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ABSTRACT
ESSAYS ON REGULATION IN MACROECONOMICS

GURCIHAN, Hatice Burcu
Ph.D., Economics
Supervisor: Prof. Dr. Ismail SAGLAM

This thesis is composed of three papers that explore the macroeconomic implica-
tions of regulating externalities. The first two papers aim to contribute to the literature
on the interaction between macroeconomic and environmental policies, focusing on
alternative policies to control pollution. In the third paper, we extend the discussion
on price versus quantity controls to the realm of capital inflow control measures.

In the first paper, we explore the interaction of monetary policy and a regulatory
policy for controlling pollution within an economy populated with financially con-
strained producers exhibiting heterogeneity in production technology and pollution
rates. Environment related components of the model include pollution externality, an
abatement technology and environmental policy in the form of tax on pollutants. Our
analysis is organized around two main topics: assessing the effect of monetary policy
on social welfare in the presence of environmental concerns and investigating how
the existence of pollution-type externality and environmental regulation influences
optimal monetary policy. Our findings suggest that in the presence of heterogeneity,
due to its distributional impact, monetary policy can play a role in enhancing social
welfare and complementing regulatory efforts to mitigate pollution.

The primary question of interest in the second paper revolves around how the
economy featuring a partial cash-in-advance constraint in the labor market responds
to productivity shocks under different regulatory policies and how the extent of nom-
inal rigidity affects this response. We employ a stochastic general equilibrium model
featuring nominal rigidity in the form of partial cash-in-advance constraint in the la-
bor market, pollution associated with production activity, and an abatement effort.
Environmental policies include a price policy (tax) and a quantity policy in the form
of cap-and-trade system. Our key findings are twofold. First, volatility in macro vari-
ables is higher under price regulation compared to quantity regulation. Under quantity
regulation, the cost of controlling pollution is positively associated with output. This
channel reduces the response of labor and all other variables to productivity shocks.
Second, we demonstrate that as the degree of nominal rigidity increases, volatility

increases under both regulations but relatively more so under price regulation.
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In the third paper, we explore the impact of a capital inflow shock under different
control measures. We employ a small open economy model incorporating learning-
by-doing externality in the tradable sector. Under the competitive equilibrium, con-
sumption and external borrowing in the model exceed the socially optimal amount.
Under the price regulation, the regulator’s role is to set a tax on external borrowing.
With quantity regulation, the regulator establishes a cap on aggregate external bor-
rowing and issues borrowing permits, which households demand in the spot market.
Under both regulations, there is information asymmetry as the regulator sets the policy
before observing the interest rate. Agents, however, make decisions after observing
the shock.

The third paper aims to contribute in two ways: First, drawing insights from the
literature on price versus quantity controls, we compare welfare implications of price
(tax) and quantity-type regulation (cap-and-trade) for capital inflows. Second, we
point out the concept of a market-based regulatory framework for capital inflows.

We demonstrate that there is less volatility under quantity regulation and, in terms
of utility, quantity policy outperforms price policy in the short-run. This superiority
arises from the shape of the social welfare function and ex-post variation in external
debt under price regulation. Furthermore, the ranking of policies is influenced by the
initial productivity level. Regarding social welfare, quantity type control performs
better than price control when the initial productivity level is low. Moreover, the
relative advantage of price over quantity policy declines with an increase in the pace

of technology growth.

Keywords: Price vs. Quantity Regulation, Pollution, Capital Inflow Control
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MAKROEKONOMI ALANINDA KONTROL DUZENLEMELERI UZERINE
MAKALELER

GURCIHAN, Hatice Burcu
Doktora, Tktisat
Tez Damigsmani: Prof. Dr. Ismail SAGLAM

Bu tez, digsalliklar1 diizenlemenin makro ekonomik sonuglarini arastiran ii¢c maka-
leden olusmaktadir. Ilk iki makale, makroekonomik politikalar ile cevre politikalar
arasindaki etkilesimi inceleyen yazina katkida bulunmay1 amaglamaktadir. Ucgiincii
makale, digsalliklar1 diizenlemede One ¢ikan fiyat ve miktar kontrolleri kiyaslamasini
sermaye girisi kontrol 6nlemleri alanina uygulamaktadir.

Ik makale, para politikasi ile ¢evre kirliligi kontroliine yonelik politikalarin (dii-
zenleyici politikalar) etkilesimini, iireticilerin nakit avans kisitina tabi oldugu ve ayni
zamanda iiretim teknolojisi ve karbon emisyon oranlari acisindan farklilik gosterdigi
bir genel denge modeli kullanarak karsilastirmaktadir. Modeldeki ¢evresel unsurlar,
tiretime bagli karbon emisyonu, emsiyonu azaltmay1 amaglayan teknoloji ve cevre
vergisinden olugsmaktadir. Bu makaledeki analiz iki ana baglik etrafinda diizenlen-
migtir: Cevresel kaygilarin varliginda para politikasinin sosyal refaha nasil etki et-
tiginin arastirilmasi ve iiretime bagh ¢evre kirliligi ile ¢cevresel diizenlemenin oldugu
bir yapinin para politikasina etkisi. Bulgular, ekonomideki aktorlerin, tiretim teknolo-
jisi, karbon emisyon oranlar1 boyutlarinda farklilik gostermesi durumunda, para poli-
tikasinin sosyal refahin arttiritlmasinda ve kirliligin azaltilmasina yonelik diizenleyici
cabalarin tamamlanmas1 noktasinda rol oynayabilecegini gostermektedir.

Ikinci makale, isgiicii piyasasinda kismi nakit avans kisiti formunda nominal kati-
liklarin oldugu bir ekonominin, farkli diizenleyici politikalar kapsaminda verimlilik
soklarina tepkisini ve nominal katili§in derecesinin bu tepkiyi nasil etkiledigini arastir-
maktadir. Bu amacla, isgiicii piyasasinda kismi nakit avans kisiti, liretim faaliyetiyle
iligkili cevre kirliligi ve kirliligi azaltmaya yonelik teknolojilerin oldugu stokastik
bir genel denge modeli kullanilmaktadir. Cevre politikalari, fiyat politikas1 (vergi) ve
piyasa mekanizmasi igeren miktar politikasindan (cap-and-trade sytem) olugsmaktadir.
Bulgular, fiyat diizenlemesi altinda, makro degiskenlerdeki oynakligin, miktar diizen-

lemesine kiyasla daha yiiksek oldugunu gostermektedir. Miktar diizenlemesi kap-
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saminda, cevre kirliligini kontrol etmenin maliyeti liretim seviyesi ile pozitif olarak
iligkilidir. Bu kanal isgiicliniin ve diger tiim degiskenlerin verimlilik soklarina tep-
kisini azaltmaktadir. Ayrica analizlerde nominal katilik derecesi arttik¢a oynakligin
her iki diizenleme altinda da artt1g1, ancak fiyat diizenlemesinde artisin nispeten daha
fazla oldugu gozlenmistir.

Uciincii makalede, sermaye girisi sokunun ekonomi dinamiklerine ve sosyal re-
faha etkisi farkli kontrol 6nlemleri altinda arastirilmaktadir. Bu amagla, ticarete konu
olan sektorde yaparak ogrenme digsalligi olan kii¢iik acik ekonomi modeli kullanil-
maktadir. Rekabet¢i denge altinda, modeldeki tiiketim ve dis bor¢clanma sosyal olarak
optimal miktar1 agmaktadir. Fiyat diizenlemesi kapsaminda, diizenleyicinin rolii dig
bor¢lanmaya vergi koymaktir. Miktar diizenlemesi altinda ise diizenleyici, toplam
dis borclanmanin iist sinir1 belirlenmekte ve bu miktarda bor¢lanma iznini, hane-
halkinin talep eden konumda oldugu spot piyasada arz etmektedir. Her iki diizen-
lemede de, diizenleyicinin politikay1 sermaye soku Oncesinde belirlemesi nedeniyle
bilgi asimetrisi s6z konusudur. Ekonomideki diger aktorler soku gozlemledikten
sonra karar almaktadir.

Uciincii makale iki sekilde katkida bulunmay1 amaglamaktadir: ilk olarak, fiyat
ve miktar kontrollerini kiyaslayan yazindan esinlenerek, sermaye girisleri i¢in fiyat
(vergi) ve piyasa mekanizmasini temel alan miktar tipi diizenlemenin refah etkilerini
kargilastirmaktadir. Ikinci olarak, sermaye girisleri i¢in piyasa mekanizmasina dayali
kontrol kavramini giindeme getirmektedir.

