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Thesis Abstracts

Chapter I: Regional burden sharing of GHG mitigation policies — A Canadian
perspective. The distribution of the burden of cost arising from the reduction of greenhouse
gas (GHG) emissions is a contentious issue in policy discussions; more so among regional
jurisdictions in the federalist countries with decentralized authorities over environmental
regulations. In this setting, often the policy discussions are focused on the distribution of
regional emission reduction targets that, in turn, entails negotiations over the distribution of the
scarcity rents and the regional transfers of wealth. The allocation of regional emission
entitlements is thus a key factor that could hinder the political feasibility of a national GHG
mitigation policy. In this paper, we build a multi-region computable general equilibrium (CGE)
model of the Canadian economy to assess the implications of different burden sharing rules
governing the national GHG abatement policy with a cap-and-trade system of emission permits.
In addition to assessing the impacts of traditional regional emissions allocation rules that involve
intra-regional transfers of wealth, we consider a particular emission allocation that avoids such
transfers, which may be a more palatable option given the context of likely fierce negotiations
over the issue. Our results indicate to differing outcomes depending on the allocation policy in
use. The CGE framework is also able to shed light on the transmission mechanisms that drive

the results underlying the policy options.

Chapter II: Endogenous technological change and emission allowances. Given the
imminent threat of global warming due to GHG emissions, a number of emission mitigation
policies have been proposed in the literature. However, they generally suffer from the classical
equity-efficiency trade-off. High costs from equity concerns often render environmental policies
politically unattractive and thus hard to implement. Recent advancement in the climate policy
modeling literature that incorporates endogenous technological change (ETC) into the
framework can potentially bring new insights into this debate. Using an inter-temporal, multi-
sector CGE approach with ETC incorporated into the framework, this paper builds a model
that focuses on the equity-efficiency debate for the policymakers. Canada is chosen as the
country of investigation for this purpose. The paper provides a new welfare ranking of four

permit allocation policies that address the equity-efficiency trade-off. In a second-best setting
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with pre-existing distortions, output-based allocation (OBA) of emission permits is compared to
three other policy options: (i) an emissions trading system with grandfathered allocation (GFA),
(if) an auction permit trading system where permit revenue is recycled to lower payroll taxes
(RPT), and (iif) a hybrid of OBA and R&D subsidy (O-R&D). We find that adapting OBA, as
well as O-R&D, is welfare improving over GFA. The implicit output subsidy, entailed in the
OBA policy, mitigates against the rising cost effect in the GFA policy. This is reinforced
through added investment incentive in R&D when ETC in incorporated into the framework.
With O-R&D, since the R&D subsidy corrects for market imperfections in the knowledge
accumulation process, the effect is further bolstered, culminating into mitigation of uneven
distributional outcome for energy-intensive industries as a whole. Contrary to previous results,
we also find that, in terms of the welfare metric, OBA unequivocally improves the distributional
outcome across sectors as compared to the RPT policy. Inclusion of ETC also unequivocally

generates a higher welfare ranking for all permit policy schemes.

Chapter III: Emission permit banking and induced technological change. This paper
attempts to undertake an exploratory research by integrating two themes in the emission
mitigation policy literature, which include: the inter-temporal emission permit banking and
borrowing and the role of induced technological change in emission mitigation. Using a simple
optimal control approach, we construct a unified framework that evaluates the optimal path of
emissions and the optimal trajectory of permit price when both inter-temporal banking and
borrowing of permits and the effects of induced technological change (ITC) are present. We
find that ITC leads to a declining emission trajectory over time. The effect of ITC on the
optimal permit price path, however, is ambiguous and critically depends on the extent of

marginal cost saving that emanates from emission-saving technological innovation.

il



CONTENTS IN BRIEF

Acknowledgement xi
Introduction 1
Chapter 1 Regional burden sharing of GHG mitigation policies — A Canadian 7
perspective
Chapter 2 Endogenous technological change and emissions allowances 72
Chapter 3 Emission permit banking and induced technological change 148
References 173

v



CONTENTS

List of Figures viil
List of Tables ix
Acknowledgement xi
Introduction to the thesis 1

Chapter 1 Regional burden sharing of GHG mitigation policies — A Canadian 7

perspective

1.1 Introduction 8
1.2 Review of relevant literature 12
1.3 The model 13
1.3.1 Households 14
1.3.2 Firms 19
1.3.3  Government 22
1.3.4 Trade: Regional and international 23
1.3.5 Equilibrium conditions 28
1.3.5.1 Commodity market equilibrium 28
1.3.5.2 Input market equilibrium 29
1.3.6  Closure rules 29
1.4  Emission permit allocation schemes — description of the simulations 31
1.4.1 Emission based allocation 33
1.4.2  Allocation based on emissions per capita 33
1.4.3 Allocation based on converging carbon intensity 34
1.4.4 Allocation based on efficiency index 35
1.4.5 Allocation based on multi-criteria Index 36
1.4.6  Allocation based on no prior entitlement of emission rights 37
1.5 Description of the baseline data 38
1.6 Results 41
1.6.1 National impacts 41
1.6.2 Regional aggregate impacts 42



CONTENTS

1.6.3 Regional sectoral impacts 49
1.7 Concluding remarks 56
Appendices to Chapter Tiwo 59
Appendic A List of equations 59
Appendixc B List of variables 65
Appendixc C - List of parameters 69
Chapter 2 Endogenous technological change and emissions allowances 72
2.1 Introduction 73
2.2 Review of relevant literature 77
2.3 The model 79
2.3.1 Households: Consumption and labour supply 80
2.3.1.1 Inter-temporal optimization problem 81
2.3.1.2 Intra-temporal optimization problem 85
2.3.2  Firms: Production, investments, and abatement decision with OBA 88
2.3.2.1 Inter-temporal investment optimization problem 88
2.3.2.2  Allocation of capital goods 94
2.3.2.3 Description of the production nests 95
2.3.3 Trade 97
2.3.3.1 Allocation of domestic output 97
2.3.3.2 'The optimal combination of composite goods 99
2.3.3.3 Capital market 100
2.3.4 Government 101
2.3.5 Within period equilibrium conditions 102
2.3.5.1 Commodity market equilibrium 102
2.3.5.2  Labour market equilibrium 102
2.3.5.3 Internal-external balance 103
2.3.6  Steady-State Conditions 103
2.3.6.1 Steady-state household budget constraint 103
2.3.6.2  Steady-state investments 103
2.3.6.3 Steady-state shadow value of knowledge and physical capital 104
2.3.6.4 Steady-state condition for internal-external balance 104
2.4 Data, Calibration and Numerical Solution Strategy 105
2.5 Simulation 109
2.5.1 Description of the simulations 109
2.5.2 Results 110
2.5.2.1 Reducing GHG emissions with grandfathered allocation of emission 111
permits (GFA) under a Cap-and-Trade framework
2.5.2.1.1 Aggregate impacts 111
2.5.2.1.2  Sectoral impacts 113
2.5.2.2 Reducing GHG emissions with output-based allocation of emission 120
permits (OBA)
2.5.2.3 Reducing GHG emissions with auctioning of permits and reduction in 123

payroll taxes (RPT)

vi



CONTENTS

2.5.2.4 Reducing GHG emissions with OBA and R&D subsidy (O-R&D) 125
2.5.3 Sensitivity analysis 126
2.6 Concluding observations 128
Appendices to Chapter Three 131
Appendic A First order conditions from the representative firm’s optimization problem 131
Appendixc B List of equations 133
Appendixc C - List of variables 140
Appendisc D List of parameters 144
Chapter 3 Emission permit banking and induced technological change 148
3.1 Introduction 149
3.2 An overview of the modeling framework 153
3.3 Inter-temporal emission allocation with I'TC - The social planner’s 156
solution
3.3.1 Economic interpretation of the necessary conditions for optimization of 158
the social planner’s problem
3.4 Permit banking with ITC - The decentralized solution 160
3.4.1 Economic interpretation of the necessary conditions for decentralized 163
optimization
3.5 Implication of ITC on the optimal level of emissions 164
3.6 Characterizing the optimal time path of output and emissions 166
3.7 Implication of ITC on the optimal path of permit price 169
3.8 Conclusion 170
References 173

Vil



LIST OF FIGURES

Chapter 1 Regional burden sharing of GHG mitigation policies — A Canadian 7
perspective
Figure 1 Schematic representation of household preference 18
Figure 2 Schematic representation of firm technology 19
Figure 3 Schematic representation of imports 25
Figure 4 Schematic representation of exports 26
Chapter 2 Endogenous technological change and emissions allowances 72
Figure 1 Schematic representation of household preference 86
Figure 2 Schematic representation of firm technology 89

viii



LIST OF TABLES

Chapter 1 Regional burden sharing of GHG mitigation policies — A Canadian 7
perspective
Table 1 Simulation schemes 31
Table 2a  Emissions in the BAU (percentage of total emissions in respective categories) 39
Table 2b  GDP in the BAU (percentage of Canadian GDP) 39
Table 2c  Values for behavioural parameters 40
Table 3 Some aggregate variables for Canada (percentage change from 41
benchmark)
Table 4 Percentage change in GDP at market price 42
Table 5 Percentage change in welfare 43
Table 6 Permit revenue ($ ml) 44
Table 7 Permit price (§) 45
Table 8 Dollar purchase of CO, permits (§ ml) 45
Table 9 Percentage change in share of CO, permit purchase 46
Table 10 Percentage change in total emissions 47
Tablell Percentage change in wage 47
Table 12 Percentage change in labour supply 48
Table 13a  Total output in Alberta by industry sectors (percentage change) 50
Table 13b  Total output in Ontario by industry sectors (percentage change) 51
Table 13c  Total output in Québec by industry sectors (percentage change) 52
Table 14a  Emissions in Alberta by industry sectors (percentage change) 53
Table 14b  Emissions in Ontario by industry sectors (percentage change) 53
Table 14c  Emissions in Québec by industry sectors (percentage change) 54
Table 152 Demand for value-added in utilities sector by regions (percentage 54
change)
Table 15b  Demand for value-added in basic chemicals by regions (percentage 54
change)
Table 15¢  Demand for value-added in oil & gas by regions (percentage change) 55
Table 16a Total household consumption in utilities sectors (percentage change) 55
Table 16b  Total household consumption in other manufacturing (percentage 56

change)

1X



TABLES

Chapter 2 Endogenous technological change and output-based emissions 72
allowances
Table 1a  Some characteristics of the social accounting matrix for Canada in the 106
base period (percent shares)
Table 1b  Some characteristics of the social accounting matrix for Canada in the 107
base period (percent shares)
Table 2 Values for behavioural parameters 108
Table 3 Sectoral emission shares (%) in the base period 109
Table 4 Impacts on selected aggregate variables in the 20™ period from various 112
simulations (percentage deviation from BAU unless otherwise
mentioned)
Table 52 Sectoral impacts on value-added and employment in the 20" period from 114
various simulations (percentage deviation from the BAU)
Table 5b  Sectoral impacts on investments in the 20" period from various 115
simulations (percentage deviation from the BAU)
Table 6a  Sectoral impacts on supply in various markets in the 20" period from 116
various simulations (percentage deviation from the BAU)
Table 6b  Sectoral impacts on total demand, imports, and domestic demand in the 117
20" period from various simulations (percentage deviation from the
BAU)
Table 6¢  Sectoral impacts on consumption, and consumer prices in the 20" period 118
from various simulations (percentage deviation from the BAU)
Table 7 Sectoral impacts on emission in the 20" period from various simulations 119
(percentage deviation from the BAU)
Table 8 Impacts on consumer prices of selected fossil energy products in the 20" 119
period from various simulations (percentage deviation from the BAU)
Table 9 Sectoral GDP share at market price in the 20" period from various 119
simulation
Table 10 Long-run impacts (30" period) on some aggregate variables from various 123
simulations (percentage deviation from BAU)
Table 11 Welfare indicators for various sensitivity scenarios (SS) 127
Table 12 Welfare improvements (%) in various scenarios relative to the Base 127
Scenario (BS)
Table 13 Welfare improvements (%) due to R&D Subsidy with various O-R&D 128

scenarios over pure OBA




Acknowledgement

Every thesis purports to intelligently convey an interesting story. However, the stories that bring
the thesis into fruition — the stories of invaluable support, compassion and sacrifice — are as
fascinating as the thesis itself. While the scarcity of space may not allow me to do justice to
reflect upon all of those tales in entirety, I would like to provide my gratefulness to all who have

been at the background during the development of this thesis.

