A Service of

[ ) [ J
(] [ )
J ﬂ Leibniz-Informationszentrum
° Wirtschaft
o Leibniz Information Centre
h for Economics

Make Your Publications Visible.

Bretschger, Lucas

Working Paper

Green road is open: Economic pathway with a carbon

price escalator

Economics Working Paper Series, No. 22/375

Provided in Cooperation with:

ETH Zurich, CER-ETH - Center of Economic Research

Suggested Citation: Bretschger, Lucas (2022) : Green road is open: Economic pathway with a carbon
price escalator, Economics Working Paper Series, No. 22/375, ETH Zurich, CER-ETH - Center of

Economic Research, Zurich,
https://doi.org/10.3929/ethz-b-000570351

This Version is available at:
https://hdl.handle.net/10419/264594

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.3929/ethz-b-000570351%0A
https://hdl.handle.net/10419/264594
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

CER-ETH — Center of Economic Research at ETH Zurich

Green Road is Open: Economic Pathway with a Carbon Price Escalator

L. Bretschger

Working Paper 22/375
September 2022

Economics Working Paper Series

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



Green Road is Open: Economic Pathway with a Carbon

Price Escalator

Lucas Bretschger !

September 12, 2022

Abstract

The paper develops the concept of "Economic Pathways" (EPs), which char-
acterize theory-based scenarios for an economy that strives to achieve decar-
bonization by mid-century. The theoretical framework derives closed-from an-
alytical solutions for consumption, innovation, emissions, and population. The
EPs differ in the stringency of assumed policies and associated income and emis-
sion development. Unlike the well-known "Shared Socioeconomic Pathways",
they allow important causalities between the economy and the environment to
be included and significantly narrow the scope of likely future developments.
The quantitative part serves to illustrate the long-term consequences of climate
policy. I show that deep decarbonization only moderately delays economic de-
velopment, but requires increasing escalation of the carbon price. Subsidies to
the research sector support income development significantly. The paper argues
that the adoption of more stringent climate policies becomes more likely as the
phase-out of fossil fuels increases. The "Green Road" is not only feasible, but
also attractive and realistic.
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1 Future Pathways

If we are to succeed in decarbonizing the global economy by mid-century, we must bring our
best capabilities to bear as a global community. The abilities to substitute, renew, learn,
and sustain are in the foreground. Accordingly, knowledge about the effects and limits of
substitutability, renewability, learnability, and sustainability lie at the heart of the economic
contribution to solving the climate problem. However, society also faces serious inabilities
in political decision-making, such as the inability to coordinate policies, design equitable
policies, and identify economic opportunities. Depending on the assumptions about the
interaction of abilities and inabilities in the economy and in politics, different predictions
for the future emerge. The uncertainty of future development is often captured by using
different possible scenarios, combining underlying trends and causalities. Scenarios show
the policymakers the consequence of their actions and inactions today and are thus a central
basis for current decision making. Therefore, the quality of the research used to determine
scenarios and predicted pathways is of paramount importance.

To determine possible future trends, a consortium of climate scientists (Kriegler et al.
2012, O’Neill et al. 2014, Dellink et al. 2017, KC and Lutz 2017) has developed the
so-called "Shared Socioeconomic Pathways" (SSPs). The SSPs are long-term global narra-
tives describing the possible future evolution of key aspects of society. The identification
of the determinants and their combination to specific storylines are based on expert opin-
ion. Qualitative descriptions of future changes concern the areas demographics and human
development, economy and lifestyle, policies and institutions, technology, and environment
and natural resources. Results arise in the form of "plausible" future conditions at the level
of large world regions. The path to sustainability, labelled the "Green Road", is just one
of several equally likely options for the future.

It is to the credit of the SSPs to cover a wide range of important topics of climate policy
and future development in an interdisciplinary framework. The approach has also become
popular because it provides memorable figures for concentration and emission pathways as
well as population and income development. But there are various issues with the use of

2

the SSPs in academia and in practice.” First, the pathways fully integrate the economy

but disregard the economic discipline; all economic key performance indicators are treated

2The authors of the SSPs have stated that their approach does not aim directly at decision makers but at
climate change analysts preparing climate policy analysis; however, also with this target group the following
comments apply. Moreover, the SSPs have become so popular that decision makers are considering them
seriously.



as exogenous variables. It appears especially problematic that economic development, de-
mographics, innovations, and resource use are predicted without the use of state-of-the-art
economic theory. Second, the links between economic development and emissions are not
adequately addressed, which would be key to understand the effects of climate policy.
Economic growth is predicted to be much higher with large emissions compared to decar-
bonization, suggesting that the potential for decoupling of production from resource use
is very limited or even nonexistent. The SSPs do not establish any causalities between
the economy and the emissions, while a consistent climate policy analysis should focus on
how emission reduction affects the economy and the society.> Third, plausibility tests are
lacking. Extreme results of the SSPs cover cases where emissions rise at significant constant
rate until the end of the century or where economic growth of the world economy is almost
zero for the next eighty years. Even as extreme cases such development is highly implausi-
ble, as resource scarcity and technical innovations must play a role at some point. Finally,
there is no guidance for improving the policy design, the potential success of implementing
green policies is not related to economic development. The intended diversity of issues and
societal development opportunities within SSPs makes it difficult for decision makers to
assess the impacts of climate policy.