Uciincii makalenin sonugclar1, miktar diizenlemesi altinda oynakligin daha az oldu-
guna ve fayda acisindan miktar politikasinin kisa vadede fiyat politikasindan daha iyi
performans gosterdigine isaret etmektedir. Bu {istiinliik, sosyal refah fonksiyonunun
seklinden ve fiyat regiilasyonu altinda dis borcun degiskenlik gostermesinden kay-
naklanmaktadir. Ayrica, politikalarin siralamasi, baslangigtaki teknoloji diizeyinden
etkilenmektedir: miktar kontrolii, baslangictaki teknoloji diizeyi diisiik oldugunda
fiyat kontroliine kiyasla sosyal refah acisindan daha iyi sonu¢ vermektedir. Ayrica,
fiyat politikasinin miktar politikasina gore avantaji, teknoloji bilylime hizinin art-

mastyla birlikte azalmaktadir.

Anahtar Kelimeler: Fiyat ve Miktar Diizenlemeleri, Cevre Diizenlemeleri, Sermaye

Kontrolleri
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CHAPTER I

INTRODUCTION

The discourse surrounding externalities, particularly environmental consideration,
has long been a part of the research agenda of economists. External effects disrupt
the competitive equilibrium and lead to Pareto inefficient outcomes. These effects
are present when one agent’s utility is directly affected by the choices made by an-
other agent. Solutions to restore Pareto efficiency are well-documented in economics
literature (Mas-Colell et al. 1995). These solutions encompass taxes, quotas, and
market-based measures where the right to externality is traded. In the absence of un-
certainty, taxes and quotas yield Pareto efficient allocations. Moreover, if externalities
are well defined and enforceable property rights can be established, competitive de-
centralized markets for externality permits can also restore Pareto efficiency. Even the
cap-and-trade system, which is concurrently used in practice for environmental con-
trol, is accurately defined in the literature as a partial market-based approach. Here,
the government sets the total level of the externality and distributes tradable external-
ity permits, each representing the right to generate one unit of externality. Through
permit trading, the market reaches an efficient allocation.

While controlling for externalities is a mature field of research, the research on the
interaction between macro policies and environmental policies is a relatively recent
development. Over time, there has been a growing recognition of the significance
of environmental control, paralleled by an increased awareness of the economy’s im-
pact on the environment. The acknowledgment of the economy’s influence on the
environment raises questions about whether macro policies should take account of
these effects alongside environmental policies. Business cycles affect emissions and
the design of environmental policy. Conversely, the design of environmental policies

influences the dynamics of the economy in response to shocks. These interactions



raise questions about the optimal design of macroeconomic and environmental poli-
cies. Even if macro policies do not inherently aim to control pollution, the fact that
environmental policies shape the economy’s response to shocks suggests potential
adjustments in macro policies to stabilize the system.

One important step in studying this interaction involves transitioning from com-
paring different regulatory policies, precisely price versus quantity controls, in a par-
tial equilibrium context to analyzing them within a general equilibrium framework.
Kelly (2005) addresses the optimal choice of regulation in the general equilibrium
framework, demonstrating that the concavity of households’ utility in consumption
leads to general equilibrium effects favoring the quantity regulation. This approach
results in less volatile production and consumption, aligning with households’ de-
sire for stability. Pizer (1999) also underscores the importance of designing optimal
climate policies within a general equilibrium framework. This is important due to
significant uncertainty surrounding the economy, such as productivity growth, which
can influence future emissions.

A new strand of literature combines environmental economics and macroeco-
nomics, aiming to understand the interactions between economy, economic policy,
environment, and environmental policies in a Dynamic Stochastic General Equilib-
rium (DSGE) framework. Acknowledging the relationship between business cycles
and emissions, Heutel (2012) investigate how environmental policy should optimally
respond to business cycles within a DSGE model that includes a pollution externality
in stock form. Their findings suggest that optimal regulatory policy adopts a procycli-
cal approach, dampening the fluctuations in emissions. In a related study, Ramezani et
al. (2020) explore the response of environmental policy to business cycles. They argue
in favor of adapting environmental policies to macroeconomic fluctuations, proposing
a pro-cyclical tax on emissions.

Using a DSGE model, Fischer and Springborn (2011) compare the dynamic ef-

fects on the economy of environmental policy choices (tax, cap on emissions, inten-



sity target) under productivity shocks. Similarly, Annicchiarico and Di Dio (2015)
investigate the economy’s response to nominal and real shocks under alternative en-
vironmental regulations. Their DSGE model incorporates staggered price adjustment
and pollution externality. They also study the optimal policy response to inflation
under different environmental policy regimes. The study reveals that similar to Fis-
cher and Springborn (2011), cap-and-trade mitigates volatility in key macroeconomic
variables. Additionally, the degree of price stickiness affects the ranking of alternative
regulations.

Dissou and Karnizova (2016) employ an environmental DSGE model to explore
the impact of a cap-and-trade system and a carbon tax in the presence of sector specific
productivity shocks. In another study, Annicchiarico and Di Dio (2017) explore the
interaction of monetary policy with environmental policy in a New Keynesian model
that incorporates pollution, abatement technology and environmental damage. This
study delves into the impact of emission regulations on the business cycle, the influ-
ence of nominal rigidities on the macroeconomic effects of the environmental policy,
and the optimal response of environmental policy to business cycles in the presence
of nominal rigidity. The findings underscore that monetary policy influences the char-
acterization of environmental policy and environmental concerns, in turn, affect the
design of optimal monetary policy. The assumption of strict inflation targeting is no
longer deemed optimal, as eliminating inefficiencies and boosting output may result
in higher pollution. Overall research in this domain highlights the interactions be-
tween monetary and environmental policy, emphasizing that environmental concerns
affect the design of optimal monetary policy.

The interaction of monetary policy and the environment is also studied using
growth models. Faria (1998) and Faria et al. (2023) examine the impact of mone-
tary policy on the environment within a growth model, treating the environment as a
renewable asset (a form of capital) that contributes to both the utility function and the

production process. Their findings suggest that money is environmentally non-neutral



under cash-in-advance and transaction cost models.

The first two chapters of this thesis aim to contribute to this line of literature that
studies the interaction of economy and environmental policies. In the second chapter,
we explore the interaction of monetary policy and a regulatory policy for control-
ling pollution within an economy populated with financially constrained producers
exhibiting heterogeneity in production technology and pollution rates. Our analy-
sis is organized around two main topics: assessing the potential effect of monetary
policy on social welfare in the presence of environmental concerns and investigat-
ing how the existence of pollution-type externality influences optimal monetary pol-
icy. To address these questions, we employ a heterogeneous agent Cash-in-Advance
(CIA) Model based on Basci and Saglam (2005), coupled with a pollution externality
framework outlined in Kelly (2005). Our findings suggest that in the presence of het-
erogeneity, monetary policy can enhance social welfare and complement regulatory
efforts to mitigate pollution. We contribute to the existing literature by stressing the
distributional impact of monetary policy. In our model with heterogeneity, monetary
policy influences social welfare through production, affecting pollution and consump-
tion. Monetary policy has no impact on abatement efforts. The impact of monetary
policy on pollution is indirect, occurring through changes in the distribution of pro-
duction. The direct impact on consumption operates through real wage adjustments
and lump-sum money transfers, affecting consumption inequality. The indirect effect
on consumption arises from the impact of monetary policy on optimal regulatory pol-
icy. Money growth redirects production away from the cash-constrained agents in the
labor market. If cash-constrained agents also happen to be the more pollutant type,
then this shift reduces overall emissions. This reduction creates room for a looser
regulatory policy, leading to a higher overall consumption and, consequently, greater
social welfare.

In the third chapter, we introduce uncertainty in the extended CIA model from the

second chapter by adding total factor productivity shocks. In the stochastic version of



the model, the choice of regulatory framework, whether price or quantity-based, has
different implications for model dynamics. This section compares price and quan-
tity regulation for controlling pollution in a general equilibrium framework under the
presence of nominal rigidities.

The chapter presents a stochastic general equilibrium model featuring nominal
rigidity in the form of a partial cash-in-advance constraint in the labor market, pol-
lution associated with production activity, and an abatement effort. Specifically, we
investigate the impact of nominal rigidity on welfare under alternative regulatory poli-
cies. The primary question of interest revolves around how the system responds to
productivity shocks under different regulatory policies and how the presence of nom-
inal rigidity affects this response. Our key findings are twofold. First, volatility in
macro variables is higher under price regulation compared to quantity regulation.
Second, as the degree of nominal rigidity increases, volatility increases under both
regulations but relatively more so under price regulation.

In the fourth chapter, we extend the discussion on price versus quantity controls
to the realm of capital inflow control measures. This chapter aims to contribute in two
ways: First, by drawing insights from the literature on price versus quantity controls,
we compare the welfare implications of price and quantity-type regulation for capital
inflows under uncertainty. Second, we introduce the concept of a market-based regu-
latory framework for capital inflows. While the effects of capital controls on welfare
are theoretically studied, existing papers advocating the use of capital controls treat
price-based and quantity-based controls as equivalent (Erten et al. 2021). However,
as demonstrated by the literature on price versus quantity controls, the equivalence
of these measures breaks down when the parameters of the economy are uncertain
(Weitzman 1974). Only a few papers address the issue without making an analytic
comparison (Erten et al. 2021; Ostry et al. 2011; Magud et al. 2011). For instance,
Ostry et al. (2011) argue that price-based measures are easier to adjust cyclically

but note that when authorities encounter information asymmetries and uncertainty re-



garding choices of the private sector, fixing the price-based measure to achieve the
desired quantities can be challenging. According to the arguments in the same paper,
quantity-based measures (administrative measures) are susceptible to rent-seeking be-
havior, and they should be used only if they can be made transparent and rule-based.

