °C or to
achieve the energy transition as fast as possible, there is also
investment in green capital. Although agents learn to under-
stand that the climate system is very robust and allows for high
economic output, they are not able to exploit the entire poten-
tial of this world because the learning process takes time, i.e.,
GDP stays far behind the possible one for the initially correct
worldview, i.e., 21.2% below (cf. Fig. 2). Nevertheless, a
mixed population with a majority of Free Market
Economists proves to be successful not only in terms of eco-
nomic performance. The low but still existing green invest-
ments by the Scientifically Informed and Environmentalists
allow for radical emission reductions with the effect of tem-
perature increases far below 2 °C. Thus, this population is
almost able to achieve the positive economic performance of
the utopian Free Market Economist situation while mitigating
climate change.

4.2.2 Non-adaptive vs. Adaptive Free Market Economists
in an Environmentalist World

Figure 10 shows the results for a simulation of only Free
Market Economists (thin line) and a majority of adaptive

10 Since the real world’s development is not the average of several runs but
rather a one-shot game, we discuss the results of a typical single run instead of
conducting Monte Carlo simulations.
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Free Market Economists (thick line), both placed in a world
with dynamics according to the Environmentalist worldview.

Compared to the non-adaptive agents, the learning Free
Market Economists are able to outperform in all three catego-
ries, i.e., GDP growth, emissions, and temperature increase.
This is due to the fact that agents realize very fast that their
perspective is the wrong one for the Environmentalist world.
In the following, most of the agents adopt the correct
Environmentalist worldview. Those agents start investing in
green capital in order to stay on the desired emission reduction
path. The increasing green capital stock has a strong positive
effect on output due to the high productivity in this world.
Again, compared to the non-adaptive agents, the mixed popu-
lation is able to enter a win–win situation with high GDP
growth and a temperature increase below 2 °C. When Free
Market Economists adopt the Environmentalist worldview,

they shift their focus from economic growth to climate protec-
tion and green investments, which can reduce the negative,
long-term consequences for the economy. However, the initial
overexploitation of the system in additionwith the subsequently
required high investments in the energy transition for the reduc-
tion of CO2 emissions let this belatedly learning economy falls
back behind the correct policy in terms of temperature change
(+5.6%) and economic output (−2.9%) (cf. Fig. 6 right). Since
there are still Free Market Economists and Scientifically
Informed agents among the population, investments in the con-
ventional capital stock are done which are then not available for
building up the green capital stock (cf. Fig. 11).

As a result, the energy transition in terms of replacing con-
ventional capital with green capital takes more time. Since
agents are placed in a world with a very vulnerable climate
system, this has a significant effect on temperature. Moreover,

2020 2040 2060 2080 2100
year

200

400

600

800
2005 US$

Output

2005 2020 2040 2060 2080 2100
year

0.1

0.2

0.3

0.4

0.5

Green investment rate

2005 2020 2040 2060 2080 2100
year

5

10

15

20
GtC

CO2 Emissions

2005 2020 2040 2060 2080 2100
year

0.1

0.2

0.3

0.4

0.5

Conventional investment rate

2005 2020 2040 2060 2080 2100
year

0.5
1.0
1.5
2.0
2.5
3.0

°C
Temperature Change

2005 2020 2040 2060 2080 2100
year

500

1000

1500

2000

2500
US$

Overall capital stock

Fig. 8 Output, CO2 emissions, temperature change, green investment rate, conventional investment rate, and overall capital stock for only
environmentalists in a free market economist world (thin line), and a majority of adaptive environmentalists in a free market economist world (thick line)

2020 2040 2060 2080 2100
year

20

40

60

80

100

Change of perspectives over timeFig. 9 Percentage of
perspectives: environmentalists
(white bars), scientifically
informed (grey bars), free market
economists (black bars)

The Effect of Green Investments in an Agent-Based Model 337



in the Environmentalist world, green capital is assumed to lead
to LbD resulting in a higher productivity. If not all the money
is invested in green capital, agents fail to make use of the
whole potential of green investments. On the contrary,
Environmentalists do not focus on economic growth but on
emission reduction from the beginning on and thus invest
mainly in green capital from the beginning on.

4.2.3 Non-adaptive vs. Adaptive Free Market Economists
in a Scientifically Informed World

In the third simulation, we compare only Free Market
Economists with a majority of adaptive Free Market
Economists, both in a Scientifically Informed world (Fig. 12).
Again, the composition of the population changes to a majority
of correct worldviews with still a significant number of Free

Market Economists and Environmentalists (cf. Fig. 13).
Compared to the results of the non-adaptive Free Market
Economists (thin line), the mixed population of adaptive agents
(thick line) falls behind in terms of economic output (−14.7%).

Although the Free Market Economist worldview is not cor-
rect, they are able to significantly increase GDP within the ob-
served period due to massive investments in the conventional
capital stock. This is a surprising result since one would assume
that Scientifically Informed agents know best the potential of
this world since they have the correct assumptions about the
modeled world’s dynamics. An obvious explanation is that
Scientifically Informed agents do not solely focus on GDP
growth but follow a mixed strategy of continuous economic
growth and climate change mitigation. But still, a possible con-
clusion could be that in case of a moderate world according to
the Scientifically Informed beliefs, it is not necessary to mitigate
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climate change. Even a high temperature increase of almost 4 °C
allows for a growing economy due to massive investments in
conventional capital without taking any climate protection ac-
tions. However, as the convergence of theGDP developments of

the FreeMarket Economists (thin line) and themixed population
(thick line) in Fig. 12 already indicates, the damages caused to
the climate system will eventually hit back on the economy
through high damage costs. As Fig. 13 illustrates, this only
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happens after our normal observation period. If this property of
the simulation would reflect the real situation, this is a critical
result. It would mean that a world population which oversteps
the boundaries of the climate system would still not be able to
understand their mistake by looking at economic output, be-
cause this output would, still for a long time, be higher than
one for a more sustainable time path.