With this paper I aim to show how economics makes an important contribution to pro-
viding useful future scenarios, which I label "Economic Pathways" (EPs). EPs rely on a
consistent theoretical fundament, produce results in a limited range, incorporate all links
and causalities between the economy and the ecology, and show the effects of different poli-
cies. I develop a dynamic model which contains all the necessary elements, yet is simple
enough to provide sufficient guidance and intuition. Economic development, investments,
natural resource use, innovations, and population size are endogenous variables, calculated
with closed-form solutions. The EPs are presented as a function of adopted carbon policies,
which are not necessarily optimal. I rather posit that policy makers should be informed
about the different EPs to then choose a policy that is considered politically feasible. As a
policy instrument I introduce carbon pricing but allow for a broader interpretation where
carbon taxes represent the stringency of carbon policy. I discuss the plausibility and the
effects of an increasing tax rate over time (the carbon price escalator) and the shape of

the tax profile. Compared to the SSPs, the EPs reduce complexity of economic develop-

3Following earlier decomposition literature, IPCC WG III finds: "Globally, Gross Domestic Product
(GDP) per capita and population growth remained the strongest drivers of CO2 emissions from fossil fuel
combustion in the last decade (high confidence)", whereas in an economic approach causalities are different
i.e. income is an endogenous variable and policy is a main driver of emissions, see also Bretschger (2021).



ment on a larger scale. As a consequence, EPs narrow down the range of possible future
developments substantially, which should help to frame realistic expectations. The "Green
Road" in terms of the EPs is characterized by full decarbonization and a minor delay in
consumption development compared to a laissez-faire growth path.

The paper is related to various strands of climate economics that started with the
RICE/DICE model of William Nordhaus (Nordhaus and Boyer 2000). This pioneering
work triggered further theoretical work (Golosov et al. 2014) as well as a rich literature
using Integrated Assessment Models for analyzing economies that are subject to climate
change, see e.g. Bosetti et al. (2007). These models usually feature a detailed economic
structure in terms of sectors and regions but have to rely on numerical methods to de-
rive the solutions. The present paper includes the central model elements but focuses on
the aggregate world level and on providing closed-form analytical solutions. It relates to
the recent theoretical contributions of the ACE model (Traeger 2021) and the BCE model
(Bretschger and Karydas 2019), which builds on the rich tradition of capital-resource mod-
els (Dasgupta and Heal 1974, Groth and Schou 2002, Groth 2007, Bretschger and Smulders
2012) and on models of endogenous sustainable growth (Barbier 1999, Smulders 2000, Lépez
et al. 2007). The link between development and endogenous population size is analyzed
in Kremer (1993), Prskawetz et al. (1994), Dasgupta (1995), Schou (2002), Connolly and
Peretto (2003), and Lanz et al. (2017). Endogenous innovation-driven growth was devel-
oped in the seminal contributions of Romer (1990) and Grossman and Helpman (1991); it
is combined with endogenous population size and natural input use in Peretto and Valente
(2015), Peretto (2020), and Bretschger (2013, 2020).

The present paper draws on the elements from the climate and macroeconomic liter-
ature to determine endogenous innovation, consumption growth, population growth, and
emissions trends in a simple yet consistent manner. I take the decarbonization target of
international climate policy as given and consider different decarbonization policy designs
in the form of carbon price profiles.? Each carbon price profile defines a separate EP. I use
a benchmarking approach to measure the relative performance of the different EPs using
the metrics of consumption and emissions development. Assuming that this analysis is
sufficiently general and robust, it provides an appropriate menu for policy makers to take
a decision. This policy analysis is obviously broader than the single social planner solution

of standard economics, which is often difficult to communicate in the political process, but

‘For a detailed treatment of the climate system and its impacts on the economy, see e.g. Brock and
Xepapadeas (2017).



more consistent than the SSPs which include a wide variety of options and do not derive
instructions for action in the different scenarios.

I find that stricter policies are delaying economic development, but none of the EPs show
negative consumption growth rates. In terms of annual per capita consumption growth I
calculate for most EPs that the drag of climate policy is between 0.15 and 0.5 percentage
points. The slowdown of development can be largely avoided when giving subsidies to the
research sector. Population growth turns out to be neutral with respect to development
of income and resource use. Emissions can be reduced when implementing a carbon price
escalator but only an increasing rate of the escalator is forceful enough to bring about full
decarbonization by mid-century.” Assuming that stricter climate policies are increasingly
accepted by voters as the importance of fossil fuels declines, the "Green Road" is not only
attractive, but also feasible and realistic.

The remainder of the paper is organized as follows. Section 2 develops the theoretical
model. Section 3 provides the quantitative analysis describing the EPs up to 2050. Section

4 concludes.

2 Model

2.1 Production

At each time t, there is a mass of N; atomistic firms producing heterogeneous x-goods in

quantity z;, i € [0, Vy], using labor L, capital K, and resources R as inputs, according to
1—a—
Lig = ?ZitKgRit op (1)

where 0 < «, 8 < 1. The production function in the Cobb-Douglas form allows for substi-
tution between resources and the other inputs; however, substitution is strictly limited as
resources are an essential input in production.® Eq. (1) has been widely used in capital-
resource economics; it is fairly general and robust. Capital is not polluting; it includes
clean renewable energy capital such as dams, windmills, and solar panels. Resource use

represents the use of fossil fuels, it augments the stock of global greenhouse gases. Climate

®Price escalators for emissions have already been used in the UK, Sweden, and Switzerland.