In theoretical frameworks, capital controls are often modeled as price-based mea-
sures. Recognizing the procyclical nature of global financial markets, prudential reg-
ulations on capital inflows that serve as countercyclical measures are considered jus-
tified (Gallagher et al. 2012; Korinek 2011). In other words, it is argued that for
prudential purposes, tax on capital inflows should be procyclical, increasing during
booms and decreasing during downturns (Davis et al. 2021; Aoki et al. 2016; Farhi
and Werning 2014; Schmitt-Grohé and Uribe 2012). However, it is important to note
that, in essence, price controls that are adjusted counter-cyclically along the business
cycle are de facto equivalent to fixed quantity controls. A potential drawback of a
tax compared to quantity restriction is that a small tax may not effectively deter mas-
sive inflows (Crotty and Epstein 1996). One recognized drawback of quantity-based
measures is deficiency in transparency and susceptibility to rent-seeking behavior.
However, a partial market-based approach combining quota and market mechanism
is not prone to these concerns.

We introduce uncertainty over the global interest rate to the model developed by
Benigno and Fornaro (2014, BF), which characterizes a small open economy experi-
encing endogenous growth and facing a financial resource curse. The model incorpo-
rates an externality in the form of households not internalizing the growth process in
the tradable sector involving learning-by-doing. In the competitive equilibrium, this
leads to consumption and external borrowing exceeding the socially optimal amount.
Under the price regulation, the regulator’s role is to set a tax on external borrowing.
With quantity regulation, the regulator establishes a cap on aggregate external bor-
rowing and issues borrowing permits. Households can buy these permits in the spot

market where the government is the sole supplier. We compare the partial market-



based policy with the tax alternative. Under both regulations, there is information
asymmetry as the regulator sets the policy before observing the interest rate. Agents,
however, make decisions after observing the shock. The main questions of interest
are: Which mode of regulation yields higher welfare? How does the ranking of poli-
cies depend on the initial level of technology (level of development) and the pace of
technology growth? We conduct sensitivity analysis concerning these parameters, as
the level of development is a key characteristic for categorizing countries.

We demonstrate that there is less volatility under quantity regulation and, in terms
of utility, quantity policy outperforms price policy in the short-run. This superiority
arises from the shape of the social welfare function and ex-post variation in external
debt under price regulation. Given that the agents are risk averse and the social wel-
fare 1s right skewed in external debt, the higher the ex-post variation in external debt,
the greater the relative advantage of quantity over price policy in the short-term. Fur-
thermore, the ranking of policies is influenced by the initial productivity level, where
quantity control performs better in terms of social welfare when the initial productiv-
ity level is low. The relative advantage of price over quantity policy declines with an
increase in the pace of technology growth.

Finally, Chapter V of the thesis summarizes the main findings of the previous
chapters and discusses the thesis’s contributions and potential avenues for further re-

search.






CHAPTER 11

MONETARY AND ENVIRONMENTAL POLICY IN A CASH IN
ADVANCE MODEL

2.1. Introduction

The recognition of the importance of environmental control has evolved over time,
with increasing awareness of the impact of the economy on the environment. In the
literature on the environment, public policies addressing pollution primarily take the
form of regulatory policy involving quantity limits and taxation (e.g. Weitzman 1974;
Pizer 1999; Hoel and Karp 2002; Stavins 2019; Silva and Caplan 1997; Cremer et
al. 2010). The role of monetary policy in the environmental context has been ques-
tioned to a lesser extent (Faria 1998; Faria et al. 2023; Annicchiarico and Di Dio
2015). In this paper, we study the interaction of monetary policy with regulatory
policy in a setting involving pollution as a production externality and technology to
partially contain it. Our analysis is organized around two main topics: the potential
effect of monetary policy on social welfare in the presence of environmental concerns
and how pollution-type externality influences optimal monetary policy. To address
these questions, we combine Basci and Saglam (2005) heterogeneous agent Cash-in-
Advance (CIA) Model with pollution externality as outlined in Kelly (2005).

Faria (1998) and Faria et al. (2023) examine the role of monetary policy in the
environmental context through various monetary approaches, including a CIA model.
These papers incorporate the environment as a stock variable to well-known monetary
models, treating it as a renewable asset contributing to the utility function and the
production process. In Faria (1998), the impact of money on the environment is

explored within an extended Sidrauski’s monetary growth model where money is an



argument of the representative agent’s utility function.! This paper shows that if the
utility function is not additively separable in consumption and real money balances,
both money and inflation can influence the environment. However, the sign of this
impact remains indeterminate. Similarly, Faria et al. (2023) investigate the impact
of money and money growth on the environment across various models involving
money. Their findings suggest that when money is introduced directly into the utility
function, it is neutral. On the contrary, money is environmentally non-neutral under
CIA and transaction cost models.

Environmental extensions in the models above are from the literature on environ-
ment and growth, conceptualizing the environment as a form of capital. We take a
different approach by drawing from the literature on optimal control and model pol-
lution as a production externality along with technology to control pollution. Unlike
the models mentioned above, our framework, following Basci and Saglam (2005) fea-
tures agents with different productivity and pollution levels that are cash-constrained
in the labor and product markets. In this framework, the implication of money growth
for production and consumption varies with respect to the type of agent. This struc-
ture enables us to account for the distributional impact of monetary policy.

The way we incorporate the environment in the model is closer in design to An-
nicchiarico and Di Dio (2015) where they study the interaction between monetary
policy and the environment using a New Keynesian model that includes pollution,
abatement technology, and environmental damage. They show that environmental
concerns affect the design of optimal monetary policy.

In our model, money growth affects social welfare through both production -
thereby pollution- and consumption. The impact of monetary policy on pollution
is indirect, occurring via the change in the distribution of production, and therefore

is limited compared to a regulatory policy. Money growth shifts the production away

The extended model incorporates a state equation for the environment, with it serving as input in
the production function.
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from the cash-constrained agent in the labor market. There are both direct and indirect
effects of monetary policy on consumption. The direct impact on consumption works
through real wage adjustments and lump-sum money transfers, affecting consumption
inequality. The indirect effect on consumption stems from the impact of monetary
policy on optimal regulatory policy. As mentioned earlier, money growth shifts pro-
duction away from cash-constrained agents in the labor market. If these agents also
happen to be the more pollutant type, this shift reduces overall emissions and allows
room for more loose regulatory policy. This results in higher overall consumption
and, consequently, higher social welfare. The heterogeneity in agents’ characteristics
that result in consumption inequality and the heterogeneity in the pollution rates in
our model is crucial in determining the role of monetary policy. Without it, given that
there is already a regulatory policy designed to handle pollution, monetary policy has
no impact on the environment and has no interaction with regulatory policy.

In summary, this chapter explores the interaction between regulatory and mone-
tary policies for controlling pollution within an economy populated with financially
constrained producers exhibiting heterogeneity in production technology, and the rate
at which they pollute the environment. Our findings indicate that when there is hetero-
geneity, monetary policy has a role in improving social welfare and complementing
regulatory efforts to address pollution.

The rest of the paper is organized as follows. Section 2.2 describes the model.
Section 2.3 outlines the stationary monetary competitive equilibrium (SMCE). Sec-
tion 2.4 describes the social planner’s allocation, and Section 2.5 derives the optimal
monetary and regulatory policy under SMCE. In Section 2.6, we present the out-
comes of the numerical computations, illustrating the impact of alternative monetary
and regulatory policy on the SMCE and examining how optimal monetary and reg-
ulatory policy respond to changes in the productivity levels, pollution rates, and the

parameter of disutility derived from pollution. Finally, Section 2.7 concludes.
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2.2. The Model

2.2.a. Environment

There are two types of infinitely lived agents indexed by i = 1,2, who take the
role of both consumer and producer. There exist N; identical agents of type i, where
N; > 0 for all i. Time is indexed by ¢. Labor is the only factor of production. Agents
are endowed with L;. They do not value leisure. They produce the same good with a
different technology, f;(L;). We assume that type 2 agents have superior technology,
i.e. fo(L) > f,(L), for all L > 0. Production functions have decreasing returns to scale
technology. We further assume that lim; ¢ fl/ (L) = oo. This assumption assures that
both types of agents produce at the equilibrium.

There are no credit markets, and agents face cash-in-advance (CIA) constraints
in labor and commodity markets. There is a pollution externality associated with
production activity, with agents having partial control over the extent of pollution
emitted. They are equipped with an abatement technology to convert a fraction of
output into pollution control units as in Kelly (2005). These control units are repre-
sented as a concave function of the fraction of output reserved for pollution control.
These control units reduce a fraction of pollution, while agents incur tax for the part
of pollution that they do not control for.