First and foremost, I would like to thank the God Almighty, who provided me with the patience

and guidance for me to be able to finish writing this thesis.

I sincerely thank Professor Yazid Dissou, my thesis supervisor, not only for unravelling the
magnificently addictive beauty of research to me, but also for instilling the belief in me that I can
successfully complete my dissertation at a critical time when my internal motivation was at its
lowest ebb. I would also like to thank the member of my thesis evaluation committee, Professor
Randall Wigle, Professor Marcel Mérette, Professor M. Leslie Shiell and Professor Douglas A.
Smith for providing me with excellent comments to make this thesis an improved product. I
gratefully acknowledge the partial funding that I have received from the SSHRC research grant

on “Canadian Environmental Issues” while writing the thesis.

Thanks to my mother, Farida Easmin Arif, and particularly to my father, Md. Taufiqul Arif, for
igniting the desire in me in my childhood to complete the PhD. Simply, I cannot thank you
enough for your loving care and for the continued unflagging support in everything that I try to
involve myself in. I also thank Tahmina Farah Arif, my twin sister and Md. Fahim Deen Arif,
my brother, for their affection and, to my pleasant surprise, for their joyful pride they take-in in
recognizing my effort to complete the degree. I thankfully acknowledge the support from my
extended family — all my chachas & chachis, phupus & phupas, mamas & mamis and khalas & khalus

— who have always been with me in spirit along the way.
I gratefully acknowledge the great deal of support that I received during the invaluable presence
of Gulshan Ara Alamgir and Dr. Muhammad Alamgir, my parents-in-law, who helped me go

through the critical first workshop stage of this thesis.

X1



My sincere gratitude to the pool of wonderful friends — Dr. Chahreddine Abbes, Meda-Cristina
Horacsek, Dr. Teodora Cosac — who inspired me all along the way. I particularly owe to
Chahreddine for providing me with constructive criticisms on numerous earlier versions of this
work. I also thankfully acknowledge the direct and indirect support I have received from my
colleagues — Bob Papanikolaou, Sean Collins, Patricia Brady and Celeste Hicks — that certainly

helped me to complete the dissertation.

It should not go without mentioning the kindness and support of close family friends — Marufa
and Mazib Rahman, Nahreen Rahman and Farzad Khan, Rebecca Dipa Khan and Abul Salek,
Sharmin Mallick, Razib Igbal as well as Adnan and Dipa Siddiky.

The metamorphosis of a set of ideas into a full-blown thesis only takes place over time. What
makes it possible, however, is the continued invaluable support that sustains the process of tiny
but everyday progress, eventually culminating into the thesis. I have always held this priceless
support from the loved ones with great esteem and believed it to be as important, if not more,
as achieving the overall objective of completing the degree. 1 would like to gratefully
acknowledge all the support that I have received from my loving wife, Rizwana Alamgir-Arif,
who undoubted bore the brunt of the toll during this process. You deserve the gratitude not
only because of your phenomenal inspiration that you infused in me during the numerous
upheavals of the thesis writing process, but also because you gracefully did so while writing your

own doctoral dissertation and perhaps experiencing the ups-and-down of your own.

Most of my accomplishments as a doctoral candidate occurred since the birth of our first child,
Ruhaan Aydeen Arif. My two and a half year old’s beautiful smile, gleeful laugh and boisterous
energy radiates cheer and energy to our lives. It is this energy that endorses the completion of

this thesis.

Last but not the least, I would like to pay homage to the loving memories of my grand-parents —
Khaleda Rawshan Ara and Golam Abedin and Jobeda Khatun and Miah Fazlar Rahman — who
had the earnest desire for me to achieve this educational feat, long before I could understand the

intrinsic value of the achievement! Particularly I would like to mention the contribution of the

Xii



greatest two ladies of my life — my paternal grandmother, Khaleda Rawshan Ara, and my
maternal grandmother, Jobeda Khatun — who deserve it for providing me with the
compassionate care during the first few frail years of my life. Had it not been for them, perhaps

I would not be who I am today. I dedicate this thesis to them.

Xiii



INTRODUCTION



Introduction to the Thesis

The need for necessary action to stabilize atmospheric greenhouse gas (GHG) concentrations to
a level that would prevent dangerous anthropogenic interference with the climate system led to
the creation of the largest environmental treaty known as the United Nations Framework
Convention on Climate Change (UNFCCC) in 1992. Since then, the treaty purported to bring
along periodic updates, generally known as the protocols, in order to allow for provisions that
can set legally enforceable emission limits for parties to the convention (i.e. the individual
nations that ratified the convention). To date, Kyoto Protocol has been the major update to the
UNFCCC. Based on a phased approach, Kyoto Protocol set out detailed initial plan on
commitments by the parties to reduce GHG emissions relative to a reference level'. The first
phase of the commitment period was set to be 2008-2012, with the room for negotiations for

the second period commitment scheduled to commence in 2005 (Grubb and Depledge, 2001).

These negotiations are generally held at what is referred to as the Conference of Parties
(COP)’. The COP provides a podium for the international community to engage into
multilateral negotiations. Since 2005, the goal has been to reach a consensual course of actions
beyond the first commitment period in order to effectively mitigate the climate change
phenomenon. So far, the outcome from these conferences has not been very promising. The
hope for greater alignment of climate change mitigation policies among the major world

economies, however, remains even though the path to such a promising future seems rocky.

Why is it that reaching a greater consensus is hard to come by? What are the issues that
underlie specific policy stance taken by the specific countries? Unfortunately the answers to
these questions are far from being simple. For a plethora of reasons, the issues around climate
change mitigation policies are complex in nature. These complexities arise from multiple

dimensions that not only vary across different regions of the world, but also vary across

! 'The establishment of the national greenhouse gas inventories, the first major task of UNFCCC, led to the creation of the 1990
benchmark level. This benchmark was used in the Kyoto Protocol for the accession of the Annex I countties, where these
counttries are required to reduce their GHG emissions within the first commitment period 2008-2012 (for further details, see
Annex B of the Kyoto Protocol).

2 At the time of writing this thesis, the last COP (i.e., the 16t COP) was held in Cancun, Mexico during 29 November-10
December, 2010.



different regions or even different sectors within a given country. Consequently, climate change

mitigation policies are hard to formalize and difficult to implement.

The purpose of this thesis is to focus on some of these issues, both from theoretical as
well as empirical perspectives. Given the enormous breadth of issues that climate change
mitigation policies generally encompass, in the present context we narrow down our horizon by
focusing on issues relevant to the development of emission mitigation policies of a single
country. Consequently, the discussions in the ensuring chapters of this thesis assume a given
emissions reduction target for the country of investigation (i.e. the aggregate national emission
reduction target is provided exogenously), and evaluate various policy options to attain the
targeted national level of emissions for that country. We take up Canada as our country of

investigation.

While focusing on the issues specific to the development of country level emissions
mitigation policies may seem that the current thesis abstracts away from the international
context, in effect it indirectly addresses the international dimensions in two important ways.
First, the policy options considered in this thesis are not necessarily relevant to Canada alone. In
principle, they can certainly be applied to the context of other countries, particularly the
developed nations that have political and macroeconomic features similar to that of Canada’s.
Second, and more importantly, two empirical research included in this thesis critically evaluate
likely policy options available to Canada for it to credibly comply with its international
commitment once such an obligation is identified at the international level (e.g. through a
binding UNFCCC protocol at a future date). In the spirit of backward induction analysis,
current research therefore sheds light on the formation of Canada’s likely response to the future

international commitments for reducing emissions relative to specific benchmarks.

We begin by laying out two empirical investigations in chapter one and two of this

thesis. An exploratory theoretical investigation follows in the final chapter.

In chapter one, we begin by investigating the contentious issue of sharing the cost
burden that stems from emission mitigation effort. This is linked to the distributional equity

issue that typically trades-off against the efficiency aspect of any policy stance. While this



presents one of the major impasses in the international negotiations (as is commonly observed
in the COP negotiations), it has the potential to generate similar obstacle in implementing a
national emission mitigation target within the context of a federalist country that has
decentralized environmental jurisdiction. In a country with such political division of power over
environmental regulation, while the federalist government is often in charge of ratifying an
international treaty, it is the regional governments which carryout the implementation plans in
order to collectively satisfy the federal obligation. This is the case in countries like Canada, U.S.

and Belgium (Boucekkine et. al, 2008).

Negotiations towards an agreement among the regions in this context are generally
marked by each region willing to bear the minimum cost while letting the others shoulder the
brunt of the national mitigation target. Thus, concerns regarding equity play a major role that
often comes at the cost of efficiency in achieving the mitigation target. We focus on this trade-
off within a cap-and-trade (CAT) framework of emission permit allocation policy using a multi-
region, multi-sector static computable general equilibrium (CGE) model of the Canadian
economy. Under the CAT framework the equity issues, generally entailed in any specific permit
allocation policy that reflect the burden cost of the policy, take the form of ex-post transfers of
rents that stem from emission trading among the regions. We present results from investigating
five such permit allocation policies and introduce a sixth policy (we call it the No-Prior
Entitlement or the NPE policy) that avoids such inter-regional transfer of scarcity rents thus
avoiding the politically contentious issue of sharing the “unfair” amount of burden cost. Results
derived from this exercise highlights the relative political appeal of the NPE policy vis-a-vis the

others policies.

In chapter two of the thesis, we take-up the equity-efficiency debate one more time but
within a separate context. We analyze the trade-off with a focus on the Canadian industry
sectors, aggregated at the federal level, that compete amongst each other to bear the minimum
burden cost of the national mitigation target. Within the context of the CAT framework, for
this purpose we have developed a multi-sector dynamic CGE model of Canada. The novelty in
the analysis, however, comes from the introduction of endogenous technological change (ETC)

into the modeling framework.



Recent advancements in the climate policy modeling literature indicate that
environmental and technology policies work best in tandem. When technology enters into the
picture, the terms of the trade-off between the marginal cost of emission control and its
marginal social benefit is altered (Popp et al., 2009). Typically technology innovations reduce
the marginal cost of achieving a given unit of pollution reduction. In most cases, technological
change enables a specified level of environmental cleanup to be achieved at lower total cost to
society. New developments in this area indicate that ETC has the potential to greatly ameliorate
the welfare cost of emission control policy in the long run (Fischer et al. 2003, Popp et al. 2009).
Following this intuition, we reevaluate the performance of three existing emission permit
allocation policies in the literature and compare it with a fourth one. We call the fourth
emission permit allocation policy the output based allocation with R&D subsidy (the O-R&D
policy) that not only correct for the production disincentive’, but also correct for market
imperfection in the knowledge accumulation sector. Our results provide a renewed ranking of
the existing policies in terms of the welfare cost. The results also highlight the important role of

ETC into the equity-efficiency debate.

In the final chapter of the thesis, we take-up an exploratory research. We reinvestigate
an issue that has received an ample attention in the theoretical climate policy modeling literature,
which involves evaluating the role of permit banking and borrowing in mitigating emissions
across time (Cornshaw and Kruse, 1996 and Leiby and Rubin, 2001). Our analysis adds on to
the existing literature by introducing technological change into the picture that has critically

relevant, but not yet explored, link to the overall framework.

Inclusion of endogenous technological change into the climate policy models is typically
channeled through what is known as the induced technological change (ITC) process. Originally
credited to Hicks (1932), the ITC hypothesis highlights the role of price-induced technological
change that is directed to promote innovations in order to save the use of relatively expensive
input into the production process. Thus, emission control policies that typically act by

increasing the cost of polluting inputs ought to interact with the ITC process.

3 The disincentive emanates from the higher cost of production due to emission control enforcement.



Under the CAT framework of emission control, on the other hand, the permit banking
and borrowing literature indicates that permit price depends on the demand and supply of
permits over time. In other words, with banking and borrowing, permit price becomes
dependent across time due to the decentralization of the permit supply management process
where private firms are allowed to hold permits at their disposal. This has implication for both

the ITC process and permit banking and borrowing system.