%To assume an elasticity of input substitution below unity is not necessarily harming the decarboniza-
tion of a multisector economy (see Bretschger and Smulders 2012): In Bretschger (2020) it even supports
sustainability during the transition while the Cobb-Douglas function emerges as a steady state solution to
which the system converges. Poor input substitution would cause the resource share per GDP to increase
with rising resource prices which has not been observed in reality. For these reasons the assumption of a
Cobb-Douglas function is not only a convenient but also a theoretically and empirically relevant choice.



damages arise in the form of (additional) capital losses i.e. higher capital depreciation.”
The z-firms maximize profits which are given by pjrx;s — wiLyir — prt Kt — preRir where
p with a subscript denote prices and w the wage rate. First-order conditions for profit

maximization of x - firms read

Lit

— apy it 2
Wt = ap tLit ( )
_ . Tit
PRt =Tt +V+0= ﬂpith (3)
i
.
pre=(1—a— 5)p’b’t7th (4)
it

where r is the interest rate, v the climate induced depreciation rate, and 0 the standard
depreciation rate of capital.® To determine the effects of decarbonization, long-run dynam-
ics of the economy are key, which may consist of several elements. A first element is the
increasing use of the different inputs, which entails higher output of x - goods. Most promi-
nently, capital stock K is raised by investments; but Eq. (1) assumes decreasing returns
to capital so that this growth mechanism - by itself - dries up in the long run. Further
growth of resource use R is not desirable, given the effects of pollution and scarcity. The
impact of the increase in labor L on wealth per capita is mostly viewed negatively in the
literature. Hence, for the economic dynamics I additionally introduce a powerful and cen-
tral growth mechanism that is used in endogenous growth theory (Romer 1990, Grossman
and Helpman 1991). It is based on increasing gains from diversification in production that
are driven by innovations and knowledge accumulation. To implement this in the model,
I assume that x-goods are used to assemble final output Y, according to the well-known

Spence-Dixit-Stiglitz approach,? reading

N ¥
Yi=a {/ x:’tdz} (5)
0

with @ > 0 and 0 < n < 1 so that output grows not only with increasing input quantities x
but also with rising product variety N. The x-goods are imperfect substitutes for each other
and produced under the market form of monopolistic competition. Final good producers
maximize profits which are given by pyY; — fONt pitZi+di so that the optimal price of xz; is
obtained by a markup over marginal costs ¢, i.e. p; = %t For better tractability I use a

symmetrical equilibrium where z-goods have equal production costs ¢;; = ¢& so that p; =

TA decrease of capital input reduces output level in the same way as a negative productivity shock used
in other climate models; for more details see Bretschger and Karydas (2019) and Bretschger (2020).

8 A constant v can be either a long-run value for the steady state or result from a suitable combination
of damage and impact functions and apply throughout, see Bretschger (2020) for the details.

Dixit and Stiglitz (1977)



1-n
Dty Tit = x¢, and Yy = aN, " X; where X; = Nyz;. Doing so I have p;X; = py,Y; and
& Xy = npyY; while (1 — n)pyY; are the aggregate profits in the X-sector in time t.

2.2 Knowledge

Following the theory of innovation-driven endogenous growth (Romer 1990, Grossman and
Helpman 1991), T assume that economic growth is driven by the expansion in the number
of goods varieties. Each intermediate firm needs knowledge input in order to produce a
specific heterogeneous good. In the literature, knowledge is usually introduced in the form
of patents or blueprints that are required to start a business. In this paper, I assume that
the knowledge needs of the firm are permanent, which holds for almost all activities but
is especially true for many computer and communication-related knowledge services that
are central in a modern economy. Accordingly, the knowledge sector receives compensation
to cover its costs not only when a new product variety is introduced, but also at any time
t thereafter. Like in standard endogenous growth theory, there are positive knowledge
spillovers from private knowledge creation to the stock of public knowledge, which is a free
input in subsequent knowledge creation.

Knowledge is produced in a separate sector, which uses skilled labour H as an input.
Labour L can be transformed into skilled labour by continuous on the-job-training which
requires part of total worktime. When labor devoted to research is Ly, skilled labour
becomes H = k- Ly with 0 < k < 1. Knowledge production and creation receive spillovers
from existing knowledge stock, which is - by appropriate normalization - equal to the number
of existing product varieties N. The intensity of the knowledge spillover is measured by
the parameter ¥, 0 < 9 < 1, reflecting the speed of knowledge diffusion and adoption. I
normalize knowledge diffusion by population size which says that average spillovers Ny /L,
and not total spillovers add to the productivity of the knowledge sector. This is done to
avoid the so-called "scale effect" of growth (Jones 1995); it is a cautious assumption in order
not to be overly optimistic for the potential of the world research sector with a growing
population. With m > 0 denoting the productivity of inputs in the sector, the increase in

knowledge i.e. the number of varieties is given by

N; = miLyep (Ny/Ly) (6)
so that )
Ny Lt
N, = gr = MK I, (7)



where ¢; is called the innovation rate. A higher employment share in the research sector
Ly/L; raises the innovation rate, a hypothesis that has been confirmed by empirical re-
search (Bretschger 2015). I assume that knowledge production is not adversely affected by
climate change, because information can be stored and secured worldwide and mortality
of researchers is usually unaffected by climate change.!” The government may support
knowledge growth through subsidies, thereby increasing .