The timing of the actions is important for the impact of monetary policy. Timing
is as follows: Any period begins with monetary transfers. Then, the labor market
opens and clears. Labor is hired, and production takes place. Next, pollution taxes
are paid, and the tax revenues are transferred back to the agents. Later, the goods
market opens and clears. Finally, the remaining stock of money is transferred to the

next period.
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2.2.b. Agents’ Problem

Representative agent of type i, who both produces and consumes, faces the following

problem:

max Y B [ui(cir) — Bi(E;)] subject to, for all 1
=0

civ = (1—ni) f; (Lis + Li) + g (2.1
Ey = (1—si(n))%fi (Li +L;) (2.2)
E =) NE; (2.3)
i< 1 < Mt U= D@/ NoM 2.4)
Wr
_ My + (0 /N:)M, — wiLiy — Tp.Eyp + T
—fiLi+ L) < qu < — UG M — P B + T (2.5)
Pt
Mj 1 = My + (0i/Ni)M; —wiLiy — pigis — TpiEir + T (2.6)
Mi1+ (i—1)(i/Ni)Mi11 >0 2.7
Mir 1 —wis1Lip 1 + (0 /Nij)My 1 > 0 (2.8)

Agents have a preference for consumption and receive disutility from aggregate
pollution. We assume welfare to be additive in utility in consumption and disutility
from pollution as in Kelly (2005). Utility from consumption u; is increasing, strictly
concave, and twice differentiable, and utility from pollution represented by B; is in-
creasing and convex. A fraction n; of home product is used for pollution control.
Per period consumption is the sum of home production net of output used for pollu-
tion control and purchases in the goods market (purchase if g;; > 0, sales if g;; < 0)
(eq. 2.1). We assume that pollution is a fraction of output measured by ¥; (eq. 2.2).

We also assume that firms are endowed with technology to convert n; units of output

13



into s;(n;) pollution control units, in other words, scrubbers, as in (Kelly 2005). The
technology that converts output into pollution control units is increasing and strictly
concave, i.e. si(n;) > 0 and s/ (n;) < 0. Labor is bounded below by endowment and
bounded above by the money holdings of the agents that demand labor (eq. 2.4).
Wages must be paid in advance of production activity. Sales are bounded below by
quantity produced and bounded above by the money holdings of agents that demand
goods (eq. 2.5). Before the goods market opens, money holdings consist of money
transfers by the government, labor income, and net tax payments. Monetary holdings
that remain after the goods market are transferred to the next period (eq. 2.6). Money
holdings in the next period cannot be negative (eq. 2.7) and should be high enough to

cover the advance payment for labor expenses (eq. 2.8).

2.2.c. Government Behavior

The government has two roles in this economy: determining the money supply
and setting the regulatory policy (tax policy) to control pollution. We assume that
the economy starts with a positive stock of money My = )} ; N;M;o, where each type is
borne with Mjq units of currency. Money stock at time ¢ is denoted by M; and evolves

according to

My = (1+a)M;, with a > —1. (2.9)

Thus, money stock is always positive. The government allocates the injected money
stock o as a lump sum transfers so that each type i agent receives o;M;/N;, where
o+ 0 =0.

The other role of the government is to regulate the production side of the economy
to control the amount of pollution. For this purpose, the government can follow either
a price (tax) or a quantity policy (cap). Without uncertainty, these two policies are

equivalent (Weitzman 1974). However, if there is uncertainty, these policies, which
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are determined ahead of activity, have different social welfare consequences. In this
paper, there is no uncertainty, and we model as if the government conducts a regula-
tory tax policy. We assume that the government sets the tax 7 on emissions and agents
choose the allocations. The government returns all tax revenue (TR;) as lump-sum

transfers to the agents (TR;;,i = 1,2) in the economy:

TR; = Tp[(N]E]t +N2E2t) = T]t + th, for all ¢.

2.2.d. Competitive Equilibrium

Here, we characterize the Stationary Monetary Competitive Equilibrium (SMCE).
In the following sections, we solve for the social planner’s outcome and optimal gov-
ernment policy under SMCE.

The set of prices and quantities {p;, wr, T, ci Lir,qir,niMir1]i = 1,2}”, constitute
a SMCE of the financially constrained production economy with a negative external-

ity if,

1. for each type of agent {c;s L gir,ni Mit11},. is solution to the constrained op-
timization problem of the agent under the sequence of

{pe;we,t|pr,wr, m > 0},
2. Real quantities {cj Li; git Eit|i = 1,2} are constant over time,
3. Prices {p;,w;} increase at the rate of money growth ¢« for all t,
4. Labor market clears for all 7, i.e. N{Lj; +NyLy, =0,
5. Goods market clears for all ¢, i.e. N1q1; +Noga =0,

6. All revenue from pollution taxes is rebated to the agents, i.e. Tp,(NiEj, +

N2E2t) - Tp[E[ - T][ + TZI fOI‘ all t,

7. Money market clears for all 7, i.e. N\M1;11 +NoMp+1 = M, 1.
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2.2.e. Agents’ Problem Redefined

Substituting for g; from equation (2.6) in the consumption equation (eq. 2.1) and
in cash-in-advance constraint for the goods market (eq. 2.5), the problem of agent i is

redefined as:

max i B! ui(ciy) — Bi(E;)] subject to, for all t (2.10)
t=0

G = (l—m)fi (Lo +T) + M+ (ji/Ni)M,

N Ti—tpEir ﬁLﬂ M t @2.11)
Dt Dt Pt

E; = (1 —si(n)) % fi(Li + L;) (2.12)
E =) NE; (2.13)
L<p, <Mt (i —1)(0G/Ni)M; (2.14)

Wt

0 < Mj11 < pifi(Liy +Li) + My + (04 /N;)M; —w,Lyy — TpEig + T; (2.15)
Mip1+(i—1)(a/Ni)M;11 >0 (2.16)

M1 — w1 L1 + (0 /Ni)Myy1 >0 (2.17)

Given the set of prices { p;,wr, T}, and the set of choice variables {L;; nj, Mis+1/p:},

i = 1,2, the optimal allocation requires:?

A _ _ 02
L, <0, Li;+L;>0 and (L; +Li)aTit =0 (2.18)

2Solution is provided in the Appendix.
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a+'§“ﬂgo, Miit 0 and 0L Misi _ (2.19)
a(Mil‘-‘rl/pl) P a1Wit+1 B
0 0
=4 <0, m>0 and 92 —0 (2.20)
on; on;

2.3. Existence of a SCME

We will show that there exists a stationary equilibrium, where the more productive
agent (type 2) buys labor from the less productive agent (type 1), i.e. Lj; < 0 and
Ly, > 0. Hence, cash-in-advance constraint in the labor market is binding only for type
2 agents. Type 2 agents transfer money to the next period with the only motivation to
pay labor expenses in advance. Type 1 agents, on the other hand, have no motivation
to transfer money to the next period, i.e. M, = 0. Due to the concavity of the utility
function and the production function, both types of agents produce and consume at

the equilibrium.

Proposition 1 There is a stationary equilibrium where Li; < 0, Ly; > 0, My;+1 =0,

and M1 > 0 if the following conditions hold:
1. Bi<l+a
2. Bh<l+a
3.1+ < By fy(La)/811(L)

where &; = ((1 —n;) — ©(1 —si(n;))7Y:) represents the portion of sales revenues

that remains after controlling for pollution and paying emission tax.

Conditions in Proposition 1 follow from the agents’ utility maximization problem.
If the first condition is violated, the type 1 agent would prefer to hoard money since
transferring one unit of money to the next period yields a higher discounted utility

than consuming today. The second condition ensures that the real wage rate is less
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than or equal to the marginal productivity of additional labor employed by the type
2 agent. Otherwise, he/she would prefer not to hire any labor. The last condition
states that before the labor market opens, there is a possibility for trade as the initial
marginal value of production for the type 1 agent is lower than the marginal value of
production for type 2 agent. Hence, the type 1 agent has an incentive to supply labor,
and the type 2 agent has an incentive to demand labor.

SCME, whenever exists, satisfies (2.21)-(2.31):

Ba& f, (Loy + L) Wi / _
—w=—=90 L L 2.21

1 +a o= 1f1: (L +Li) (2.21)
5i:((l—n,~)—f(1—s,~(n,~))}/,~) fOI’iZl,Z (2.22)
si(n;) = ! (2.23)

\""1) — T'}’i .