Intuitively, given the ITC mechanism and the impact that banking and borrowing has on
the permit price, it appears that these two issues are inter-linked and need to be studies in a
unified framework. We attempt to address this by developing a simple optimal control model.
We provide characterization of the optimal path of emissions and the path of permit price under

banking and borrowing when ITC is allowed.



CHAPTER ONE



Regional Burden Sharing of GHG Mitigation Policies
- A Canadian perspective

1.1 Introduction:

The threat of global warming has induced the international community to setup a goal towards
reducing atmospheric accumulation of greenhouse gases (GHG) caused by anthropogenic
reasons. International negotiations such as those held in the United Nations led Conference of
the Parties (COP) provide a forum for international community to negotiate a deal aimed at
achieving that goal. The hope is that the negotiations will lead the way for countries to arrive at
legally binding commitment levels in order to reduce global emissions. What generates heated
discussions in these negotiations is the issue of burden sharing that ultimately stems from the
issue of distribution of welfare costs among the participating countries. Not surprisingly, the
issue of ‘fair’ burden sharing has continued to recur as a key theme in the climate protocol

negotiations since the Kyoto round (Ringius et. al, 1998).

The topic remains as contentious, and has the potential to generate as heated a debate,
even within the national boundaries; more so, where the specific country under scrutiny has a
non-unitary system of government (i.e. a decentralized federalist structure) like Canada, the U.S.
and Belgium (Boucekkine et. al, 2008). The scope of this arises since, in some of these
countries, while the federal government has the authority to sign international agreements
relating to environmental issues, regional jurisdictions have to decide on their implementation

plans.

While debates may exist on the specifics of an approach for implementing a plan, a
perception that is equally shared by the federal and regional governments is that the reduction of
GHG emissions is costly. Implementation of any plan for curbing emissions, thus, requires
some form of consensus on burden sharing among the regional governments. In a decentralized
system of governance, however, negotiations towards an agreement are generally marked by
each region willing to bear the minimum cost while letting the others shoulder the brunt of the

national mitigation target (i.e. the free-riding effect).



Moreover, the costs arising from this equity-efficiency trade-off also tend to differ not
only over available policy options, but also from one region to another. In other words,
heterogeneity in the composition of regional economies plays a critical role in the debates over
cost sharing.  Thus, for successful adoption of a binding accord and its subsequent
implementation, the regional incidences of GHG burden costs must be carefully investigated.
Such an investigation not only ought to identify the optimal policy from the set of feasible policy
options, but also needs to ground it on equity principles with firm ethical standing®. This is the
primary focus of this study. In particular, based on recent equity-efficiency debate in the
literature concerning GHG mitigation efforts and its impacts on different industrial sectors, we
present an assessment of six policy scenarios, where we explicitly consider the heterogeneity in
energy outlook and the associated burden sharing consequences for the regional economies. We

use Canada as the country of investigation for this purpose.

In the context of international climate policy negotiations, existing literature offers a
wide range of criteria for evaluation of the burden-sharing rules involving efficiency and equity
considerations (Torvanger and Ringius, 2002). These rules may generally also be applicable in
the regional context. Within the cap-and-trade (CAT) framework, equity in these negotiations
typically implies assigning implicit (and often a priori) emission entitlements (i.e. assigning
emission rights). Except for the unlikely structure of regionally segregated emission permit
markets that might exist within the same national boundary’, such entitlement schemes also
entail the contentious issue of inter-regional transfer of scarcity rents that occurs through trading
of rights in a common (single) national emission permit market. In fact, this issue has long been
a feature of the international negotiations on climate change, and was a major factor in the U.S.

withdrawal from the Kyoto Protocol (Jacoby and Reiner, 2001 and Sue Wing, 2007).

Given that emission intensity as well as the extent of access to emission-benign
technology varies across regions, from a rent-seeking perspective, regional authorities have
incentive to lobby for specific permit allocation policies that favour them over the others. Such

lobbying efforts will try to keep costs as low as possible or even gain additional rents at the

4 For an excellent discussion on equity principles considered in international negotiations, see Rose (1992 and 1998). Barrett
(1992) also provides some valuable discussions on the moral and ethical aspects of some widely recognized equity principles.
5We rule out this possibility in this paper.



expense of others. This generally characterizes the existing emission allocation policies (e.g.
emission-based allocation of permits or permit allocation based on emissions per capita) that are
often highlighted in the literature. The race to rent-seeking, however, not only makes
negotiations highly contentious but also largely diminishes political palatability of available

emission allocation policy options.

The challenge is then to devise a mechanism that can avoid this contentious issue of
inter-regional transfer of emission rents. In addition, the mechanism should be also capable of
achieving the national objective while rendering equitable distribution of burden costs across the
regional jurisdictions. In this paper, we attempt to devise such a scheme. We call this the 7o
prior entitlement INPE) scenario in which, as the name suggests, no ex-anfe emission entitlements
are assigned to the regions’. Regions, in turn, receive, in a lump-sum fashion, their share of
scarcity rents ex-post based on residual (i.e. equilibrium) levels of regional emissions. We also
provide a comparative analysis on the performance of NPE scheme relative to the existing
schemes in the literature. In particular, using a static computable general equilibrium model of
Canada, we assess welfare costs of five other permit allocation schemes. These are — emission
based allocation (EBA or the proportional allocation of rights based on the past levels of
emissions); allocation based on: emissions per capita (EPC); converging carbon intensity (CCI);
efficiency index (EI); and the multi-criteria index (MI)". A detailed discussion on each of these

allocation schemes and the underlying equity rationale is provided in section 3.

While existing literature presents several policy instruments that are capable of achieving
the targeted reduction in emission levels, market-based instruments (MBI) are usually the most
preferred ones. This is because MBI can achieve the specified objective at the least cost
(Tietenberg 1985). Furthermore, MBI also possess the dual benefit of being an efficient
instrument (since they function via market mechanisms) in addition to being less burdensome
due to their ability to incorporate equity considerations. The current policy schemes considered

for the proposed scenarios also fall within this category.

¢ NPE scheme can be thought of as a fictitious auctioning of emission permits where, given demand and supply of permits, the
auction determines the equilibrium price of the permit. The federal government then uses the equilibrium price to allocate
emission proceeds to individual regions according to their residual level of emissions.

7 Note that each of these schemes renders a specific value judgment on equity and caters to a specific set of considerations.
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A salient feature of the MBI is that, depending on the emission rights allocation policy,
it may generate scarcity rents for the recipients of emission permits that can be used to mitigate
the negative costs of abatement. These revenues come from unabated emissions, i.e., the
targeted level of emissions assigned to the country. Thus, in the form of permits, the
distribution of the unabated emissions among the regional jurisdictions will have some
implications on the regional costs and welfare impacts of GHG mitigation. This is the
framework employed in this paper. In particular, within the CAT structure with a single national
emission permit market where regions can trade permits freely, we explore policy
options/scenarios that consider equity issues in the form of allocation of emission permits to
the regions. Emission allowances thus primarily take two forms under these scenarios —

entitlement versus no prior entitlement (NPE).

While under the entitlement-based scenarios emission rights are allocated to the regions
ex-ante, under the NPE scenario emissions allowances are allocated based on each regions’
residual (i.e. ex-posi) level of emissions. For both of these broad allocation schemes, however, a
regional government distributes its lump-sum share of scarcity rent ex-post among its economic

actors (more specifically, to the representative household of each region).

For the current purpose, we divide Canada into six regions — Alberta, Atlantic Provinces,
Ontario, Other Prairie Provinces, Québec, and British Columbia and the Territories®. Once
regional emissions allowances are identified under the six schemes considered in the paper,
regions are free to trade permits in the single national emission permit market’. The scarcity

rents, thus generated through trading, is then recycled to the representative households'’

using
the lump-sum recycling method. Hence, within the model framework, while the allocation
principle essentially tackles the equity concerns of the competing regions, permit trading (and

the recycling method of scarcity rents) addresses the efficiency aspect of the equation.

The remainder of the paper is organized as follows. In the next section, we provide a
review of recent relevant literature. A thumbnail sketch of the model proceeds after that. In

particular, this section includes description of various sectors — i.e. households, firms, and the

8 The choice of regional segregation, in effect, corresponds to the available set of data.
9 In other words, this ensures efficiency through the functioning of the emission permit market.
10 Each region is assumed to have one representative household.
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governments, as well as the equilibrium conditions of the model, and the closure rules. A
detailed discussion on the six policy schemes examined in the current paper and their equity
implications follows the next. The salient features from the model-runs are presented in the

ensuing results section. Finally, the paper wraps-up with some concluding remarks.

1.2 Review of the Relevant Literature:

In recent times, several studies have attempted to probe into the regional incidences of GHG
mitigation costs. In the Canadian context, most of these papers, however, focus primarily on
various federal proposals (Snoddon and Wigle 2007 and 2008, and MKJA Associates 2009). In
the U.S. context, on the other hand, papers focus on both federal and state level policy options
(Sue Wing, 2007 and Sue Wing and Kolodziej, 2008). In almost all of these papers, the general
emphasis centers around implementing alternative policy packages that aim to ameliorate the

uneven burden costs arising from the national carbon emissions control target.

Using a regional static CGE model of the Canadian economy, Snoddon and Wigle
(2007) provide estimates of the aggregate and regional costs, measured in terms of the loss in
regional GDP, that are associated with different climate change policy packages. They assume
that the federal government uses a proportionality rule (i.e. EBA) for allocating Canada’s total
international endowment of emission permits to their provincial counterparts, who in turn, also
use an EBA scheme to distribute their share of permits. The authors also compare this scheme
to Jaccard, Rivers and Horne (2004) plan. The EBA scheme is based on charging all emitters a
price equal to the world price of carbon permits. This constitutes the key feature of the model —
namely, that all emitters face the same incentive to abate at the margin. While the authors
identify that equal incentive serves to achieve cost-effectiveness condition for the prescribed
policy packages, they neither consider pre-existing distortions in the economy, nor do they
account for uneven burden costs on various industries within the regional economy. We take up

these issues in this paper.

Using a static CGE model of U.S., on the other hand, Sue Wing (2007) emphasizes two

issues — the effects of declining factor remuneration on welfare, and the welfare impacts of using
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different revenue-recycling schemes (i.e. recycling at the federal or state level). Sue Wing shows
that diminishing returns to factor arises from the scale and homogeneity of interstate
commodity markets. The imperfect factor mobility, captured in the modeling structure,
reinforces this process through curtailment of the expansion of import-competing industries in
States, which import large quantities of domestically-produced energy. Together, these raise the
burden costs and make it uneven for some States at the expense of the others. Sue Wing,
however, further demonstrates that the effects of uneven burden costs can be mitigated through
appropriate method of revenue recycling when an auction permits scheme is used.  He
demonstrates that when revenue is recycled at the State level, it generally distributes the burden
cost over all the States (especially the large States) via terms-of-trade effects. If, on the other
hand, revenue is recycled at the federal level, the burden cost seems to intensify for the carbon
based energy-intensive States at the benefit of the large States. Results derived form our model
somewhat correspond to this qualitative finding. However, the recycling method and the policy

schemes considered in our paper are different from the ones implemented by Sue Wing (2007).

While these papers consider various within-country issues, they ignore one specific issue
— namely, the overall impact on welfare and the burden cost when regional governments are
accorded no prior emission entitlements versus the case when they are assigned such
entitlements ex-ante. We consider this issue in this paper. Using the lump-sum method of
revenue recycling to the representative households, we investigate how welfare changes when
different Canadian regions use the entitlement approach for allocating emission permits (EBA,
EPC, CCI, EI and MI) versus the case when emission permits are allocated based on no prior
entitlement (NPE) principle. We use a static CGE model of Canada’s regional economies to
address this question in this paper. In-so-doing, we particularly pay heed to the heterogeneous
economic structures of the provincial economies and identify its effects on the overall regional

welfare.

1.3 The Model:

In this section, we describe the model developed for the analyses presented in this paper.

Current model belongs to the family of static CGE models, where Canada is considered a small
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open economy vis-a-vis the rest of the world. Within the national boundary, the country is
divided into six regions where regional economies are characterized by the free flow of goods

and services.

The model presented in this paper incorporates multi-sector, multi-region structure that
entails the characteristics of the individual regional economies. Thus, heterogeneity among
regional economies is captured into the modeling framework. Nesting of production structure
used in the model is somewhat akin to that of Dissou (2006) with modifications being carried
out especially in the markets for primary factors of production. Overall, the model generally
features a disaggregation of the production and consumption sectors in each region. An
interesting feature of the model is that it captures not only the trade flows of each region with

the rest of the world but also the flows between and among these regions.