Profits in the aggregate X-sector are used for the firms’ payments of knowledge input,
ie.

(1 = n)py+Ys = pNe NVt (8)

where py is the market price of knowledge service per firm.!! Research firms pay research
labor a wage rate equal to the marginal productivity of research labor; it is obtained by

taking the derivative of Eq. (6) with respect to labor and using Eq. (8) to write

PytY:

wy = mrp(l —n) L,

Labor freely enters the knowledge sector as long as wy; > w; where w; is determined in
Eq. (2), while in equilibrium the two wage rates are equalized, wy; = wy. Labor markets
clear i.e. we have at any time

Li = Lx; + Ly (9)

where L; is total labor supply (equal to population size) and Lx; denotes employment in
the production sector. Only one z-firm produces a variety at the time, as a second company
would face the same production cost but would have to pay again for the knowledge services.
Two companies would never be able to fully recover their knowledge costs in Bertrand
competition and would therefore suffer losses, leaving only one company per z-good to

survive.

2.3 Households

Households derive utility from per-capita consumption c¢ of final goods and of the mass of

family birth flow b; they maximize intertemporal utility U

U, = / e "' [log ¢; + ¢ max(log by, 0)] dt (10)
0

10 Also, exhaustible resources are not included as an essential input in research but the results remain
valid when assuming so, see Bretschger (2020).

"Tf knowledge came in the form of a (eternal) patent, px would be determined by the present value of
all future profits per firm i.e. we would have to apply a discount factor to determine py (see Romer 1990)
which would not change the quality of our results.



where p is equal to the pure time preference rate plus the probability of death and ¢ > 0
is the elasticity of instantaneous utility with respect to the (net) birth flow. Each agent
owns a share of the capital stock vy = pgK;/Ly; she offers one unit of labor to the labor
market at wage rate w; and consumes final goods in the amount pcyc; where ¢, = Cy/Ly. In
addition, she pays for child-rearing and education for each additional family member (b;)

a cost pp:. The dynamic budget constraint for each family member then is
b = (ry — Ly)vy +wi — percy — potbe (11)

where hats denote growth rates. The individual problem consists of maximizing Eq. (10)
subject to Eq. (11) with ¢ and b as control variables, and v as state variable.

Population development depends on mortality and fertility, where the latter is a function
of preferences for birth flow ¢, see Eq. (10), and of the costs of child rearing p,. I assume
that these costs are proportional to consumption expenditures (with a factor ¢) and a
nonlinear function of population size. Specifically, I posit that for a low population size,
additional birth flow is attractive because of scale effects in child-rearing and education. For
a high population size, congestion effects become increasingly important so that birth flow
becomes less attractive and eventually becomes zero. Formally, the costs of child rearing

Py are given by

CpciCy

kLy(1— £4) (2

Pot =

where k > 0 is the growth parameter in the logistic function and L, steady-state population
size. As long as Ly < Ly, we have by = L > 0; for Ly = Lo it is by = 0.

From intertemporal optimization, see the Appendix, I obtain first order conditions for
the decentralized economy which can be solved to obtain an expression for consumption

growth according to the familiar Keynes-Ramsey rule
pot+ Cr =1 — p. (13)

Cumulative capital is foregone final output minus (regular and climate induced) depre-
ciation. Given our setup with a log-utility function, we have Kt = Yt = C’t = ¢ + Ly. The
economy develops thus along a path where total output, consumption, and capital stock
grow at the same rate that is not necessarily constant. Below I will calculate different
paths where & is constant, while L, will only be constant in the long run, so that Ky, Yy,
and C; will then also be constant in the long run. As the carbon price used below needs

a firm benchmark, I adopt the convention to use the final good as the numeraire so that



py = pc = 1. Then from Eq. (13) we have C; = r; — p and from Eq. (4) it follows that
Ry = Cy — pry- (14)
2.4 Carbon Pricing

Extraction and production costs of the resource are a first determinant of their market
price, but there are two additional cost components. First, from a societal perspective,
negative externalities have to be considered. According to environmental economics, a
carbon tax should cover the external costs of polluting resource use (Pigou 1920). Second,
following resource economics, fossil fuels are nonrenewable resources that generate a growing
scarcity rent affecting prices (Hotelling 1931). Following these basic results, the resource
user price for firms depends on per-unit production cost, the scarcity rent, and a carbon
tax. However, the reality of resource pricing does not follow the simple textbook, it is
more complex. Carbon taxes are often designed with a view towards political acceptability
rather than to be on an optimal level. As an example, there has been a tendency to
lower fuel taxation recently because of higher market prices caused by political conflicts.
Extraction and production of fossil fuels are subject to frequent shocks in international
relations, causing huge cost fluctuations and price distortions. The Hotelling rule requires
optimization over a very long time horizon, which can be questioned under realistic political
conditions. Thus, in reality, resource user prices are determined by a complex mix of
different impacts.