NiLy;
Ly = — 2.24
2t N, (2.24)
1 M; /N
, = U 0)Mi /Ny (2.25)
Lo,

LW sa) (2.26)

N .

ey fas
1+«
Diqir = —wiLis 1+ o —TpEy +T; (2.27)
- we  1+oa Ty—1tpE;

= (1—=n) (L + 1) — 2L 2.28
Cit ( nl)fl( it l) pt lll—I—OCz + pt ( )
(N E +NoEy) =Ty + Ty (2.29)
Myy=uMy, pu=0 (2.30)
My :M2t<1—|—06) (2.31)

At the equilibrium, each agent sets the demand/supply of labor such that the
marginal product of labor is equal to the real wage rate (eq. 2.21). Type i agents at-

tempt to cope with the pollutants and reduce output revenues by a factor of ;. Firms
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would operate only if revenue after pollution control is greater than zero. Further-
more, the concavity of s;(n;) guarantees that §; < 1, therefore §; € (0,1). Moreover,

0; is decreasing in 7. Taking the derivative of §; w.r.t. T we get:

85,' . afl,’
ot 07

(= 1+ Tsi(mi) — %(1 = si(ni)) < 0. (2.32)

s

~~

=0

Equation (2.23) addresses the optimal choice of the rate of pollution control. In
the equilibrium, the amount of output set aside for pollution control is such that the
marginal benefit of controlling pollution, in other words, the real amount that is not
foregone as taxes at the margin ’L'y,-s;(ni) is equal to the real marginal cost of con-
trolling pollution, corresponding real price of the consumption good, which is one.
Equation (2.24) follows from the labor market equilibrium. The nominal wage is
determined by the cash-in-advance constraint (eq. 2.25). Price is deduced from the
expression for the real wage rate (eq. 2.26). Purchases/sales are functions of labor
income and net tax revenues (eq. 2.27). As demonstrated in Proposition 1, type 1
agents do not transfer money between periods; this also holds for the initial period
(eq. 2.30). Money holdings of the type 2 agent increase at the rate of total money
growth (eq. 2.31). Notice that labor allocation depends on both regulatory and mon-
etary policy (eq. 2.21). However, the decision on n; only depends on the regulatory
policy. In what follows, we define how real wage and the allocation of labor change

with respect to the pollution tax rate and the money growth rate.

Corollary 1.1 Higher tax: (i) reduces labor used by the agent that is more pollutant,

and (ii) reduces real wage.

Notice that labor’s response to an increase in the tax rate is conditional on the
relative emission rates; however, the response of the real wage rate is definite, and it

declines no matter which agent is more pollutant.

19



Proof. The Proof is in the Appendix. All the detailed proofs are relegated to the

appendix for the rest of the paper.

Corollary 1.2 An increase in the money growth rate o reduces the equilibrium real

wage and shifts production towards the less productive agent.

2.4. Social Planner’s Problem

Social welfare (SW) is the aggregate utility at a given time, represented by equa-
tion (2.33) below. The government sets the allocation of labor (L;, i = 1,2), the rate
of pollution control (n;, i = 1,2) and the distribution of total output among agents (Y
, where y € (0,1)) such that social welfare is maximized. Hence, the government

faces the following problem,

W%ﬁl{ﬁSW = ;Ni[u,-(c,-t) — B;(E;)] subject to, (2.33)
¢ =Y Ni(1—m)fi (L +Li) (2.34)

¢y = yer /Ny (2.35)

e = (1-y)e /N2 (2.36)

Ey = (1—si(n))%f; (Li +Li) for i= 1,2 (2.37)
E=Y7 NEi, Y, NLi=0. (2.38)

We assume social welfare to be additive in utility in consumption and disutility in
pollution as in Kelly (2005). The total consumption is equal to the total production net
of the amount reserved for pollution control (eq.2.34). In the above characterization
of the social planner’s problem, we assume that the government can distribute total
output in any alternative way {y € (0, 1)}. Pollution is proportional to output. The

social planner’s solution is given in Proposition 2.
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Proposition 2 Under the social planner’s solution:

e The optimal allocation of consumption requires u}(c1;) = ub(c2r).

o The optimal fraction of output n; satisfies the following equation,
B'ysi(n;) =, (2.39)

where u' = yu'|(c1;) + (1 — W)ub(co) and B' = N B} + N, B).

o The optimal labor allocation satisfies the following equation,
((1 —nl)ul—(l—sl(m))}/]Bl> fi(Li+T) =

(1= ma' = (1 = s52(02))B") £ (L2 + o) (2.40)

Notice that even if disutility from externality is different for each type of agent
(B;), when utility is additive, socially optimal allocation calls for equality in marginal
utilities in consumption, i.e. optimal distribution of total output among agents satisfies
u}(c1) = uh(ca). This result directly follows from the maximization of the social
welfare function with respect to y. If the social planner has the power to distribute
the total output in a socially optimal way, then u’ = u|(c1;) = u)(c). Otherwise, if
the distribution of output is given, then u’ is the weighted average of marginal utilities.

Condition in equation (2.39) states that in the social planner’s equilibrium #; is
set such that the marginal utility from consuming one more unit of the consumption
good is equal to the marginal disutility of pollution. The optimal labor allocation is
such that the marginal increase in social welfare due to allocating one more unit of
labor to a type 1 agent is equal to that of type 2 agent. Here, the marginal increase in
social welfare is the marginal utility of consumption net of marginal disutility from

pollution.
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Corollary 2.1 Optimality condition in equation (2.40) indicates that, (i) if there is
no pollution, then it is optimal to manage activity such that f{ = fé, (ii) if there is
pollution but no heterogeneity in the pollution rate, then it is again optimal to set
f{ = fé, (iii) however when there is heterogeneity in the pollution rate (;), the type
of agent with higher (lower) pollution rate produces less (more) compared to the

. / ’
allocation where f; = f,.

2.5. Optimal Government Policy Under Competitive Equilibrium

Under the competitive equilibrium, optimal regulatory and monetary policies de-
pend on the assumptions about how the pollution tax revenues are redistributed among
agents. If it is possible to redistribute tax revenues in a socially optimal way such that
in the equilibrium marginal utilities from consumption are equal for different types of
agents, then it is possible to achieve the social planner’s equilibrium by regulatory and
monetary policies. In this case, regulatory policy is designed to control pollution, and
monetary policy is conducted with the objective of overcoming the frictions caused
by the cash-in-advance constraint, and the optimal money growth is determined as if
there is no pollution externality.

Under the competitive equilibrium, the government maximizes SW as in equation
(2.33) w.r.t. T and o subject to (2.21)-(2.31). Accordingly, optimal T and & require

that the following conditions are satisfied:

86‘1[ 802t aE[
Nyt ZE 4y 72 95 241
1U] o1 + 2Uy o1 o1 ( )
aCh (9C2t aE,
Ny, ZEM 4 Ny T2 05 242
P it da  do (2.42)

Using the equations (2.35) and (2.36) these conditions simplify as the following:

8 8C /8E
(1~ )ex 5+ (W, + (1 =Wy 52 —B 5 =0 (243)
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d dc 1 JE
(=t ) S+ (yl + (L =y LB 52 =0 (244)

The conditions given in equations (2.43) and (2.44) clearly show that if there is
inequality in consumption, the impact of government policies on income distribution
needs to be considered when determining the optimal policy. In that case, the optimal
government policy is not only about maximizing total output and minimizing pollu-
tion, but it is also about redistributing income. The following proposition describes
the optimal regulatory and monetary policy under two different cases: one where the
government does have the means to redistribute tax revenues in a socially optimal

way and another where the government has no such mechanism.

Proposition 3 (i) If the redistribution of tax revenues in a socially optimal way is
possible, i.e. uy =u, =u', then we can obtain social planner’s outcome under the

competitive equilibrium with optimal regulatory tax and money growth given as,

T= 5, (2.45)
u
B =(1+a). (2.46)

(ii) if the redistribution of tax revenues in a socially optimal way is possible, op-
timal monetary policy is not independent of regulatory policy and other structural

parameters of the model.

In the first case, optimal tax rate and optimal money growth are set independently.
The optimal tax rate is increasing in disutility from pollution and is decreasing in
utility from consumption. And the optimal money growth is pinned down by the
discount rate of the more productive agent. It is not affected by the existence of a
pollution externality.

In the second case, optimal monetary policy is not independent of the regulatory

policy and other structural parameters of the model. To show this point, we consider
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one special case where the tax revenues are not distributed in a socially optimal way.
Assuming that the collected tax from each agent is returned as lump-sum transfer,
ie. T;; = Tp;Ej, then optimal tax rate and optimal money growth should satisfy the

following equations.

/ N; 0 / J / 1+« / /
B (ﬁ%%ult + %u21> (1 - SZ)YZ <((1+062))> <u1[ - ”21)

T Ny ony fu , 9 2.47)
e fu 1\ (14a) (NyOny fi, , @
<N2 at fu + 31:) <]%L_2t> 5 (17;%]%%_%)
(ullf(l_nl)_B/(l—Sl)?’l)
(1+ ) _ 5 )
B> iy, (1-n2)—B (1-52) 12 / / foLy .
(S 0] (1) s (15

There is no closed-from solution, and we must rely on numerical computation for
comparative statistics for uncovering the optimal government policy. In the next part,
we do simulation exercises, first to evaluate the impact of regulatory and monetary
policy on the SMCE and then to uncover optimal money growth and the tax rate

under the alternative parametrization of the model.