1.3.1 Households

A fixed portion of household’s income is used to pay income taxes to the government, while its
savings are a linear function of its disposable income. A representative household in each region
chooses its basket of goods by maximizing its utility subject to its budget constraint. Its

optimization problem is postulated as follows:

Max U, =, InC,+(1—a,)In(H,— L) [1]

Subject to:

WLy = P yCy o, WeH = P yCoo+ Wy (Hy = Ly ) [2-1]

where,

Yo =(1-7 2 )Yy o +Ts 0 — ERTY, [2-2]

Y, « =Wely +Y, o + PR, [2-3]

Ly=> L [2-4]
j
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YD,R = IBD,R (1_7P,R)ZRK,RK/‘,R [2-5]

J

and

>

SH,R = IBS,RYR [3]

here, U, = temporal utility function for region R; C,= aggregate consumption in region R;
H, = total time endowment of a representative household in region R; L,= aggtregate labour
supplied in region R; &, = share of expenditure on aggregate consumption in region R; W, =
wage rate in region R; F.,= index price of unit aggregate consumption in region R;Y,=
aggregate disposable income of representative household in region R; T, ,= government
transfer to region R household; ER,= exchange rate (price of foreign currency in terms of
domestic currency) in region R; Tg’/ r — government transfer to the rest of the world from region
R; Y, = aggregate gross income of region R household; 7, , = income tax rate of region R
on non-dividend income; Y, , = net of tax dividend income of representative household in
region R; P = unit price of emission permit; R, = total emission rights received by region R
L, , = labour supplied to sector j in region R; Ry = gross rate of return from investment in
capital in region R; K, ,= capital stock in sector j of region R; B, = household share of

total dividend income in region R; 7, ,= tax rate on dividend income in region R; S, .=

household savings in region R;and [ , = household marginal propensity to save in region R,

The objective function U, in equation [1] is the log-linear version of the Cobb-Douglas
(C-D) utility function with aggregate consumption (C,) and the amount of leisure enjoyed by

the household (H R —LR) as its two arguments. Hence, the household exhibits labour-leisure

choice in the model.
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Disposable income for consumption (Y,) in equation [2-2] is defined as a function of

gross household income (Y}, ;) and government transfer (7 ) to household net of transfers to

the rest of the world (ERRTgR).

Equation [2-3] is the definition of household income (Y}, ) that consists of total labour
income net of the payroll tax (w, Ly ), household dividend income (Y, ) and household income

due to recycling of proceeds received from emission permit trading (FRR) derived from the

allocation of regional emission rights.

Equation [2-4] signifies that the total regional labour supply is equal to the sum of labour

supplied to industry sectors disaggregated into j industries in that region. Equation [2-5], on the
other hand, provides the definition of dividend income (Y, ) for the representative household

that is a fixed share of net-of-tax income received from investing in physical capital

(z Ry ; xK; r ) across different sectors of the regional economy'".
J

Finally, equation [3] gives the definition of household savings. This, in turn, implies that

the total household expenditure (EM ) and the non-labour income (¥,, ) tespectively are

given by:
EM :(l_ﬂS,R)YR [3-1]
YNL,R =EM, _(1_TY,R)WRLR [3-2]

The Lagrangian for the optimization problem can be written as:

£, =0 InCp +(1-a,)In(Hy — Ly )+ A [ WLy — P ,C, |

11 Given the static general equilibrium framework, we model capital market as geographically segmented, where each region
receives an exogenously supplied stock of capital. Hence, depending on the demand for capital by the regional industry sectors,
rental return from capital varies across regions.
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The interior solution yields the aggregate regional consumption and labour supply

function that, respectively, take the form:

1- H, +Y
C.-a, |:( TY,R)V;R kT NL,R] 14]

C,R

1- TY,R ) WRHR + YNL,R]

(I—TY’R)WR

and, L, =H, —(1—aR)[( 5]

The aggregate consumption of the representative household, in turn, is allocated over
different consumption goods using an expenditure minimization principle. We use the Constant
Elasticity of Substitution (CES) aggregator function for the purpose. The corresponding

optimization problem, hence, takes the following form:

Min P. ,Cp = > P., .Csp, where P., = [Pm +P & ] (1470, 4) [6]
O-C,A,R71 m
Subject to: Cp = z A gl @ gCig T , where Z a,, =1 [7]

where, C,,= consumption of good i in region R; P,

v g = gross of emission tax price of

consumption good i in region R; Ps. .= net of tax price of consumption good i in region R;

P = unit price of emission permit; &, ., = emission factor of good i used in household
consumption in region R ; T.;r = Indirect tax rate on consumption of good i in region R;
o

.ig— ¢clasticity of substitution between consumption goods in region R; ¢, ,= share

parameter in the consumption aggregator function in region R; and A, ; = shift parameter in

the consumption aggregator function in region R.

The representative household allocates the optimal aggregate consumption (Cj) across
different consumption commodities (C,,). Equation [6] indicates that the aggregate

consumption expenditure in each period (F.,Cp) equals the sum of consumption spending

across different commodities (ZPC,i,RCi,R> in each region. In equation [7]

1

we specify the

b
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aggregate consumption as an aggregation of different consumption commodities, where the

aggregator function takes the CES specification.

Utility
(C-D)
| _ |
Leisure Composite consumption good
(CES)
| |
Energy goods Materials-"Mobile"
(CES) energy goods (CES)

Figure 1: Schematic representation of household preference

Figure 1 provides a schematic representation of the representative household’s choice
structure. As evident in Figure 1, a system of 4 nodes represents various composition of
commodity use'”. These aggregator functions allow us to mimic the real life substitution
behaviour exhibited by the households of the modeled regional economies. Further the nested
structure of the model allows for substitution, on the one hand, between energy and non-energy

products and, on the other hand, among various energy goods".

From the optimization behaviour identified in equation [6], we derive the following first

order necessary conditions:

-1 ol ozl P
A g kG [ D 0, 1 Cog T = =ik [O-1]
c,i,Rc,i,R~i,R c,i,R~i,R - Z
i C.R
Oc,i.R
Oci R~
Ocir~l
— OciR
CR_ZAc,i,R ac,i,RCi,R [O-2]
i

where, Acy is the relevant Lagrange multiplier.

12 In the model, the economy’s product lines are disaggregated into a total of 26 commodities as depicted in Figure 1.
13 For the elasticity of substitution values, see Table 2c.
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Following the concept of Shephard’s Lemma, equations [O-1], [O-2] and [7] are

manipulated further to finally get the consumption demand for each commodity (C, ;) and the

aggregate price level (F ) as:

Oci.R

a . . P..C
ci.R TC.RYR 14
Cp= (8]
Oc.,i,R Oc.i I-o¢ i .R
PC,j,R |:O-c,i,RPC,j,R }
J
1 1
OciR __10ciR -0,
For= Z|:ac,i,R Fe,r } o 9]
AL iR i
1.3.2 Firms

In each of the six regions of Canada considered in this study, the production sector is
disaggregated into 19 industries producing 26 commodities. In each region, representative firm
in each industry has access to a constant-returns-to-scale (CRS) technology. Similar to other
general equilibrium models, the production structure is broken down into a sequential decision

process that offers some interesting substitution possibilities among inputs.

Composite output
(CES)

Value-Added - Energy Composite of
[{)] Intermediate Input
(CES)

Mobile energy inputs ‘ Materials ‘

Capital-Energy
(CES)

(CES) {Leontief)

Physical capital Energy goods Gasoline Diesel
(CES)
[

L _

Non-mebile fossil fuels Electricity
(CES)

| |
I Refined petroleum goods | | Gasoline | | Coal |

Figure 2: Schematic representation of firm technology

In the model, production is disaggregated into 8 production nests. While 6 of them are

governed by the CES production technology, 1 of each is governed by the C-D and Leontief

P

. . Tci R .. .
14 Note that equation [7] can be manipulated to get RS c &, o Pep , where the definition of P, is used from
R .
C.i.R

equation [8].
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production technique. Figure 2 provides a schematic representation of representative firms’

production nests at various levels.

Foremost is the composite output, which is a CES function of the composite input of
capital-labour-energy and the aggregate input of material-mobile factors. Given the assumption
of perfectly competitive markets, the zero profit condition would imply that net revenue

( P, . :Q, ) equals the sum of input costs for these composite inputs. Therefore, we postulate a

cost minimization problem at the top production nest as:

Min By 2Qjn = Pe jx X jn+ By jxM j > where By o =Fo i (1-75,.2) [10]
%90..R
0g.jr1 0y jx—] m

Subject to, Q= Ay, x| 9, X, 5" +(1=0, )M 3 [11]

whete, O, ;= quantity of composite output of industry j in region R; F, ;= gross of tax
price of output j in region R; Py, = net of tax price of output j in region R; 7, ; = rate of
production tax on output of good j in region R; X, = quantity of composite capital-labout-
energy input of industry j in region R; Py ; , = index price of composite capital-labour-energy
input used in industry j of region R; M, = quantity of aggregate material-mobile factors of
industry j in region R; B, ;= index price of material-mobile factors used in industry j of
region R; 0, ; .= elasticity of substitution between composite inputs used in region R; @, , =
share parameter in the production aggregator function of region R;and A, ; = shift parameter

in the production aggregator function of region R.

The optimality conditions are:

o

Q,j:R
Xj,R — ¢j,R PM,j,R [0_3]
M.ivR (1_(/’./'.R) PXJ.R
%90k
99,71 %0k~ |0y k-l
Qj,R = AQ,j,R ¢j,RXj,;Q'j»R + (1_ ¢j,R )ij;g»jﬂ [0_4]
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Equation [O-3] indicates that the optimal ratio of composite capital-labor-energy input
and material-mobile factor is the function of the ratio of their respective prices and the

parameters in CES production function.

A further manipulation of equation [O-3], [O-4], [10] and [11] yields equivalent

expressions for optimality conditions:

1 [ -0, . o 0.k |9k
PQ,j,R = 1 (qoj,R) Q.j.R (PX’ij )l Q.j.R +(1_¢IR) 0.j.R (PM,J-’R) ¢ [O—S]
0.j.R
Gp i p- P ok
X r :(AQ,;',R) v IQJ%R % [©-6]
X,j.R
P -0 P, )"
M, =(4g,)" 1Q.i,R ((/;;@ [O-7]
M,j,R

As depicted in Figure 2, in the remaining 6 production nests, the same cost minimization
principle is used to allocate the cost of the composite input bundle into its component input
costs. A CES aggregator function is used for almost all the nests except for the composite of
value-added—Energy and of the material inputs. Whereas, for the former composite input
bundle a C-D aggregator function is used, for the composite of material input bundle a Leontief

. . . 15
specification is used .

15 For CES specification, a further manipulation of equation [O-3] and [O-4] yields the equivalent expressions for quantity and
index price:

TR |
7 k7! ax xPx.j -1 o, 1o, -0
— LR X,j.R _ x.j R x.j.R .j.R
Xj_R _AX.j,R ij[e[ P_ PX.R _AX,j.RZ[ax._i.RIJj,R :|
iR and i

For Leontief specification the equivalent expressions are:

Xj,R; Py = Z[%,,-,RP,-,RJ

Yk = Pk and i
And for C-D specification the equivalent expressions are:
= % jwbxx Xk toin
JR T P 1 P .
Pad % in YR T, H a
Y ;and Xk xR
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More specifically, as shown in Figure 2, the labour input is combined with the aggregate
of capital-energy input using a C-D production process to derive the composite of capital-labor-
energy input. The aggregate input of capital-energy, in turn, is obtained via a CES aggregation
by combining physical capital and the composite input of energy the latter of which is a CES
aggregate of electricity and the non-mobile fossil fuels. Refined petroleum products, natural gas,
and coal are combined using a CES function to produce the non-mobile fossil fuel energy input
bundle. The aggregate intermediate input, on the other hand, is a CES aggregator of material
inputs and mobile energy inputs. While a Leontief aggregation is used to produce the former, a
CES function of Gasoline and Diesel is used to combine the latter. At all stages, as identified
previously, all firms operate in a competitive environment and maximize profits to determine

the level of output supply and their respective factor demands'.