To show the characteristics of different economic paths (EPs) as clearly as possible,
I adopt a benchmarking approach in which I specify particular EPs through particular
policies, i.e., resource price profiles. For each EP, I then calculate the development of the
economy, the population, and the environment. In the model, one may assume formally
that the government owns the resource and sets the final resource user price for firms. I

label growth in the end-user price of the resource the "escalator" and denote it by e;
e = ﬁRt- (15)

Referring to Eq. (14), growth of resource use R is affected by resource price growth
pr and consumption growth C; growth of carbon emissions are obtained by multiplying
R with a constant factor. With positive economic growth, C’t > 0, resource demand and
emissions grow ceteris partbus but this can be countered when resource prices increase with

the growth rate of consumption, Cy = pre. For emissions to actually degrow, R, < 0, one



needs to implement an escalator e; exceeding the consumption growth rate C. Following
Eq. (14) the escalator e; can be decomposed into e, = e+ & where € is equal to the
consumption growth rate, C’, and & > 0 entails decarbonization.'?

With public resource ownership, the government can decide not only on the carbon tax
but also rule to ignore the scarcity rent and/or to deviate from the request to cover all
production cost. Hence, e; can in principle be constant, increasing or decreasing; it could
take any value and even be zero or negative. How then does then the government choose
e;? A first possibility is to assume it acts like a social planner and implements an optimal
price profile or an optimum carbon budget, including the correct scarcity rent. However,
the ideal behavior is not the realistic behavior, it will not materialize.'3

An assumption that is realistic in my view is that the government wants to meet climate
targets - in principle - but at the same time is reluctant to adopt stringent climate policies
when resource use is still widespread in the economy, i.e., popular with voters. When
resource use is shrinking, i.e. when certain activities like private mobility increasingly
abandon resource input, resources are less visible and less important, thereby reducing
political resistance against climate policy. In such a development the government can then
try to turn the tax rate screw steadily a little further.'* In terms of the present model
it means that the escalator is sufficiently high, é; > 0, to ensure decreasing resource use
over time. Carbon pricing then has a reinforcing effect on future pricing. To develop the
hypothesis even further, I explore the possibility of a positive relationship between the
greening of the economy and the size of the escalator, so that e; is growing over time,
é; > 0. Superexponential price development reflects a rapidly growing political willingness
to accept stricter policies, i.e., higher carbon prices.

The general mechanism of a carbon price that depends on political majorities has already
been used in the stochastic literature (Bretschger and Soretz 2021). However, it does not
provide sufficient information to calculate the level or time profile of e; that will ensure
full decarbonization by mid-century at a cost that appears "acceptable" to society. The
government and the public first need to know the impacts and especially the cost in terms
of consumption reduction of the different escalators. This is exactly where the analysis

using the EPs becomes very useful; it can inform policy makers about the consequences

12 The size of € is also (negatively) affected by resource saving technical progress, which was significant in
recent years.

130ptimal carbon prices recommended by economists vary widely and must be viewed with particular
caution when derived from static models or models with exogenous growth.

" This tax rate development has been observed for tobacco taxes in many countries.

10



of their actions. I will thus explore different EPs below and show their characteristics in

terms of the economy and the ecology.!®

2.5 Solution

The model is now solved for our main variables of interest: growth of per-capita consump-

tion, population, and emissions. We state the following

Proposition 1 In a dynamic model with resources and innovation, growth of per capita

consumption, population size, and emissions are determined as follows

. (A=—np)mrp—an 1-—a-p

Ct = €t (16)
an (0%

;o ok Ly

L= (1-7) .

Rt = ét — €¢. (18)

Proof: See Appendix B

The proposition shows intuitive and simple expressions for the main variables of inter-
est with decarbonization. It reveals that productivity of the research sector (m) and of
education (k) are important parameters for long-run consumption growth, because they
have a direct positive effect on research. Moreover, the intensity of knowledge spillovers
(1) and the gains from diversification ((1 —n) /n) have a positive impact on the growth
rate. The drag of rising resource prices is weighted by the factor (1 — a — ) /a. Note that
climate induced depreciation v of Eq. (3) does not appear in the solution of the model
as households are compensated by the firms with a rate that includes the depreciation of
capital. Thus, v does not show up in the Euler-equation. The proposition also shows the
important effect of the carbon price escalator on resource use and thus emissions. Finally,
it turns out that population development follows a logistic function which is driven by the
population parameters of the model, independent of resource extraction path and climate
policy. Population size does not affect growth of per capita consumption but is an endoge-
nous variable and not an exogenous parameter like in the ITPAT and Kaya approaches.
The model predicts that population size is a sigmoid function of time which reaches a

steady-state towards the end of the century; a view that is widely held in the population

15Carbon pricing in the model reflects the general stringency of climate policy in reality, which may
include other instruments such as bans of certain technologies or fuels, which are equivalent to a tax rate of
infinity.

11



science literature. Recall that in Eq. (18) Cy is determined by the sum of & and L; which
are given in Eqgs. (16) and (17), so that (18) also presents a closed-form solution.