2.6. Numerical Experiments

In this section, we carry out two types of simulation exercises. First, we compute
the competitive equilibrium and social welfare under alternative monetary and regu-
latory policies. Second, in the subsequent simulation exercise, we compute optimal
monetary and regulatory policy in response to variations in the productivity of the
type 1 agent, the pollution rate of the type 2 agent, and the degree of disutility from

pollution. For the simulation exercise, we assume the following functional forms:

1—¢;

silm) = 14k fori=1,2 (2.49)
1
cl=oi
uj=1+-""1—fori=1,2 (2.50)
1—o0;
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filLis +Li) = Ai(Ly + L)% for i = 1,2 (2.51)

2.6.a. Impact of Government Policy on SMCE and Social Welfare

In this exercise, we compute the equilibrium under alternative monetary and reg-
ulatory policies, assuming the parameter set given in Table 2.1. In particular, we are
doing a grid search over different values of o and 7. We aim to illustrate model’s
properties. The exploration of the model in a more realistic framework is deferred to
future research. Therefore, values in Table 2.1 are not calibrated to match any eco-
nomic fact; rather they are set such that assumptions of the model are satisfied. In
particular, & and x are set to ensure that the abatement technology is strictly concave

in the share of output reserved for pollution control.

Notation Description Value

T 0.6 Pollution rate of type 1 agent

07 0.8 Pollution rate of type 2 agent

B 0.98 Discount factor of type 2 agent

M 0.25 Output elasticity of type 1 agent

A 0.375 (0.25*1.5) Output elasticity of type 2 agent

op=0p, 2 Relative risk aversion

B 0.01 Disutility from pollution

a a Share of money stock allocated to type 1 agent
(07 0 Share of money stock allocated to type 2 agent
Li,L, 10, 0 Labor endowments

Al 1 Total factor productivity of type 1 agent

Ay 2.5 Total factor productivity of type 1 agent
=6 2 Parameter setting the curvature of the abatement technology
K 1/50 Constant in the abatement technology

Table 2.1. Parameter Set for the Numerical Experiments in Chapter 11

Under this parametrization of the model, in the equilibrium, the type 1 agent con-
sumes less then the type 2 agent, e.i. ¢y < ¢p;. We are assuming that money growth
takes place as lump-sum transfers to agent 1. Together with the functional forms

given in equations (2.49) to (2.51), following equations characterize the equilibrium:

ni = (tyx) /&) fori=1,2 (2.52)
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5,~:((1—n,-)—f(1—s,~(n,-))}/,') fori= 1,2 (2.53)

fi(Lit +Z,-) = Ai(Lit —{-Z,’)l" fori = 1, 2 (254)
B8, (Las) C N, _
P292)5\=2t) L) S 5 2.
l+a Ofi( N 2+ L) (2:55)

Equation (2.49) explicitly defines the technology for converting output into pollu-
tion control units. Combining equation (2.49) with the equilibrium condition (2.23),
we get the expression for the share of output that is set aside for pollution control
(eq. 2.52). It is an increasing function of the tax rate and the pollution rate. Equa-
tion (2.51) represents the production function. Equation (2.53) is the proportion of
revenues left after pollution control and tax payments, and (2.55) is the same as the
equilibrium condition already defined in equation (2.21). Equation (2.54) rewrites
equation (2.51).

Figures 2.1 and 2.2 display equilibrium responses to alternative tax rates and
money growth rates. Table 2.2 below summarizes the outcomes. A higher tax rate has
a negligible impact on total output but reduces total consumption, as a greater portion
of the output is set aside for pollution control. With a higher tax rate, production
shifts from more pollutant agent 2 to less pollutant agent 1, causing a decline in real
wage as demonstrated in Corollary 1.1. Both agent’s consumption declines, but due
to erosion in real wages, consumption of the first agent is affected more, worsening
consumption inequality. As the tax rate increases, disutility from pollution declines
at the expense of lower overall consumption and worsening consumption inequality.
Due to this trade-off, social welfare increases initially in response to higher taxes but
decreases after a certain point. The response of social welfare to the tax rate follows a
hump-shaped curve, indicating an interior solution characterizing optimal regulatory
policy.

Figure 2.2 shows that when cy; < ¢y, increasing money growth through lump-sum
transfers to agent 1 can improve social welfare. In response to higher money growth,

production shifts from the more productive agent (type 2) to the less productive agent
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Table 2.2. Simulation Outcomes: Response to Policy

Total consumption | Total emission | Consumption inequality

Higher 7 N\ N\ /!
Higher AV N AV

Table 2.3. Summary of Simulation Outcomes: Response to Policy

(type 1), leading to a decline in real wage as in Corollary 1.2. While overall consump-
tion declines, the consumption of type 1 agents increases due to monetary transfers.
Notably, higher money growth affects social welfare through three channels. First,
the decline in total output and shift in production away from the more productive type
reduces total output and total consumption. Second, conjointly with output, emis-
sions decline. Third, overall consumption declines, but consumption of the first agent
increases due to monetary transfers. Consequently, higher money growth increases
consumption of the type that consumes less, improving consumption inequality. In
this case, the distributional impact of monetary policy dominates, and initially, social
welfare improves in response to higher money growth. The response of social wel-
fare to monetary policy is hump-shaped. The optimal money growth exceeds the rate
that maximizes total output in the absence of pollution externality, which is set by the
equality 1 + o = 3.

In summary, regulatory and monetary policies affect social welfare through three
channels: overall consumption, total emissions, and consumption inequality. Table
2.3 summarizes the simulation results regarding these channels. Higher tax and higher
money growth reduce total consumption and total emissions. Lower emissions come
at the expense of lower consumption. However, the implications of regulatory and
monetary policies for consumption inequality are different. While higher tax rates

increase consumption inequality, higher money growth rates reduce it.

Remark 1 Given the assumptions on the concavity of the utility function, production
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function and the technology for producing control units, the response of social welfare
to the tax rate follows a hump-shaped curve, with the optimal tax rate determined as

an interior solution.

A higher tax rate reduces pollution at the cost of lower consumption. For low
levels of tax rates, the gains from reduced pollution outweigh the reduction in the
utility from consumption, resulting in an increase in social welfare. However, as the
tax rate increases beyond a certain point, this trend reverses, and the declining utility
from consumption surpasses the gains from lower pollution. A higher tax rate also

decreases the consumption of type 1 agent relative to type 2 agent.

Remark 2 The response of social welfare to monetary policy is hump-shaped. Higher
money growth worsens financial rigidities, reduces total output and overall consump-
tion but improves consumption inequality. This shift in consumption limits the drop in
social welfare. Therefore, there are parametrizations where higher money growth ini-
tially increases total utility from consumption and improves social welfare. Optimal
money growth is determined as an interior solution. Some positive money growth is

deemed desirable.

Remark 3 The impact of monetary policy on pollution is limited compared to the
tax policy, as it influences total emissions through production shifts between agents.
However, monetary policy has pronounced constructive distributional effects on con-

sumption.
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Figure 2.1. Equilibrium Under Alternative 7
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Figure 2.2. Equilibrium Under Alternative o
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2.6.b. Optimal Regulatory and Monetary Policy

The objective of this simulation exercise is to jointly determine optimal regulatory
and monetary policy in response to variations in the productivity of agent 1, relative
pollution intensity of agent 2, and the disutility parameter. We solve for the optimal
monetary and regulatory policy under different parametrizations for A, and B,

satisfying the following equations simultaneously.

ni = (xty)'/ (&) (2.56)
5i:(1—n,-)—"c(1—s,~(n,-))}/,~ fori:1,2 (257)
13252142/1211%,271 r = \A—1

+a = 51A1;L](—L2t+L1) (2.58)
n; si(ni)
N (—1/7) S;/(l’li) — 7_81 (2.59)
fi  A(gila+ LM
]T — " (2.60)
2 ArLy,
N — N — N 1+
Clz:(1—711)141(—]7TL2z-I-Ll)M+31Al/11(—]7?142z-I-L1)7Ll 1F?L2tl+a2 (2.61)
N. — 1+
cn = (1—ny )AL — 81414 (—ﬁ?th AL o (2.62)
Bl N2 8n1t f1 al’lzt . N2 8n1 fl / 8n2 /
T (N1 ot f2+ ot  \N, 91 f2u1+ a7 2 + (2.63)
ﬁz !/ /!
(1 —52)’}/212 <1+062 <u1 —u2)
. <u/2(1 — l’lz) —B/(l — S2)’}’2> <u/1 — u/2> 7(‘2 5 64
+a + .
( ) 525 T (2.64)
(1 =m) =B (1 =s1)m)

01
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Equations (2.56) to (2.58) are as in the simulation exercise in the previous part.
Equation (2.59) is the derivative of n; with respect to the tax rate. It is derived by
differentiating equation (2.23) w.r.t. 7. Equation (2.60) is the ratio of the output of
type 1 agent to type 2 agent. Equations (2.61) and (2.62) are consumption of agent
1 and 2 after substituting for f; and f!. Equations (2.63) and (2.64) jointly determine
the optimal tax rate and the optimal money growth. They are simplified versions of
equations (2.47) and (2.48).