1.3.3 Government

The government sector is kept simple in the model. We consider in each region only one

consolidated level of government (i.e. the regional and municipal governments). Government

expenditure on goods and services (Cg ) is held fixed in real terms. Its other outlay consists of

transfers to the households (7 ;).
YG,R = TY,RYH,R +7Thr Z RK,RKj,R + z Tc,i,RPE,i,RCi,R + z TQ,J’,RPQ,J',RQJ',R
j i j
+Z, T elin * Z ER; T, 1P Crow i [12]
Son =You =2 FeinCoin~Tou [13]

where, 7, ,= tax rate on investment of good i in region R; P, = net of tax price of

investment of good i in region R; I, ,= quantity of investment of good i in region R;

16 The choice of an aggregator function (i.e., C-D, CES or Leontief) reflects varying degrees of substitutability between the input
usage and, in part, is motivated by the characteristics of the base period data. While a Leontief aggregator function implies zero
substitutability and a C-D aggregator function shows an elasticity of substitution equal to one (i.e., relatively a high degree of
substitution), substitutability reflected by a CES aggregator function can vary. In Figure 2, the C-D aggregator function between
labour and composite capital-energy input implies a high degree of substitutability. In other words, it is assumed that at that
production nest producers have greater flexibility to respond to a change in the wage rate. The Leontief aggregator function for
the composite of material inputs, on the other hand, signifies a technological reality where specific combination of material
inputs is required for the production of output.
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Tyip = IMport tax rate on good I in region R; PCM:. = net of tariff price of imported good i
from ROW in region R; C%W’i’ r = quantity of imported good i from ROW in region R; and

SG’ r — government savings in region R.

Revenues for the government are raised from indirect taxes on regional transactions and
from direct taxes on payments to primary factors. In addition, government also raises revenue

from indirect taxes on international transactions. Equation [12] identifies the components of tax

revenues (Y ,) — direct tax, indirect tax on activities, import tax and value-added tax. Tax and

tariff rates are assumed to be exogenous and fixed throughout the model horizon. Equation
[13] defines government savings as the sum of tax income minus the sum of government

consumption expenditure, and government transfers to households.

1.3.4 Trade: Regional and International

Trade is modeled in multi-stages. Referring to Armington (1969), regional and foreign goods are
distinguished by their origins. This specification has the advantage of accommodating the
incidence of cross-hauling both regionally and internationally. On the demand side, regional
imports from rest of the regions (ROR) are distinguished from imports from the rest of the

world (ROW). We consider, imports from ROR as imperfect substitutes.

A three-level nested CES function allows us to distinguish between international and
regional imports. This nested structure allows the representative agent’s decision to take place
through a multi-step budgeting process. Figure 3 gives a schematic representation of the nesting

structure.

At the first level, regional absorption (i.e. the sum of the demands for final and
intermediate use of goods and services) is a CES function of regionally produced goods and the
aggregate of imports. We use an expenditure minimization principle to determine the optimal

level of each of the final demand components, which is postulated as:

Min PE,i,RCi,R = PCL?i,RCi,DR + PC{Z,‘ZRCI'I,A; [14]

23



Om,i.R
o, -1 o, -1 _
mi,R miR = Oy R 1

Subject 10, Cyp = A, 1| K (Ci) mor + (1=, ) (Gl ) oo [15]

m,i,R i,

_ . . . .. . . D .
where, P = net of sales tax index price of composite of good i in region R; F¢ = index

D

price of regionally produced quantity of good i; C; = regionally produced quantity of good i
in region R; PCI?ZR = index price of regionally imported quantity of good i in local currency
units; C/y = regionally imported quantity of good i in region R; 0, = clasticity of
substitution for import of good i in region R; K; , = shate parameter in the aggregator function

m

for good i in region R; and A, ;.= shift parameter in the aggregator function of good i in

region R.

This yields the optimality conditions:

Om.i,R
D M
Ci,R _ K r PC,i.R
™ D [O-§]
Ci,R (1 - Ki,R ) PC,i.R
Om.iR
Cpir~l e Opir~l Cpir~l
D
Ci,R = Am,i,R K r (Ci,R) Omik + (1 —Kir ) (Ci,R ) Omin [O-9]

Equation [O-8] implies that the optimal ratio of imported to locally produced quantities

is a function of the ratio of their relative prices.

A further manipulation of equation [O-8], [O-9] and [14] yields equivalent expressions

for optimality conditions:

1

1 OmiR =0k Coin “OmiR |1=omiR
Pein= {(K,»,R) C(Ro) T (=) (R } [0-10]
m,i,R
o A PfA Om.iR
Ci,DR = (Am,i,R) e lci,R {%J [O_ll]
C,i,R
P l-x B )"
Cli =(Ane)™" Cua {%J [0-12]
PC,i,R
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In addition, since import tariff is imposed on the value of import (PCWJ), the import price

in local currency unit (P} ;) is defined gross of tax as:

M w
PC,i,R = ER, (1 + T ik ) Pc,i [16]
Regional
Consumption
(CES)
I
I |
Regionally produced Composite of imports
goods (CES)
I
I I
Imports from ROR Imports from ROW
(CES) (CES)
I I I |
Figure 3: Schematic representation of imports

At the second tier, imports are designated as a CES composite of regional imports and
imports from ROW. Finally, at the third tier the aggregate of regional imports is modeled as
another CES function of imports from all of the regions that make-up the ROR. At both of
these stages the same cost minimization principle allows the determination of the optimal level

of each component of the final demand.
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Regional Exports
(CET)
I
I I
Supplied to the regional Composite of exports
market (CET)
I I
Exports to the ROR Exports to the ROW
(CET) (GET)

Figure 4: Schematic representation of exports

Akin to imports, as shown in Figure 4 above, exports are also differentiated according to
their destinations. A revenue maximization rule is used in this context. For each region, we use
a three-tier nested constant elasticity of transformation (CET) function to capture the imperfect
substitution between different components of the representative firm’s supply of total output.
At the initial node, a firm’s total output is a CET composite of regional supply and aggregate

exports. A revenue maximization principle dictates the optimization problem that is identified

as:
Max Ppy ; oEX ;= B 07+ P OF% [17]
1+0, ;¢ 1+0, ; r lf;::::R
Subject to, EX ;= A, 1| 7,4 (@) %n +(1-11,5)(Q7% ) 7o (18]
where, Py .= index price of composite of good j exported from region R; P = index

price of regionally consumed quantity of good j; Q_fR: quantity of good j produced and
consumed in region R; PéEj, « — index price of exported quantity of good j from region R in
local currency units; Qf)fe = regionally exported quantity of good j in region R; O, ,=
elasticity of substitution for export of good j from region R; 77, = share parameter in the

aggregator function for good j in region R; and A, ,= shift parameter in the aggregator

function of good j in region R.
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This yields the optimality conditions:

%e,j.R

Q?R (l_nj,R) P@ iR
X ’ 0-13
o’ { T Pris o
1+0'€_j_R 1+0'e,j,R lf;:,jk
EX;n=Ajr {771:1% (Q/DR) Term +(1_77_/',R)(Q_f)1(?) ek [O-14]

Equation [O-13] implies that the optimal ratio of exports to domestic sale is a function

of the ratio of exports price to regional market price and the parameters in CET function.

A further manipulation of equation [O-13], [O-14] and [17] yields equivalent expressions

for optimality conditions:

1

1 ~OejR +Oe R ~Oe iR R
Pex i :A—|:(77j.R) | (Pé,j,R )1 +(1_77j,R) (Pébj);,R) } [O-15]
e,j,R
. s P |
0% =(4, ,4) EX,, —ﬂ_,,RPEx,_,-,RJ [0-16]
: pEx Oe.jk
X (A ) EX C.ik O-17
0% =(A.x) | =70) P o J [O-17]

More specifically, using the dual approach, equation [O-15] — [O-17] provide the index

price of the composite of good j along with the quantities of the good that are exported and

supplied domestically.

In addition, since all domestic regional firms are price-takers, export price of each

commodity in local currency unit (PR%W’ j.&) 1s the product of exchange rate (ER) and its wotld
. . . . W\,
market price in foreign currency unit (Pé’j ):

Peow.jx = ER(P) [19]

ROW ,j.R
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Again, a CET function is used at the second tier to allocate total exports between ROR
and ROW. Finally, a third CET aggregator function allows firms to re-allocate regional exports

among the remaining regions.

While a small country assumption is used to characterize Canada’s relationship with the
ROW signifying that the world price of imports and exports are held fixed, the prices of the
bilaterally traded goods among the regions are fully endogenous. These prices are determined
by the market clearing conditions for inter-regional trade between any two regions. Finally,
given the national structure, the model does not require current account balance to hold for each
region individually; rather, it is ensures that the sum of the current accounts of all the regions be

balanced for Canada as a whole with the ROW.

1.3.5 Equilibrium Conditions

The general equilibrium of this model is represented by a static allocation of goods and factors

supported by a vector of prices such that the following conditions are met:
1) equilibrium in regional goods markets for all regions; and

1) equilibrium in regional factor markets (i.e. labour and capital) for all regions.

1.3.5.1 Commodity Market Equilibrium

In each region, aggregate demand for each commodity is composed of consumption demand

(Cix), investment demands (Zli’R ), government consumption demand (ZCGJ’R), and

l l

intermediate inputs demand (ZVI & )- Commodity market equilibrium condition in equation

1

[20] requires that the aggregate demand for each commodity be equal to its composite supply
(Q)x)-
Qj,R = Ci,R + Zli,R + ZCG,i,R + z‘/i,j,R [20]

1

Cil,)R = QjD,R [21]
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Equation [21] also requires that, in equilibrium, demand for regionally produced

commodities (CfR ) be equal to the quantity of regional output supplied to the local market

(O7%)-

1.3.5.2 Input Market Equilibrium

Equation [23] and [24] provide the equilibrium condition for labour and capital markets. The

equilibrium requires that the sum of labour demand across production sectors (L, = ZL” ) in
i

each region be equal to the labour supply (Ly).
Ly =L, [23]

Kl =K, [24]

In the capital market, on the other hand, the equilibrium dictates that the sum of capital

demand across production sectors (K = ZK j.) in each region be equal to the exogenously
J

supplied capital stock (ER ).

1.3.6 Closure Rules

The models numéraire is the nominal exchange rate with the ROW. We consider three closure
rules in the model. The first rule applies to the regional government accounts. We keep
government savings in each region constant to its benchmark value. Government transfer to
households is the equilibrating variable that adjusts to respect the constraint on government

savings.

The second closure rule pertains to the equilibrium condition between expenditures on
investment goods and savings, which is achieved at the national level, thanks to the regional

nature of the model"”.

17 In contrast, in a multi-country model, equilibrium between savings and investment expenditures will be achieved in each
countty.
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Pirlig= IBI,R (SF + SD) 25]

where

Pir= Pj,i,R (1 TR )

Sp=>(Se+Ssr+5Sox) [26]
R

Son = Bor(1=Tor) 2R oK .1 [27]

J
SF,R = TC‘;,/R + Z PCW,iC%W,i,R - Z PQY‘,/lefé(W,j,R (28]
i J

S =2 ERS; , [29]
R

and where,

P, = gross of tax unit price of investment of good i in region R; I, , = investment demand

of good i in region R; B, .= region R’s share of national savings; S, = national foreign
savings; and §, = national domestic savings; SQ g = corporate savings in region R; ,BQ =
marginal propensity of corporate savings in region R;and T, , = government transfer to rest of

the world by region R.

The model is savings-driven in the sense that investment expenditures in each region are
endogenous and are determined by the amount of total available national savings. As evident in
equation [25], total regional expenditure on quantity demanded of investment is equal to its
share of total national savings that is given by the sum of foreign and domestic savings across all
regions. Domestic savings, in turn, is equal to the sum of the savings of households, firms, and
the governments over all regions (equation [26]). Regional corporate savings is defined in
equation [27] that equals a fixed portion of net of tax regional dividend income. Total Canadian
foreign savings, on the other hand, is the sum of the foreign savings of all regions (equation
[29]), which in turn is the sum of total value of net export and regional government’s transfer to
the ROW (equation [28]). Finally, it is worth noting that, in the context of current general

equilibrium model, the sum of intra-regional savings (regional trade balances) is expectedly zero.
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Hence, no attempt was made to ensure balance of payments for trades occurring among the

regions.