Three short remarks on the robustness of our results are warranted at this point. First,
the effect of policy e; on consumption growth in Eq. (16) is determined by the factor
(1 — o — B) /o which is much closer to zero than to unity, because from Eq. (1) we have the
output elasticity of resources, 1—a—f, reflecting the share of resource cost as a percentage of
total cost in production (of the intermediates). While nobody would claim that, in any firm,
doubling the oil input would double the output, some are still skeptical when the reduction
of oil input is found to have minor consequences on production. But it is actually correct
due to the empirically founded, highly nonlinear relationship between resource input and
output.'® The use of an appropriate production function limits the effect of climate policy
on consumption growth. Second, consumption growth heavily depends on endogenous
knowledge accumulation where the model is cautious by abstracting from a positive impact
of population growth on innovation (see Kremer 1993, Bretschger 2020) and by not assuming
proportional spillovers but only average spillovers. Third, population growth does not
interfere with the climate problem in the present model because the different effects of

labor cancel.!”

That the link is not of great importance can also be motivated by the fact
that the few countries with still high population growth have very low carbon emissions

(Blanco et al., 2014), but such heterogeneities are not included in the model.

3 Quantitative Analysis

For the time period 2022 — 2050 I calculate the economic and ecological effects of five
different climate policies captured in five different EPs; I compare these EPs with a business
as usual (BAU) path where & = 0 (and thus & = 0). I label the EP with a moderate carbon
price escalator (¢ = 0.03) the "base case" and increase é with a constant as well as a
time-dependent term in the more ambitious climate policy scenarios giving rise to the other
EPs. I set the knowledge diffusion coefficient ¢ to 0.5, except for the last EP where I
slightly increase it to 0.505 due to a subsidy to knowledge diffusion. The policies forming

the different EPs are characterized in Table 1.

Y6The relationship can be derived or at least approximated by using the average energy share of firms in
larger economies, which is 0.035 (International Energy Agency 2021), as an output elasticity for resources
in a standard production function.

'"To confirm, see the derivation of Eq. (A.8) and the derivation of the innovation rate below Eq. (A.8)
in the Appendix.
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€+ P EP label

0.03 0.5  1: Base case
0.04 0.5  2: Accelerated case
0.05 0.5  3: Ambitious case
0.03+¢/100 0.5  4: Super accelerated case
0.03+¢/100 0.505 5: Super smart accelerated case
0 0.5 6: BAU

(t = year — 2022)
Table 1: Policies and EPs

For the calibration of the parameter values, see Table 2, I use average labor and energy
shares of larger economies (OECD 2022) so that & = 0.7 and 1—a—/ = 0.035; note that the
latter only includes the cost for fossil fuels which are lower than total energy costs. I assume
that training of researchers takes 20 percent of their work time, i.e. x = 0.8. Productivity
in the research lab m and the mark-up parameter 1 are calibrated to match the model with
the 3% growth of the world economy which was observed in the recent (pre-COVID) years.
I calibrate the preference and the cost parameter for child rearing (¢, {) jointly with growth
parameter k in order to closely replicate long-run population development of the past; this
leads to ¢k/¢ = 0.05. Long-run steady state population is set at 11 billion which is the
middle scenario of the UN projections (UN 2022).

Given these parameter values I present the expected values for the model variables but
add a sensitivity analysis to show the effects of deviations from the assumed parameter
values in a sensitivity analysis. I thus present parameter uncertainty in the form of likely
and very likely ranges for the variables, by varying the central parameter values in a range

of +/- 5 and +/- 10 percent.

n m Kk a l1l—a—-0 ¢k/C Le
0.67 3.66 0.8 0.7 0.035 0.05 11bn

Table 2: Calibrated values

Figures 1-6 show the results for consumption per capita, population size, and carbon
emissions for the different EPs in the period 2022 - 2050. I normalize the three variables of
interest to the value of 100 in the year 2022.
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Fig. 2: Accelerated case. Per capita consumption (blue), population (orange), emissions (grey)

Figure 1-2: EPs 1 and 2
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Figure 1 shows for EP1 that consumption per capita is steadily growing to a level
in 2050 which is more than the double of 2022. Population converges to a steady state
that is unaffected by climate policies, hence the predicted development applies for all EPs.
Emissions are reduced with EP1 but only to a level of about 40 percent of 2022 which
misses the target of decarbonization by a large amount. A higher escalator in EP2 and
EP3 does not harm development of consumption significantly, but is not strong enough to
bring about a carbon-free economy by 2050; in EP2 and EP3, 31 and 24 percent of emissions
remain by mid-century. The policy analysis suggests that a more radical escalator needs
to be implemented in order to succeed in climate policy, which is an escalator é that
increases over time. This is effectuated in EP4, where the escalator starts at 0.03 and
then increases by 0.01 in each year. Now it can be seen that the decarbonization becomes
very successful, emissions develop in a reverted S-curve toward zero. The only drawback
is that consumption development is now significantly retarded. Growth is still positive
throughout but its annual rate drops to almost 2 percent which is still a quite high value
for the developed countries but may be seen as critically low for less developed countries.
As a consequence, a combination of a rising escalator with a subsidy promoting knowledge
diffusion is promising. EP5 reveals that the strict decarbonization is compatible with a
high consumption growth rate when knowledge diffusion 1 is only slightly increased via a
subsidy. An increase in education efficiency k would have the same effect.