Simulation results are presented in Figures 2.3 to 2.5.

Remark 4 The higher productivity of type 1 agent (relative productivity of agent 2 to
agent 1 being fixed) reduces the optimal money growth and increases the optimal tax

rate (Figure 2.3).

Higher productivity implies higher real wage, reducing consumption inequality
and improving social welfare. This, in turn, enables for a relatively higher tax rate

and lower money growth.

Remark 5 A higher parameter for disutility from emissions increases both the opti-
mal money growth and the optimal tax rate (Figure 2.4). This time, it is desirable to
bring down overall production, and more so of the more pollutant type. Under the op-
timal policies, production by the second agent declines, while production by the first
agent increases slightly. Consumption declines for both types of agents, as output is

used for pollution control, resulting in reduced emissions.

Remark 6 The more pollutant is agent 2, the higher is the optimal money growth,

and the lower is the optimal tax rate (Figure 2.5).

Higher money growth creates a space for regulatory policy to be looser. The
higher pollution intensity of agent 2 is counteracted by higher inflation. Higher money
growth induces a shift in production towards a less pollutant sector, allowing the

optimal tax rate to decline. This results in an increase in consumption for both types
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of agents. The presence of monetary policy enables the optimal tax rate to be set at a

lower level.
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Figure 2.3. Optimal Regulatory and Monetary Policy Under Alternative 4,
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Figure 2.4. Optimal Regulatory and Monetary Policy Under Alternative B’
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Figure 2.5. Optimal Regulatory and Monetary Policy Under Alternative 7y,
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2.7. Conclusion

In this paper, we study the interaction between regulatory and monetary policies
for controlling pollution in an economy populated with financially constrained pro-
ducers that are heterogeneous concerning production technology and the rate at which
they pollute the environment. We show that, in the absence of mechanisms to equal-
ize consumption across agents, monetary policy has a role in improving social welfare
and complementing regulatory initiatives in taking action for pollution control.

In the model setup, it is important to note that monetary policy does not directly
influence abatement; rather, its impact on pollution control is indirect. The rate of
money growth affects the allocation of production between sectors. Furthermore,
monetary policy has a dual effect on consumption - a direct impact through subsidiz-
ing the type of agent that consumes less, thereby alleviating consumption inequality
and increasing overall welfare, and an indirect effect by shifting production away from
the more pollutant sector. This shift allows for lower tax on emissions, contributing
to increased consumption for both types of agents.

The interaction between monetary policy, regulatory policy, and the environment
is a young field of research. This chapter contributes to this literature by providing
an alternative modeling framework for studying optimal policies. In the next chapter,
we introduce uncertainty into this model and compare the model dynamics under

alternative environmental policies, namely, the price and quantity controls.
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CHAPTER 111

PRICE VS. QUANTITY CONTROLS IN A PARTIAL
CASH-IN-ADVANCE MODEL

3.1. Introduction

Environmental regulations have long been a part of the research agenda of
economists, and recently, they have also been integrated into macro policy research.
The interplay between monetary policy, environmental policy, the macroeconomy,
and the environment has been explored using Dynamic Stochastic General Equilib-
rium (DSGE) Models that incorporate elements such as nominal rigidity, pollution
as a negative production externality, and an abatement technology to partially con-
tain pollutant emissions. In Chapter II, following this line of research, we extend a
heterogeneous agent cash-in-advance model to incorporate pollution externality. This
extension aims to investigate the potential role of monetary policy in controlling en-
vironmental pollution and exploring the repercussions of environmental regulations
on monetary policy.

In this chapter, we introduce uncertainty in the same model by adding total fac-
tor productivity shocks. This chapter presents a stochastic general equilibrium model
featuring nominal rigidity in the form of a partial cash-in-advance constraint in the
labor market, pollution associated with production activity, and an abatement effort.
The main question of interest is how the system responds to productivity shocks un-
der alternative environmental policies and how the scale of nominal rigidity affects
this response. Environmental policies encompass price and quantity (cap-and-trade)
regulation for pollution control.

In the stochastic version of the model, the choice between a price or quantity-

based regulatory framework yields distinct implications for model dynamics and wel-
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fare. Additionally, the scale of the cash-in-advance constraint affects model dynam-
ics at varying magnitudes under each regulatory policy. Using the framework in our
model, we can also compare the impact of nominal rigidity on volatility under differ-
ent regulatory policies aimed at controlling pollution.

This paper is associated with two research areas. To begin with, it is linked with
the literature that compares price versus quantity controls in a general equilibrium
framework (e.g. Kelly 2005; Pizer 1999). In addition, it is part of the literature explor-
ing the interaction between monetary policy and environmental policy (e.g. Heutel
2012; Annicchiarico and Di Dio 2015). Section 3.2. provides a selected survey of
these research fields.

Our main findings are as follows. First, volatility in macro variables is higher
under price regulation compared to quantity regulation. Second, as the degree of
nominal rigidity increases, volatility rises under both regulations, but this increase is
relatively more pronounced under price regulation. Furthermore, we demonstrate that
the stochastic cash-in-advance model is unstable if producers face full cash constraints
in the labor market. Our results align with those of Annicchiarico and Di Dio (2015),
who compare the macroeconomic implications of alternative environmental policies,
including a cap on emissions and a tax policy using a New Keynesian-type DSGE
model embodying pollutant emissions. They also observe that emission caps dampen
the response of macroeconomic variables to shocks and that higher nominal rigidity
increases volatility under both environmental policy regimes.

The rest of this chapter is organized as follows. Section 3.2. briefly reviews the
price versus quantity controls literature. Section 3.3. outlines the heterogenous agent
cash-in-advance model, which is extended to include environmental regulation. This
section provides a separate description of agents’ problem under both price and quan-
tity regulations. In Section 3.4 we present the solution of the stochastic model. In
Section 3.5., we characterize the non-stochastic monetary competitive equilibrium. In

Section 3.6., we explore the system’s response to a persistent productivity shock us-
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ing log-linearized versions of the model. In this part, after log-linearizing the system,
we demonstrate that it is unstable under full cash-in-advance constraint. Furthermore,
we compute and compare the theoretical moments of the main macro variables in the
model under both regulatory frameworks. In Section 3.7., we compute a quadratic
approximation to expected social welfare and carry out numerical exercises compar-
ing volatility under two regulatory frameworks with respect to volatility and social
welfare. We also compare the response of volatility and social welfare to changes
in the degree of nominal rigidity under different regulatory policies. Finally, Section

3.8. concludes.

3.2. Selected Literature on Price vs. Quantity Controls

This line of literature explores the optimal means of regulating a variable. The
main question revolves around whether to establish a control mechanism directly
through quantities or indirectly by employing prices as instruments. In a seminal pa-
per, Weitzman (1974) argued that price and quantity controls produce the same equi-
librium allocation under full information. This duality breaks down in the presence of
uncertainty regarding the costs and benefits associated with the regulated economic
variable.® In situations involving uncertainty, optimal policy depends on the slopes
of the marginal benefit and marginal cost schedules. In more formal terms, originally
put forward by Weitzman (1974), cost and benefit are expressed as a second-order

approximation around the optimal quantity (§). They are represented by:

Clg.0) = a(®) +(C'+ al0))(g—4) + S (g3 62)
Blg.m) = b(n) + (B + B(m) g —4) + o (g~ ) 63)

3Stavins (2019) thoroughly discusses the similarities and differences of tax and cap-and-trade ap-
proaches from the perspective of controlling for carbon emissions.
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where a(0), a(0), b(n), B(n) are stochastic functions and C',C",B’, B” are fixed co-
efficients. There is uncertainty about the level of the marginal cost and benefit curves
and no correlation between the uncertainty of cost and benefit. Optimal quantity in-

strument g is solution to the following optimization problem:

max E [B(q,n) ~ C(q,6)] (3.4)

If instead price is the control instrument, price is announced, and quantity adjusts to

the price (h(p,0)). Let p be the solution to the following optimization problem:
max E [B(h(p, 0),1) — C(h(p, 6),0)] 3.5

The expected comparative advantage of prices over quantities becomes,

a=E[(B((a(6)),m)~C((4(6)),0)) - (B@n) -C(4,0))]. (3.6
Once we solve the model and substitute in for the expressions for cost and benefit un-
der alternative modes of control, we end up with the following simplified expression:

2

O,
A:i%wuﬂﬁ (3.7)

which states that price (quantity) control works better when marginal benefits are
relatively flat (steep). The intuition behind this result is as follows. A sharply curved
benefit function implies that agents are risk-averse, exhibiting a heightened distaste
for volatility in quantities. A nearly flat marginal cost schedule indicates that an
inaccurately determined price would result in a more substantial deviation of output
from the desired quantity. In such cases, it is advisable for the regulator to directly set
the quantity and let the price fluctuate. Further elaboration on this issue is provided
in the subsequent discussion below.