The final closure rule of the model deals with Canada’s external account. We assume
that Canada’s total current account is equal to its foreign savings, which we maintain as fixed.
Note that this does not preclude external account of each region to vary but only requires the
aggregate to be constant. This equilibrium condition is achieved by an adjustment of the real

exchange rate, which is defined by the relative prices of traded and non-traded goods.

1.4 Emissions Permit Allocation Schemes — Description of the Simulations:

Policy experiments within two broad scenarios — entitlement versus no prior entitlement (NPE) to
emission rights — are considered, which constitute the focus of the paper. Table 1 provides a
snapshot of the counterfactual simulations performed in this paper. The impacts of the NPE
principle in allocating emission permits are compared with those of five other entitlement based
allocation system, namely — (i) emission based allocation (EBA); allocation based on: (ii)
emissions per capita (EPC); (iii) converging carbon intensity (CCI); (iv) efficiency index (EI); and
(v) multi-criteria index (MI). Once an allocation scheme is chosen, based on which the regions
trade amongst themselves, the resulting scarcity rents generated through emissions trading are
then distributed by the regional governments within their own jurisdiction in a lump-sum

fashion.

Table 1: Simulation schemes

Scenarios Entitlement No Prior Entitlement

Allocation schemes | EBA, EPC, CCI, EI, MI NPE

(Once entitlements and regional emission | (No trade occurs since regions get
permit needs are known, regions trade | emission rights based on residual
residual permits among themselves in the | (.e.  equilibrium) level  of
national emission permit market). emissions).

We, hence, present a total of six allocation schemes each representing a specific policy
option for allocating Canada’s carbon emission rights. The equilibrium condition on emissions,

as identified in equation [30] below, confirms that Canada’s total level of carbon emissions,
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which is the sum of regional emissions over all regions (E ZZER ), does not exceed its
R

national target (E)

E=E [30]

where E, =E, .+ Y E, [31]
J

and, R, =®.  E [32]

here, Ej = household emissions in region R; E, ; , = industrial (combustible) emissions (i.e.
emissions related to the use of inputs) produced from good j in region R; R, = total emission
rights received by region R; and P, ,= exogenous parameter that reflects the allocation

principle used for initial distribution of emission permits to a region.

Since regional level of emissions are endogenously linked to the level of economic
activity in each region, endogenously determined scale-back factor is used to ensure that all
region collectively do not exceed exogenously allocated level of emission rights that correspond

to the national emissions target'’.

Note that while five of these schemes are based on a prior distribution of permits each
reflecting a specific equity criterion, one scheme — NPE — does not entail any prior distribution
of emission permits. Notwithstanding the differences, NPE reflects it own equity principle that
is akin to the outcome-based allocation of emission permits. This is since, under this scheme,
emission rights are distributed among the regions based on their residual (or equilibrium), as
opposed to anticipated, level of emissions. The model is, therefore, designed to answer a
specific, yet crucial, question that has not been explored in the literature: whether prior
allocation of emission permits serves the equity consideration relatively better than a scheme
where no such prior allocation is allowed? In order to contextualize this question within the
policy schemes studied in this paper, we now provide some discussions on the simulation

scenarios performed in this paper.

18 See the list of equations provided in the Appendix A for further details.
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1.4.1 Emissions Based Allocation

Allocation of emission rights based on proportional level of historic emissions is the most
commonplace principle cited in the literature. In essence, this relates to the sovereignty
principle, which implies that each individual, or an economic entity, is guaranteed some rights
and resources. The principle of sovereignty is commonly observed in international
environmental treaty-making and institution-building, and is adopted in the United Nations

Framework Convention on Climate Change (UNFCCC)".

E
Dppar = N [33]
z ER,Baxe
R
here, E ., = regional emissions at the base period

One way to interpret the principle is to reduce GHG emissions in proportion to existing
levels of emissions (Ringius et. al, 1998). The EBA policy in the context of the current paper
reflects regional entitlement of emission permits in proportion to each regions historic level of
emissions, where aggregate (i.e. national) reduction target of GHG emissions is distributed
following the proportionality rule (equation [33]). In terms of the equity and fairness, this

implies that all regions are essentially left at their status-quo state.

1.4.2 Allocation Based on Emissions Per Capita

The EPC criterion is another frequently cited allocation principle in the literature. This rule
reflects the egalitarian approach — the principle of equal rights for all persons — and is mostly
concerned with the concept of equality. In the context of climate change, the principle implies
that every individual has the same right to use the atmosphere and is allowed the same right to

emit GHG irrespective of their geographic location.

POpR,Base

cI)Pop,R =
z POpR,Base
R

[34]

19 According to one of the UNFCCC’s preambles: “States have, in accordance with the Charter of the United Nations and the
principles of international law, the sovereign right to exploit their own resources pursuant to their own environmental and
developmental policies, and the responsibility to ensure that activities within their jurisdiction or control do not cause damage to
the environment of other States or of areas beyond the limits of national jurisdiction.”
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here, Popy, 4., = regional population at the base period

The concept essentially entails the underlying notion that emission permits belong to the
individuals, not to the governments, where each individual is entitled to the same amount of
permits. In terms of operationalization (equation [34]), this means that regional emissions
targets are distributed in proportion to population, where the aggregate reduction target of

GHG emissions is respected as the binding constraint.

1.4.3 Allocation Based on Converging Carbon Intensity

While neither EBA nor EPC reflects a region’s carbon consumption behaviour, the CCI,
proposed by Rowlands (1997), presents an allocation scheme that recognizes this phenomenon.
The underlying principle for this allocation scheme is related to the concept of horizontal equity,
which calls for all persons in the same group to be treated equally (resembling, to some degree,
the principle of sovereignty). The principle of horizontal equity implies equal treatment being
accorded to all members that belong to a group. This principle is motivated by the requirement

to equalize the burden of abatement costs across all regions.

The allocation scheme corresponding to the CCI is operationalized based on converging
carbon intensity of GDP (i.e. carbon emissions per unit of regional GDP), which is used as an
indicator of efficiency (i.e. the lower the carbon intensity of an economy, the higher its
efficiency). The underlying idea essentially implies that more stringent emission reductions
should be prescribed for economies where actual efficiency is low. Emission entitlements under
this scheme, therefore, mandate high initial reductions for economies with the high carbon
emissions levels. Emission reductions are mandated until the region’s carbon intensity of GDP

equals that of the region with the next lowest score. This is reflected in equation [35] - [37]

below.

R, =0 ®_, GDP, [35]

> R.=E [36]
R
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ERB . ER Base
P ., =——=miny———— for R=1,2,3,... [37]
GDP, GDP,

R,Base R,Base
here, = endogenously determined scale-back factor that ensures the attainment of the national

emissions mitigation target; E = regional level of emissions at the base period; E =~ =

lowest regional level of emissions at the base period; GDF, .., =

regional GDP at the base

period; and @, = lowest regional carbon intensity of GDP at the base period.

Whereas this allocation policy recognizes efficiency aspect in regional level of carbon
emissions, it does so relative to the national rather than the regional backdrop. In a
decentralized federalist economic union like Canada, this remains at odds since regional
economies enjoy rather a larger degree of autonomy in the union. In addition, while this
allocation policy reflects principles of horizontal equity, it does not provide sufficient incentives
for already efficient regions (i.e. regions with low regional carbon intensity) for achieving the
efficiency in the past. An equitable distribution of emission rights would require recognition of
past efficiency in terms of special allowances be allotted to such regions, which can also be

expected to have lower marginal abatement costs.

1.4.4 Allocation Based on Efficiency Index

Proposed by Gupta and Bhandari (1999), allocation scheme based on the EI approach addresses
the issue identified above. Their approach, in a way, is a hybrid of the EBA (that includes
proportional percentage reduction of emissions) and the CCI approach (which incorporates the
efficiency cost criterion). Under this policy scheme, regions that have achieved high efficiency
(reflected in terms of the low regional carbon intensity of GDP relative to the national carbon
intensity of GDP) in the past are accorded more emission permits. Therefore, the following

adjustment is suggested:

R,=VE,,. (I-GAP*®, ) [38]
ZRR =E [same as 306]
R
E GDP,
q) R,Base / R,Base [39]

e B ZER,Baxe/zGDPR,Base
R R
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where @, , represents the regional efficiency index that is applied to the percentage reduction

in emissions rather than the level of emissions.

The efficiency index is thus defined as the carbon intensity of a region, divided by the
carbon intensity of the country. Unlike CCI approach, the EI approach hence measures regional
carbon intensity (i.e. relative to its own economy) vis-a-vis the national carbon intensity. It,

therefore, addresses both horizontal and vertical equity.

Although EI based allocation performs better in addressing equity concerns, it still
suffers from one specific criticism — this criterion entails rather a narrow economic base in that
it only considers regional carbon intensity and ignores any other criteria that capture the
characteristics of region-specific economic composition. This criticism is more relevant in the
context of Canadian economic union since different regions in the union seem to entail different
economic structures (i.e. manifested through its industrial composition) that differs significantly

from one another.

1.4.5 Allocation Based on Multi-Criteria Index

The above criticism is addressed in the permit allocation scheme that is based on the MI
approach. Proposed by Ringius et al. (1998), the approach combines a set of six indicators
(population, CO, emissions, CO, emissions per GDP, CO, emission per capita, regional GDP,

and regional GDP per capita) to calculate emission reduction target for each region.

As indicated in equation [41] below, the index defines emission reduction for each
region as a percentage of emissions in the reference year. The formula includes the following
indicators: CO, emission per capita (A), GDP (B), emissions per unit of GDP (C), and GDP
per capita (D):

R,=VE,,. (I-GAP*®, ) [40]

ZRR =E [same as 306]
R

,Base
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A B D
D, =@, / +o / + 0 +o / [41]
’ > A B > B ¢ > C b > D
R N R N R N R N

These are understood as indicators for emission entitlement, size of a region, regional

energy efficiency, and a region’s ability to pay, respectively. The resulting @, . is the index for

120

region R and @, to @), are the weights that add up to 17, The parameter 0 is a scaling factor,

determined endogenously such that the emission reductions by all regions become equal to the

national target in the aggregate.

The MI approach addresses several equity principles at the same time by combining a
subset of four indicators in the formula. CO, emissions per capita can be considered to
represent the egalitarian equity; GDP per capita addresses the vertical equity; emissions per
GDP reflects the horizontal equity; and the GDP represents the size of economy while the
overall level of CO, emissions in a base year reflect the proportional equality. The MI approach,
thus, characterizes a high degree of flexibility and is able to incorporate characteristics of the

regional economic composition.

1.4.6 Allocation Based on No Prior Entitlement of Emission Rights

Depending on their implications on a region’s own economy, while all five entitlement-based
schemes identified above address various equity concerns with some degree of satisfaction, they
all involve inter-regional transfer of scarcity rents generated through trading of emission rights in
the national emission permit market. Thus, they have the potential to engender fierce political

debates depending on the outcome of any specific permit allocation policy.

In light of the importance of political appeal for likely implementation of any allocation
policy vis-a-vis the contentious issue of inter-regional transfer of scarcity rents, we propose the

sixth allocation scheme — NPE — and evaluate its performance relative to the others.

20 No objective numerical values are proposed for the weight of each indicator, therefore leaving the scope of possible
negotiations among the regions. For the current purpose, we chose = 0.25 for j=A,B,C,D .
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R = ER ,Residual [42]

R

As evident in equation [42], unlike the other five schemes, this scheme does not involve
prior allocation of emission rights and hence avoids any transfer of emission rents across

regions. Under this policy scheme, emission rights are distributed based on residual level of

emissions (Ey p.ua)- The scheme, hence, reflects outcome-based allocation principle and

entails welfare implications that yield results that are different than that of the ones from other

five entitlement-based allocation schemes.

In all the six simulations, however, we consider a cap-and-trade emissions trading
framework where permits are traded in a single domestic market across the regions”. For an
illustrative purpose, we consider a 25% reduction of total emissions in Canada in comparison to
the benchmark. For a good understanding of the differences among the simulations, the
ensuing discussions on results are focused on the basic mechanisms at play for the NPE
simulation, and on how results change for the other five policy simulations relative to the base

period.