Compared to the results of only Scientifically Informed
agents placed in a Scientifically Informed world (cf. Fig. 4),
the mixed population (thick line) in Fig. 12) performs consider-
ably better in terms of economic output (+31.5%). The remain-
ing Free Market Economists help to build up the overall capital
stock by solely investing in conventional capital whereas
Scientifically Informed agents follow a mixed strategy and in-
vest in both green and conventional capital. However, since they
do not aim at high economic growth or a fast energy transition,
they never invest all the spendable money as the Free Market
Economists do. The small group of Environmentalists channels
all the money in green investments which leads to faster energy
transition than in the run with non-adaptive Scientifically
Informed agents in a utopian world. The mixed population in
that case thus actually benefits from the small interventions by
the two more extreme perspectives, because they help the
scientifically informed to increase both kinds of investments
over the level they would have chosen on their own (Fig. 14).
In the end, the mixed population of adaptive agents shows
moderate results for all three variables, i.e., output, emissions,
temperature change, and again, a win–win situation.

5 Conclusions

We identified two shortcomings of standard climate-economic
integrated assessment models which we tried to address. First,
irrespective of the modeling approach, they usually perceive
climate protection measures as costs that lead to a loss of pro-
duction and therefore a loss of welfare. Based on Jaeger et al.
[34], we propose that such expenses should be considered as
investments instead. These investments have positive growth
effects for the economy but at the expense of higher emissions
and thus higher temperature increase through rebound effects.

Second, most IAMs are not able to account for changing pref-
erences or decision dynamics of relevant actors. In order to
address these issues, we have modified the agent-based Bbattle
of perspectives^ model initiated by Janssen [31] and Janssen
and de Vries [32] and updated by Geisendorf [33] and have
integrated propositions from Jaeger et al. [34], Barker and
Scrieciu [36], and Barker et al. [18]. Climate protection mea-
sures are considered as green investments, which increase the
overall capital stock and induce technological progress through
learning by doing, triggering economic growth.

We chose the Bbattle of perspectives^ model, because this
agent-based, climate-economic model creates awareness for
the effect of individual decisions by heterogeneous agents
on climate policy. The perception of climate change by rele-
vant actors influences the policy strategy implemented by
those actors. Consequently, from a heterogeneous agent per-
spective, there is no single, optimal strategy. Instead, there are
different beliefs and worldviews, competing to explain the
observed Breality.^ In contrast to conventional IAMs, the
model proposed in this paper is able to show how erroneous
perceptions impact on economic and climate development.
The results of the modified model presented here support this
point. First, wrong assumptions about the real world’s devel-
opment can lead to strong effects, both in terms of climate
change and of economic performance. Second, even an ad-
justment of improper behavior can have long-lasting conse-
quences, in terms of both economic losses and temperature
change, because learning after realizing mistakes takes time.
Even though the modifiedmodel allows for the possibility of a
win–win solution through green investments, this solution has
no guaranteed outcome. A strategy focusing on climate pro-
tection resulting in green investments can unfold its potential
only if decision makers understand the actual dynamics of the
word, i.e., are able to adapt their measures when the world
does not match their predictions. Otherwise, it can even have
negative effects if opportunities for economic growth are
neglected because of unnecessarily high green investments
in case the world is more robust than expected. The same
holds true if the real world shows a very sensitive climate
system which can only be kept within tolerable limits with
massive climate protection measures, i.e., investments in
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green capital. If relevant actors in policy and economy do not
deem such a policy necessary, these investments will not hap-
pen with negative consequences not only for the climate but
the whole system, including the economy.

Further research based on this model could concentrate on
more detailed empirically based representations of the agents’
perceptions and actual behavior. This would offer the opportuni-
ty to derive recommendations for policy makers. A thus en-
hanced model could also be used to test different policies in their
effect on an agent’s decisions. Multi-agent models such as the
one proposed here offer the unique opportunity to not only cal-
culate Brational^ reactions to a policy. It allows analyzing differ-
ent bounded rational behaviors, linked to the agent types. Ideally,
such biases [88–90] from rational responses should be based on
empirical foundations. Behavioral economics offers a lot of em-
pirical evidence for existing biases [ibid.]. In this regard, it would
also be interesting to follow the idea of Williams [91] that envi-
ronmental policies should phase in gradually, rather than being
immediately implemented at full force. Furthermore, additional
research could determine the pace of fossil fuel transition re-
quired to achieve the extended economic growth claimed by
Jaeger et al. [34]. After determining this pace, studies could
investigate what political measures are best able to make agents
shift their investments to fit with the real environmental and
economic conditions if they do not recognize them on their own.

In the current version of the model, there are two ways of
learning. First, moderate behavior adjustments while keeping
the perspective and, second, adoption of another perspective
with a higher explanatory power. The latter works through
learning from others and thus requires the existence of the
correct perspective within the population. Further research
could implement a third way of learning, which could enable
the agents to understand the internal dynamics of the world
without the possibility to learn it from others. It could be
interesting to enable the agents to check their beliefs about
the productivity of different kinds of capital and thus enable
them to better understand the growth potential of green invest-
ments. However, as has been discussed in the last section,
there is a risk that a too growth-oriented policy is more suc-
cessful in economic terms for many decades than the ultimate-
ly sustainable policy. Under such circumstances, neither learn-
ing process would help. The solution could then be an infor-
mation campaign or emission limiting policies, e.g., through
taxes. A further specification of the proposed model could
help to identify such cases in which economic indicators do
not offer a sufficient feedback for learning and analyze the
effect of different policies offering an alternative.
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