The optimal policies, whether based on price or quantity, are established ex-ante to
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ensure that expected marginal benefit and marginal cost are equal. However, follow-
ing the realization of the shock, ex-post marginal benefit and marginal cost no longer
align. Therefore, the preferred policy is the one that minimizes the gap between ex-
post marginal cost and marginal benefit. The magnitude of this gap is contingent on
the shapes of the cost and benefit schedules. Figures 3.1 and 3.2 provide a comparison
of price and quantity policies for two distinct cases: one where the marginal benefit is
flat (case 1) and another where the marginal cost curve is nearly flat (case 2). For ease
of interpretation, we assume no uncertainty over the benefit schedule, i.e., 1 is con-
stant. In other words, the marginal benefit schedule remains fixed and does not shift.
The optimal quantity (§) and the optimal price (7) are identified as the point where
the expected marginal cost E[C; (g, 0)] equals the expected marginal benefit (B;(q)).
The marginal cost schedule after the shock realization, with 8 = 6 is represented by
C1(§,0 = 6). In situations where the marginal benefit curve is relatively flat (figure
3.1), price policy outperforms quantity policy. Given a flat marginal benefit curve,
under price policy, the marginal benefit remains equal to the marginal cost even after
the shock, while under quantity control, the marginal cost falls below marginal benefit
at g. When the marginal cost curve is relatively flat (figure 3.2), the quantity policy
outperforms the price policy. In this scenario, the gap between marginal benefit and

marginal cost is lower under quantity control.

Figure 3.1. Case 1: Flat Marginal Benefit Curve

p P
E[Ci(4,0)] Ci(g,6 = 60) E[Ci(4q(7),0)] Ci(q(1),6 = 6)
Bi(q) Bi(q) 7,C1(4(7),6 = 69) Bi(q)
Ci(q,6 = 6o)
q q q(7) q
(a) quantity control (b) price control

On this topic, one line of research developed by modifying the assumptions in
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Figure 3.2. Case 2: Relatively Flat Marginal Cost Curve

p 4
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Bi(q(T
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(a) quantity control (b) price control

Weitzman’s analysis. Laffont (1977) introduces further uncertainty by assuming that
not only the levels but also the slopes of the marginal cost and benefit curves are
random. This extra uncertainty favors the quantity regulation more. Yohe (1978)
adds random disturbance to output, assuming that output can vary even under quantity
regulation. Stavins (1996) shows that a positive correlation between environmental
cost and benefit shocks (as opposed to the no correlation assumption in Weitzman
(1974)) is more likely to favor quantity regulation.

Another line of research extends the initial contribution by incorporating it into a
dynamic policy context with intertemporal quantity trading and policy updating. In
a two-period setting with policy updating and cost uncertainty revealed in the second
period, Pizer and Prest (2020) show that quantity regulation traded over time is supe-
rior to price regulation in maximizing social welfare. Intertemporal quantity trading
allows firms to postpone or bring forward production options between periods. This
tradability, also referred to as the option to bank and borrow, links the firm’s actions
over two periods. Under this setup, the firm can deduce policy in the second period
before acting in the first period through the knowledge of benefit and cost parameters
and the regulator’s predetermined updating rule. Firms, having complete information
on the costs and the regulator’s behavior, can optimally adjust in all periods. This
behavioral linkage, coupled with the absence of uncertainty for the regulator in the
second period, enables quantity controls to achieve the first best outcome in both pe-

riods.
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The heightened focus on environmental issues has revived interest in Weitzman’s
work. This research field focuses on situations where environmental damages are
stock rather than flow. Defining the externality as a stock transforms the regulatory
problem into a dynamic one. Weitzmans’ basic intuition still holds in these models,
accompanied by additional issues. When environmental damages are conceptualized
as a stock, the timing of the cost and benefits becomes important for the regulatory
policy. It necessitates a balance between current costs and future benefits (Hoel and
Karp 2002). Considering future benefits introduces discount and stock decay rates as
important factors. Furthermore, the ranking of policies is contingent on the method of
policy implementation concerning the possibility of adjustment over time. Two dis-
tinct approaches are considered: an open-loop policy, where the regulator announces
the entire policy trajectory initially, and a feedback policy, where the regulator can
adjust the policy as new information arrives. In the feedback case, the ability to learn
about costs and the capability to act upon them affect the ranking between taxes and
quotas. In a setup where the regulator employs an open-loop policy, a lower discount
rate or lower stock decay rate tends to favor quantity measures (Staring 1995). Newell
and Pizer (2003) consider an open-loop policy where costs are serially correlated, and
show that a more positive serial correlation favors the use of quotas. Karp and Zhang
(2005) explore feedback policy with correlated shocks. By observing quota trading
and firms’ response to the tax, the regulator gains insight into the random value of
the shock. They compare open-loop and feedback policies with and without quota
trading when shocks are serially correlated, providing criteria for ranking taxes and
quotas for the control of stock pollutants. When the regulator uses tax or quotas that
can be traded, the regulator benefits from the information that he derives from firms’
response to the tax under price regulation or price of quotas under quantity regulation.
Under the feedback policy, he can condition his policy on this information.

A significant advancement has been the treatment of price versus quantity com-

parison in a general equilibrium setup. Pizer (1999) introduces uncertainty in a frame-
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work of optimal policy design for climate change utilizing an intertemporal model of
the economy and climate. This paper uses a modified stochastic growth model to
capture optimal consumer behavior, considering numerous correlated shocks. Within
this model, uncertainties extend various parameters including the discount rate, the
risk aversion of the consumer, elasticity of output with respect to capital, productivity
growth, variability in productivity growth, and the depreciation rate of capital. The
findings indicate a preference for taxes over quantities across the assumed range of
values in the model. This preference arises because marginal damage is relatively
flat and potentially negatively correlated with marginal costs. As the authors admit,
results considerably depend on the functional forms, specifications, and parametriza-
tion. The overarching message is clear: uncertainty matters. Pizer (1999) also stresses
the importance of designing optimal climate policies within a general equilibrium
framework. This approach accounts for significant uncertainty surrounding the econ-
omy, such as productivity growth, which profoundly influences future emissions and
the valuation of of future returns through interest rates.

Kelly (2005) investigates price and quantity regulation in general equilibrium
when the regulator faces uncertainty about the firm’s productivity shocks. The find-
ings reveal that the comparative advantage of quantity versus price control in general
equilibrium is not solely determined by the slopes of marginal benefits and costs; it is
also influenced by general equilibrium effects, such as effects arising due to the con-
cavity of households’ utility in consumption. Under price regulation, the regulated
variable is an increasing function of productivity shocks, leading to a higher variation
in production. In the context of risk-averse households, increased variation reduces
welfare. General equilibrium effects favor quantity control. As households’ utility
exhibits greater concavity, indicating a preference for smoother consumption, the at-
tractiveness of quantity regulation grows. The preference stems from the implication
that quantity regulation results in less volatile production and consumption, aligning

with households’ desire for stability.
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Acknowledging the relationship between business cycles and emissions, Ramezani
et al. (2020) undertake a comparative analysis of the environmental effects of fixed
and flexible taxes on emissions in response to a transitory technology shock. The in-
vestigation is done within a real business cycle model framework, shedding light on
adapting environmental policies to macroeconomic fluctuations. The study concludes
that policymakers should take an effective environmental policy capable of manag-
ing emission fluctuations. The authors argue in favor of a pro-cyclical tax regime,
emphasizing that this approach incentivizes firms to maintain abatement efforts. Oth-
erwise, firms lose motivation to make abatement efforts. Another benefit of variable
tax policy is that it can respond to changes in the marginal value of consumption.

A new strand of literature combines environmental economics and macroeco-
nomics aiming to understand the interactions between economy, economic policy,
environment and environmental policies (e.g. Fischer and Springborn 2011; Heutel
2012; Annicchiarico and Di Dio 2015; Angelopoulos et al. 2010, 2013). Fischer and
Springborn (2011) use a dynamic stochastic general equilibrium (DSGE) model to
compare economy’s response to productivity shocks under different policies for con-
taining pollution. These policies encompass an emissions cap, an emissions tax, and
an intensity target (maximum emissions to output ratio). Results indicate that under
a same constraint on emission reduction, total output is highest under the intensity
target policy compared to other policies. The cap policy yields the lowest volatility.
The tax policy exhibits the highest volatility, accompanied by also highest production
and utility.

Heutel (2012) investigates how environmental policy optimally responds to busi-
ness cycles within a DSGE model, including a pollution externality in stock form.
This paper compares a static regulatory policy with a dynamic one that optimally
adapts to persistent productivity shocks. The model generates two offsetting effects
in response to a productivity shock: a positive productivity shock increases welfare,

leading to a higher demand for a cleaner environment and lower emissions. However,
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more productive capital also increases the opportunity cost of abatement, bringing
about lower demand for abatement and higher emissions. The latter effect (price ef-
fect) dominates the