1.5 Description of the Baseline Data:

The model is calibrated to a customized dataset that is sourced from Statistics Canada for the
year 2005. The business-as-usual (BAU) dataset entails detailed disaggregation both at the
regional and sectoral levels such that the confidentiality provisions are respected. Emissions
data by fuel type are built using information supplied by Statistics Canada and conform to the

emissions forecasts contained in the Analysis and Modeling Branch report (1999).

21 It is important to understand that, under NPE, no actual trading of emission rights occurs. The structure of the model,
however, endogenously determines the equilibrium price of emission rights that is identical to the price that would have resulted
had the permits been physically traded in the national emission trading market. To ensure the successful attainment of reduced
national target of emissions level, we use an endogenously determined scale-back factor that guarantees a fixed aggregate supply
of emission permits. Coupled with the aggregate regional demands for emission permits, the capped aggregate supply, thus,
determines the equilibrium price of emission rights.

222005 is the benchmatk year.
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Table 2a: Emissions in the BAU (percentage of total emissions in respective categories)

British
Other Columbia
Atlantic Prairie and the
Categories Alberta Provinces Ontario Provinces Québec Territories National
CO2 emissions 30.5 8.8 29.5 10.2 12.0 9.0 100
Power generation 40.5 16.6 26.9 13.0 1.3 1.6 100
Industrial 26.9 5.6 36.7 4.5 18.2 8.1 100
Combustion 27.8 7.8 33.6 4.9 17.5 8.5 100
Non-combustion 33.9 1.7 39.1 5.5 15.2 4.6 100
Non-energy (cem,lime,sas) 10.4 1.8 48.1 0.5 26.9 12.3 100
Residential & agricultural 18.5 6.5 44.7 7.4 13.6 9.2 100
Commercial & pub. admin. 16.1 9.7 37.3 9.0 18.2 9.8 100
Oil and gas industries 66.5 2.2 1.5 19.5 0.4 9.9 100
Combustion 76.5 2.9 0.0 10.3 0.0 10.3 100
Fugitives 56.8 1.5 3.0 28.4 0.8 9.5 100
Transportation 17.1 8.6 32,5 9.2 18.3 14.2 100
Source: Statistics Canada and author’s calculations
Table 2b: GDP in the BAU (percentage of Canadian GDP)
Atlantic Other Prairie British Columbia
Alberta Provinces Ontario Provinces Québec and the Territories National
17.0 6.0 38.4 0.3 19.5 12.9 100

Source: Statistics Canada and authot’s calculations

Using these data we calculate emission factors for different fossil fuels and emission

intensities by region and by industry. Values used for various behavioural parameters, on the

other hand, are borrowed from previous studies on Canada, such as Ab Iorwerth et al. (2000)

and Wigle (2001) and are not very different from the values used in many other general

equilibrium models of Canada or the United States. The calibration of the model involves using

the SAM, exogenous parameters, first-order conditions, and steady state conditions to recover

other parameters in the behavioural functions and the values of the non-observed variables to

reproduce the reference situation. To this end, we use the calibration procedures frequently

employed in static and dynamic general equilibrium models as explained in Dissou (2002),

Keuschnigg and Kohler (1994), and Mansur and Whalley (1984).
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Table 2c: Values for behavioural parameters
Parameters Values
Substitution elasticity

between value added-energy and intermediate

inputs 0.2-0.7
between labour & capital-energy 1.0
between capital & energy 0.2-0.6
between electricity & fossil energy 0.3-0.6
among stationary fossil fuels 0.5-0.9
between other intermediate inputs & mobile

fossil fuels 0.3-0.6
among mobile fossil fuels 0.5-0.9
between imports and domestic goods 0.9-4.0
between exports and domestic goods 2.0-4.0
among same industry products* 2.0-4.0

Sources: Vatious studies
* For multi-products industries

Table 2a and 2b above provide a general snapshot of the share of emissions and GDP
levels of six Canadian regions in 2005, while Table 2¢ provides the values used for the elasticity
of substitution parameters. Data indicate that while Alberta’s share of national CO, emissions
equals that of Ontario’s (both roughly at 30%), Ontario (at 38.4%) contributes more than twice
as much to national GDP as Alberta (at 17%). This implies that Alberta has an emission
intensity level that is more than twice the emission intensity level of Ontario. The BAU data
also indicate that Québec is the third most polluting region of Canada, although it contributes
less than half of the pollution level as compared to Alberta or Ontario (at 12%). Québec also
contributes roughly 20% to Canada’s national GDP, which signifies an emission intensity level
that is smaller than that of Ontario’s. The BAU data thus reveal contrasting positions of these

regions in terms of the level of emissions vis-a-vis their level of economic activity.

The data reveal that the political response to any uniform permit allocation policy that
can achieve the national emission mitigation target would vary from one region to another. This
fact serves as the primary motivation for this paper. As indicated above, in this paper we
perform an independent evaluation of six such allocation policies that corresponds to different

equity criteria. We now turn to the next section that provides the results of this evaluation.
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1.6 Results:

Unless otherwise mentioned, all the results presented in this paper are expressed as a percentage
deviation from the reference situation (i.e. the BAU scenario). The results from different
simulation are contained in Tables 3-16. The permit price affects the prices of polluting goods
and thus all relative prices in the economy. It has both direct and indirect effects, characterized

by the changes in regional production costs, composition of aggregate demand, and household

welfare.

1.6.1 National Impacts

Table 3 presents some aggregate results for Canada. We observe that all indicators register a
percentage decline under all policies except for household disposable income and aggregate
consumption. Given the revenue recycling (i.e. lump-sum®™) system used by each regional
government to redistribute its share of emission rents to households, it is not surprising to see
that household disposable income, and consequently the real aggregate consumption, rise.
Disposable income increases due to the emission rent transfer that the households receive

because of the lump-sum recycling method.

Table 3: Some aggregate variables for Canada (percentage change from benchmark)

NPE EBA EPC CCI EI MI
GDP at market price -0.6 -0.6 -0.6 -0.6 -0.6 -0.6
Disposable income 0.9 0.9 0.8 0.8 0.9 0.9
Household real consumption 0.2 0.2 0.2 0.2 0.2 0.2
Exports 21 -2.0 2.3 2.3 2.2 21
Imports 2.3 2.2 -2.5 -2.5 2.4 2.3
Investment demand -3.7 -3.7 -3.6 -3.7 -3.7 -3.7
Industrial CO; emissions -27.7 -27.7 -27.6 -27.6 -27.7 -27.7
Household CO; emissions -12.4 -12.3 -12.8 -12.7 -12.5 -12.4
Total CO; emissions -25.0 -25.0 -25.0 -25.0 -25.0 -25.0

Source: Simulation results

For the remainder of indicators — GDP at market price, exports, imports, investment

demands and CO, emissions by household and industry sources — at the aggregate level, the

23 Lump-sum revenue recycling amounts to transferring the value of permits to the households.
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differences from one policy scenario to another is somewhat minor. All emission permit
distribution policies typically reduce industrial emissions by a large amount (around 28%).
Households bear fewer burdens in the overall effort to reduce emissions, thanks primarily to the
lump-sum revenue recycling policy. Larger industrial brunt of emissions reduction seems to
translate into lower demand for investments (around 4%). National emissions reduction also
takes toll on exports and imports (down by 2%) in addition to registering a reduction of 0.6% in

the overall GDP of the economy.

These aggregate results, which summarize the impact of the policy change on Canadian
economy as a whole, however do not provide information on the variety of regional
adjustments. The regional impacts that shed light on the equity aspects are discussed below.
We first highlight some salient aggregate results at the regional level followed by results that
elucidate adjustments in some of the industry sectors of interest in individual regions. In-so-

doing, we offer intuitive explanations and highlight the main transmission mechanisms at work.

1.6.2 Regional Aggregate Impacts

Table 4 provides results regarding the impact of various policy schemes on regional GDP. Out
of the six Canadian regions, results indicate that the economy of the Atlantic region (i.e.
Newfoundland and Labrador, Prince Edward Island, Nova Scotia, and New Brunswick)
generally contracts the most followed by that of Alberta’s under almost all policy schemes.
Québec, on the other hand, experiences the least contraction closely followed by Ontario and

British Columbia and the Territories (BCT).

Table 4: Percentage change in GDP at market price

Other British Columbia

Allocation Atlantic Praitie and the

rule Alberta Provinces Ontario  Provinces  Québec Territories
NPE -1.1 -1.1 -0.5 -0.8 -0.4 -0.5

EBA -1.2 -1.1 -0.4 -0.8 -0.4 -0.5

EPC -0.9 -1.1 -0.5 -0.7 -0.5 -0.5

CCI -0.9 -1.0 -0.5 -0.7 -0.5 -0.5

EI -1.1 -1.1 -0.5 -0.8 -0.4 -0.5

MI -1.1 -1.1 -0.5 -0.8 -0.4 -0.5

Soutce: Simulation results
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When comparing NPE policy with rest of the entitlement-based policy schemes, all
regions tend to suffer almost the same amount of GDP losses under the former relative to the
latter schemes. Québec, however, seems to do slightly better under NPE relative to the EPC
and the CCI schemes (-0.4% as oppose to -0.5%) while Alberta experiences the opposite (-1.1%

versus -0.9%).

Table 5: Percentage change in welfare

Other

Allocation Atlantic Prairie British Columbia
rule Alberta Provinces Ontario Provinces Québec and the Territories
NPE 1.7 0.2 0.3 1.5 0.1 0.2

EBA 2.8 0.8 0.1 1.5 -0.1 -0.03

EPC -2.5 0.0 0.7 0.2 1.4 0.9

CCI -1.2 -0.6 0.8 -0.1 1.0 0.8

EI 0.7 0.4 0.5 1.1 0.3 0.4

MI 1.1 1.0 0.3 1.6 0.2 0.2

Source: Simulation results

Interestingly the story reverses when we consider percentage change in welfare™. While,
due to the lump-sum revenue recycling method, all regions generally experience improvements
in (household) welfare, Alberta does so relatively more under the NPE scheme compared to the
remaining regions. Québec, on the other hand, gains the least (0.1%) followed by the Atlantic
provinces and the BCT (0.2%). This is linked to both the policy schemes (which render varying
amounts of emission rent transfers to each region) and the recycling mechanism (i.e. lump-sum)
that typically benefit Alberta and Other Prairie Provinces (OPP comprises of Manitoba and

Saskatchewan) relative to rest of the Canadian regions.

In terms of the entitlement-based schemes, with EPC and CCI, while Alberta heavily
suffers from welfare losses (-2.5% and -1.2% respectively), Québec gains the most under those
policies (1.4% and 1.0%). This is not surprising since with relatively large population base,
Québec receives larger share of emission rights under the EPC scheme. With the CCI policy, on
the other hand, while other regions receive less number of rights due to their high emission

intensity relative to their respective regional GDP level, because of Québec’s improved

24 Note that the index of welfare change does not take into account the environmental improvement due to the reduction in
GHG emissions. The measure is an indication of the percentage change in the household consumption in the BAU situation
that would yield the same utility level as the one with the policy change.
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performance in historical level of emissions, it again receives more permits and consequently

scores high in the welfare ranking.

This somewhat consolidates with EI and MI policies that not only look into the
efficiency aspect, but also take into account the economic burden (under the EI) and the
regional characteristics (under the MI). With both of these policies, welfare performance of the
oil-rich Prairie Provinces improves while Ontario’s welfare levels deteriorate only marginally
relative to the EPC and CCI policies. Québec, on the other hand, suffers from substantial
welfare losses under EI and MI schemes compared to the EPC and CCI policies. However, this
does not imply that absolute welfare metrics fall in these regions. In fact, under MI policy, our
model calculations reveal that even for Québec the absolute welfare level increases by 0.2%,
while it increases by 0.3% and 1.1% for Ontario and Alberta respectively. To put these
measures into the context, calculation shows that the corresponding increase in weighted

welfare™ level in Canada is 0.5%.

With the EBA policy that distributes emission rights based on past levels of emissions,
however, Prairie Provinces (i.e. OPP plus Alberta) benefit the most at the expense of Québec
and Ontario since they receive a high share of permits relative to the others, which they are able
to trade as a net seller in the national emission trading market. This brings in net transfer of

scarcity rents into Alberta and OPP from rest of the regions.