Figure 7 shows that consumption development is not very different between the different
EPs except for the super accelerated EP without support of knowledge diffusion. It says
that the even stringent climate policies do not have a significantly negative effect on the
economy as a whole, it is more on the sectoral and equity level where the problems may arise.
Moreover, it depends on the flexibility of the labor markets to establish the equilibrium
assumed in this paper. Over the longer run and with a knowledge of future policies, this
should be achievable. In Figure 8 it becomes clear that only a superexponential development
of carbon pricing is suitable for decarbonization within the next 28 years. I come back to

this central finding in the conclusions.
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Fig. 3: Ambitious case. Per capita consumption (blue), population (orange), emissions (grey)
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Fig. 4: Super accelerated case. Per capita consumption (blue), population (orange), emissions (grey)

Figure 3-4: EPs 3 and 4
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Fig. 5: Super smart accelerated case. Per capita consumption (blue), population (orange), emissions (grey)
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Figure 5-6: EP 5, BAU
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To compare the different EPs in single charts I plot the expected values for consumption

and emissions development in Figures 7 and 8.
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Figures 7-8: Comparison of the EPS
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4 Conclusions

The paper has shown that future development paths calculated on the basis of a compre-
hensive economic model are not only consistent but also limit the range of change in key
variables. The future state of the economy and the climate depends on the adopted climate
policies, which have been presented in the different EPs above. Understanding the concept
of EPs should help policy makers to take adequate decisions.

Three general conclusions emerge from this exercise. First, the drag of stringent de-
carbonization on economic development is limited, causing a relatively minor delay in con-
sumption levels compared to laissez faire. What is more, support of knowledge diffusion
raises consumption growth significantly so that the drag can be largely avoided. Second,
population will still grow on the planet but it is not a key topic in the climate change
context. Third, the size and especially the time profile of the carbon price escalator are key
for the success of the climate policy. One might argue that a superexponential growth of
carbon price is unlikely. However, there are two argument in favor of such a policy develop-
ment. First, the carbon price is the only environmental policy in this paper, while in reality
the use of bans and norms are equally or even more important.'® A ban is equivalent to
an infinite carbon price, for the specific area e.g. private road transportation. With a low
carbon price in some sectors of the economy and a rising number of bans in other parts of
the economy the implicit carbon price might still increase quite sharply - on average. Sec-
ond, the greening of the economy, presented by fading resource use with increasing resource
prices in the model, raises the chances that a stringent climate policy becomes increasingly
popular. Voters having switched to carbon-free technologies will not strongly oppose fur-
ther increases in carbon prices. With more firms, households, sectors, and regions having
switched to green the political process may well be moving faster. A cascade of tipping
points in politics may induce a policy development consistent with our last scenario EP5.
The most critical phase is now, at the beginning of a really stringent climate policy. The
knowledge of the mechanisms provided in this paper can help to become bolder in current
policy making. After going through the first and most difficult phase, the development may
become self-propelling. Then the "Green Road" is definitely open and increasingly easier

to drive on.

18Like the direct carbon pricing implemented in this paper, emission trading systems steer the economic
decisions through the price of carbon.
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Appendix

The current-value Hamiltonian for the household problem is

H =1logc+ ¢logh+ [(r—ﬁ)v—kw—pyc—pbb], (A1)

where pu, denotes the costate variable. The following first-order and transversality condi-

tions provide the necessary conditions for an interior solution

the

1/c = pypw, (A2)

¢/b = ppliv, (A.3)
fo=(p—1+ [A,),u,u, (A.4)
Tli_)rgo fio (T)0(7)e Pt = 0. (A.5)

Combining Egs. (A.2) and (A.4) yields the Keynes Ramsey rule in Eq. (13). To derive

equations in Proposition 1 I use the FOCs and the balanced growth path assumptions

as follows. First, I adopt the symmetry of intermediate goods in final goods production

(Eq. 5) and take the logarithmic differentials to write

V= <1;”> g+X (A.6)
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where g = N and, following Eq. (1), we have
X=al,+BK+(1—-a-pB)R. (A7)

Inserting and using Y = K = C, L, = L, which arise due to the logarithmic utility

function, I write for per-capita consumption growth ¢
¢=—L+ (17777> +a£+ﬁ(é+i) +(1-a—-pB)R
(-pe=(1)g-(-a=pL+-a=pe+L-in
o= (1) a- (2 (A8)

an !
To obtain the innovation rate, I take the derivative of Eq. (6) with respect to labor and
use Eq. (8) to write
wy = mr(l — n)l}z
I set the expression for the wage equal to the wage rate of Eq. (2) and solve for labor

input in the X-sector
anly

mrktp(1—n)
With labor market clearing Eq. (9) I can solve for innovation rate g building on Eq. (7)

Lxi =

gt = mmﬁiLt ;tLXt
which is inserted into Eq. (A.8) to yield Eq. (16) in the proposition with using Eq.
(15).
To obtain the equation for population growth in the Proposition I employ Egs. (A.3)

and (A.2) to write

Now I use the expression for p, in Eq. (12) to have

. L
f= ?k@(l - 12)

which directly yields Eq. (17) in the Proposition when dividing by population size L.
Finally, resource use (= emission growth) in the proposition Eq. (18) follows from Eq. (14)

when using Eq. (15).

24



Working Papers of the Center of Economic Research at ETH Zurich

(PDF-files of the Working Papers can be downloaded at www.cer.ethz.ch/research/working-
papers.html).

21/375 L. Bretschger
Green Road is Open: Economic Pathway with a Carbon Price Escalator

22/374 A. Goussebaile
Democratic Climate Policies with Overlapping Generations

22/373 H. Gersbach, O. Tejada, J. Wagner
Policy Reforms and the Amount of Checks & Balances

22/372 S. Houde, W. Wang
The Incidence of the U.S.-China Solar Trade War

22/371 J. A. Bingler
Expect the worst, hope for the best: The valuation of climate risks and opportunities
in sovereign bonds

22/370 A. Bommier, A. Fabre, A. GoussebaA le, and D. Heyen
Disagreement Aversion

22/369 A. Jo, A. Miftakhova
How Constant is Constant Elasticity of Substitution? Endogenous Substitution be-
tween Clean and Dirty Energy

22/368 N. Boogen, M. Filippini, A. L. Martinez-Cruz
Value of co-benefits from energy saving ventilation systems—Contingent valuations
on Swiss home owners

22/367 D. Bounie, A. Dubus, P. Waelbroeck
Market for Information and Selling Mechanisms

22/366 N. Kumar, N. Kumar Raut, S. Srinivasan
Herd behavior in the choice of motorcycles: Evidence from Nepal

21/365 E. Komarov
Capital Flows and Endogenous Growth

21/364 L. Bretschger, A. Jo
Complementarity between labor and energy: A firm-level analysis

21/363 J. A. Bingler, C. Colesanti Senni, P. Monnin
Climate Transition Risk Metrics: Understanding Convergence and Divergence across
Firms and Providers



21/362

21/361

21/360

21/359

21/358

21/357

21/356

21/355

21/354

21/353

21/352

21/351

21/350

21/349

21/348

S. Rausch, H. Yonezawa
Green Technology Policies versus Carbon Pricing: An Intergenerational Perspective

F. Landis, G. Fredriksson, S. Rausch
Between- and Within-Country Distributional Impacts from Harmonizing Carbon
Prices in the EU

O. Kalsbach, S. Rausch
Pricing Carbon in a Multi-Sector Economy with Social Discounting

S. Houde, T. Wekhof
The Narrative of the Energy Efficiency Gap

F. Boser, H. Gersbach
Leverage Constraints and Bank Monitoring: Bank Regulation versus Monetary Pol-

icy
F. Boser

Monetary Policy under Subjective Beliefs of Banks: Optimal Central Bank Collateral
Requirements

D. Cerruti, M. Filippini
Speed limits and vehicle accidents in built-up areas: The impact of 30 km/h zones

A. Miftakhova, C. Renoir
Economic Growth and Equity in Anticipation of Climate Policy

F. Boser, C. Colesanti Senni
CAROs: Climate Risk-Adjusted Refinancing Operations

M. Filippini, N. Kumar, S. Srinivasan
Behavioral Anomalies and Fuel Efficiency: Evidence from Motorcycles in Nepal

V. Angst, C. Colesanti Senni, M. Maibach, M. Peter, N. Reidt, R. van Nieuwkoop
Economic impacts of decarbonizing the Swiss passenger transport sector

N. Reidt
Climate Policies and Labor Markets in Developing Countries

V. Britz, H. Gersbach
Pendular Voting

E. Grieg
Public opinion and special interests in American environmental politics

N. Ritter, J. A. Bingler
Do homo sapiens know their prices? Insights on dysfunctional price mechanisms
from a large field experiment



20/347 C. Daminato, M. Filippini, F. Haufler
Personalized Digital Information and Tax-favoured Retirement Savings: Quasi-experimental
Evidence from Administrative Data

20/346 V. Britz, H. Gersbach
Open Rule Legislative Bargaining

20/345 A. Brausmann, E. Grieg
Resource Discoveries and the Political Survival of Dictators

20/344 A. Jo
The Elasticity of Substitution between Clean and Dirty Energy with Technological
Bias

20/343 1. van den Bijgaart, D. Cerruti
The effect of information on market activity; evidence from vehicle recalls

20/342 H. Gersbach, R. Wattenhofer
A Minting Mold for the eFranc: A Policy Paper

20/341 L. Bretschger
Getting the Costs of Environmental Protection Right

20/340 J. A. Bingler, C. Colesanti Senni
Taming the Green Swan: How to improve climate-related financial risk assessments

20/339 M. Arvaniti, T. Sjogren
Temptation in Consumption and Optimal Redistributive Taxation

20/338 M. Filippini, S. Srinivasan
Voluntary adoption of environmental standards and limited attention: Evidence
from the food and beverage industry in Vietnam

20/337 F. Boser, C. Colesanti Senni
Emission-based Interest Rates and the Transition to a Low-carbon Economy

20/336 L. Bretschger, E. Grieg, P. J.J. Welfens, T. Xiong
Corona Fatality Development and the Environment: Empirical Evidence for OECD
Countries

20/335 M. Arvaniti, W. Habla
The Political Economy of Negotiating International Carbon Markets