Table 6: Permit revenue ($ ml)

Other British Columbia

Allocation Atlantic Prairie and the

rule Alberta Provinces Ontario Provinces Québec Territories
NPE 5,934 1,670 7,155 2,100 2,922 2,197
EBA 6,914 1,969 6,446 2,112 2,595 1,981

EPC 2,185 1,606 8,480 1,482 5,154 2,930

CCI 3,341 1,283 8,697 1,354 4,407 2,785

EI 4,989 1,785 7,664 1,899 3,228 2,379

MI 5,329 2,062 7,122 2,151 3,037 2,265

Source: Simulation results

%5 Regional share of aggregate consumption is used as the weight for calculating change in the overall Canadian welfare level.
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Table 6 provides a snapshot of the value of permit revenues received by various
Canadian regions. Table 7, on the other hand, provides the unit price of emission permits under
various policy schemes. Evidently, Alberta and Ontario receive the largest share of permit
revenues under different allocation schemes while Atlantic and Other Prairie Provinces receive
the least. Two factors influence the size of a region’s share of emission revenues — allocation
scheme in use (i.e. entitlement-based versus no entitlement-based schemes) and the scale of the
economy. While Alberta’s share is due largely to the allocation scheme itself, Ontario’s share is
influence by both of these factors. Price of emission permits, on the other hand, seems not to

vary considerably from one policy to another. It hovers around approx. $49 per ton of CO.,.

Table 7: Permit Price (§)

Allocation Price in the
rule national market
NPE 49.47
EBA 49.57
EPC 49.15

CCI 49.22

EI 49.40

MI 49.45

Source: Simulation results

Table 8: Dollar purchase of CO; permits ($ ml)

Other
Allocation Atlantic Prairie British Columbia
rule Alberta Provinces Ontario Provinces Québec and the Territories
EBA -963 -295 718 -9 331 219
EPC 3689 56 -1361 605 -2246 -743
CCI 2549 379 -1570 735 -1496 -596
EI 930 -116 -518 198 -310 -184
MI 598 -390 29 -52 -116 -69

Note: A negative number implies the teceipt of permit revenues
Source: Simulation results
It is, however, also evident that under the entitlement-based schemes the dollar amount
of emission permit purchase varies considerably among the regions depending on the chosen
policy option. While attempting to identify the relative position of each region as a net buyer or
seller of emission permits when an entitlement based policy is used, as indicated in Table 8, we

observe that all Prairie and Atlantic Provinces emerge as the net seller where the remaining
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regions turn out to be the net buyer of emission permits in the national market under the EBA
policy. The scenario drastically reverses under the policy schemes EPC, CCI and EI where
Québec and Ontario emerge as the net seller of permits to the remaining regions. Nonetheless,
when the MI policy, which takes into account of the regional characteristics, is implemented the
intensity of the situation withers away. Interestingly, with the MI policy while Québec continues

to be a net seller, Ontario becomes a net buyer of permits like Alberta.

These results are inspired by the emission rent transfer mechanisms that is entailed in
each policy option. EBA, being based on the historical emissions level, naturally provides more
permits to Prairie and Atlantic Provinces thus making these regions a net seller of permits. EPC
scheme, on the other hand, provides more permits to Québec and Ontario as it is based on per-
capita emissions level. CCI and EI also render similar outcomes since these policy schemes
reward small emitters over the large emitter like Alberta. MI scheme reduces the impact of EI
policy since it also takes into account the regional economic structure and the emissions history

in addition to rewarding the efficient emitters.

Table 9: Percentage change in share of CO» permit purchase

Other
Allocation Atlantic Praitie British Columbia
rule Alberta Provinces Ontario Provinces Québec and the Territories
EBA -13.9 -15.0 11.1 -0.4 12.7 11.0
EPC 168.9 3.5 -16.1 40.8 -43.6 -25.4
CCI 76.3 29.6 -18.0 54.3 -34.0 -21.4
EI 18.7 -6.5 -6.8 10.4 -9.6 -7.7
MI 11.2 -18.9 0.4 2.4 -3.8 -3.0

Source: Simulation results

Table 9 provides a snapshot of the compliance burden experienced by the regions that
emanates from the rent transfer aspect. In particular, it provides the percentage change in the
share of CO, permit purchase relative to a region’s own permit endowment under each policy
scheme. Evidently, Alberta and Atlantic Provinces suffer under the EBA policy (14% and 15%
respectively) whereas BCT, Ontario and Québec gain (11%, 11% and 13% respectively).
Alberta, however, suffers the most from EPC policy (169%) while Québec is the largest
beneficiary under the scheme (-44%). Not surprisingly, with EPC policy Alberta and OPP along

with the Atlantic Provinces, benefit the least when Québec and Ontario benefit the most. With
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CCI, MI and EI policies Alberta’s and Atlantic Provinces’ burden gradually reduces while that of

Québec’s and Ontario’s increases with mixed results being observed for the OPP.

Results of the policy impacts in terms of percentage change in total emissions are
presented in Table 10. For Prairie and Atlantic Provinces being historically the large emitting
regions, it is not surprising to observer that, with the implementation of (any) policies, reduction
in their emissions levels drift around 26-36% relative to the pre-implementation stage.

Emission reduction in Québec, Ontario and BCT, on the other hand, floats around 16-17%.

Table 10: Percentage change in total emissions

Other

Allocation Atlantic Prairie British Columbia
rule Alberta Provinces Ontario Provinces Québec and the Territories
NPE -35.5 -36.3 -16.6 -25.3 -15.4 -16.7

EBA -35.4 -36.2 -16.6 -25.3 -15.4 -16.7

EPC -35.8 -36.2 -16.5 -25.3 -15.3 -16.5

CCl -35.7 -36.3 -16.5 -25.3 -15.3 -16.6

El -35.6 -36.2 -16.6 -25.3 -15.4 -16.6

MI -35.6 -30.2 -16.6 -25.3 -15.4 -16.7
Source: Simulation results
Table 11: Percentage change in wage

Other

Allocation Atlantic Praitie British Columbia
rule Alberta Provinces Ontario Provinces Québec  and the Territories
NPE -1.5 2.1 -1.0 -0.8 -1.0 -1.2

EBA -1.1 -1.8 -1.0 -0.8 -1.1 -1.3

EPC -3.3 2.2 -0.9 -1.4 -0.7 -1.0

CCI -2.8 2.4 -0.9 -1.5 -0.8 -1.0

EIl -2.0 -2.0 -0.9 -1.0 -1.0 -1.2

MI -1.8 -1.8 -1.0 -0.8 -1.0 -1.2

Source: Simulation results
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Table 12: Percentage change in labour supply

Other

Atlantic Prairie British Columbia
Allocation rule | Alberta Provinces Ontario Provinces Québec and the Territories
NPE -1.1 -0.8 -0.4 -0.9 -0.3 -0.4
EBA -1.3 -0.9 -0.4 -0.9 -0.3 -0.3
EPC -0.2 -0.8 -0.5 -0.6 -0.6 -0.5
CCI -0.5 -0.6 -0.5 -0.5 -0.5 -0.5
EI -0.9 -0.8 -0.4 -0.8 -0.4 -0.4
MI -0.9 -1.0 -0.4 -0.9 -0.3 -0.4

Source: Simulation results

As explained in the model description section, we treat labour market in the model as
geographically segmented. An upshot of this is that the equilibrium wage varies across the
regions even though it is identical across the industry sectors of a given region. Table 11 and 12
provide results regarding the impacts on regional wage rates and labour supply, respectively.
Opverall the results indicate a mirror reflection of the qualitative results subsumed in policy
impacts on regional GDP. More than anything, perhaps the information in these tables
underscores the importance of incorporating regional economic characteristics into the policy

stance.

On the superficial level, we observe that with all policy schemes, regional wage rate and
consequently the labour supply fall. When observed more closely, however, results show that
the impact of policy implementation is more subdued for large regional economies like Ontario
and Québec relative to the smaller ones. This occurs since with the contraction of regional
economy stemming from the implementation of (any) CO, emission reduction policy, demand
for labour falls. Hence the fall in the wage rate. However, that makes labour relatively cheaper.
Through feedback loops then the productive sectors of the economy substitutes labour for
more expensive inputs into the production process, giving a boost in the wage rate.
Consequently, the fall in the wage rate moderates a little. The regional economic characteristics
come into play when we, however, concentrate on the relative intensity of these impacts.
Irrespective of the chosen policy, regions which have more CO, intensive productive sectors
(such as those of the Prairie and Atlantic Provinces) suffer from larger fall in wage rate and
labour supply since they are unable to make greater substitution in the production process due

to the nature of their industry composition relative to the other regions.
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1.6.3 Regional Sectoral Impacts

The multi-region, multi-sector structure of our model yielded large quantity of data for the six
policy simulations performed in the paper. In light of the basic focus of this paper and for
brevity’s sake, however, in this section we present a subset of the results that bring forth the
salient features in terms of the impacts of each policy scheme on some regional sectors of

interests.

In particular, we concentrate on three big regions — Alberta, Ontario, and Québec — as
these regions relatively get more affected by the choice of any particular policy scheme. Our
choice of regions is further motivated by regional governments’ disparate views on how to
mitigate climate change issues in these jurisdictions. We also look into the performance of some
of the industry sectors, in particular those of — oil and gas, utilities, basic chemicals, and other
manufacturing sector — within these regions in order to bring out further insights at the industry
level. Again the choice of these industry sectors is inspired by the high share of emissions of
these sectors in the base period. Arguably, implementation of policy schemes studied in this
paper can relatively put more burdens on these sectors, thus, creating an uneven distribution of
mitigation costs across the industry sectors. Given the focus of the paper, these sectors,
therefore, become natural candidates of interest and hence assist in highlighting the impacts of

different policy schemes vis-a-vis the brunt of the climate change mitigation costs.
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Table 13a: Total output in Alberta by industry sectors (percentage change)

NPE EBA EPC CCI El MI

Agriculture -3.02 -3.65 -0.44 -1.25 -2.39 -2.62
Oil & Gas 0.76 0.39 2.16 1.74 1.12 0.99
Mining -5.00 -5.35 -3.66 -4.07 -4.66 -4.79
Utilities -14.97  -14.75 -15.78  -15.52  -15.17 -15.10
Construction -4.34 -4.54 -3.54 -3.79 -4.14 -4.22
Food -1.12 -1.64 1.04 0.39 -0.58 -0.80
Other manufact. products ~ -14.96  -15.28 -13.76 ¢ 1413 -14.66 -14.77
Wood -6.29 -7.93 0.69 -1.45 -4.60 -5.26
Paper -35.32  -36.50 -30.31  -31.87  -34.11 -34.58
Printing -2.15 -2.31 -1.59 -1.77 -2.01 -2.06
Basic chemicals -45.24  -45.59 -43.91 4431  -44.91 -45.04
Plastic & Rubber -8.82 -9.52 -5.98 -6.86 -8.11 -8.37
Metal & Fabrics -9.33 -10.06 -0.41 -7.31 -8.60 -8.87
Machineries -14.00  -15.15 -9.33 -10.80  -12.87 -13.29
Transport equipment -3.87 -4.82 -0.02 -1.26 -2.92 -3.25
Furniture and related

manufact. products -1.13 -1.91 1.99 0.99 -0.36 -0.63
Trade -0.42 -0.21 -1.27 -1.02 -0.64 -0.56
Transport -1.33 -1.45 -0.90 -1.04 -1.23 -1.26
Services -0.15 0.04 -0.90 -0.67 -0.34 -0.27

Source: Simulation results

Table 13a to 13c provide sectoral impacts of change in the total output in the regions of
Alberta, Ontario, and Québec. In general, the largest fall in output is experienced in basic
chemicals under all policy schemes across all there regions. While the paper industry turns out
to be the sector with second largest fall in Alberta, for Ontario and Québec it appears to be the
oil and gas and mining industries, respectively. Whereas in the utility producing sector Québec
seems to contract the least followed by Ontario and Alberta, in the other manufacturing sector
Alberta experiences the largest decline in output followed by Québec and Ontario. Interestingly
results indicate that Alberta’s output in oil and gas sector, in fact, slightly increases under all
policy schemes while for Ontario it decreases substantially. This seemingly surprising outcome
signifies, relative to the other regions, Alberta’s ability to make greater adjustments (e.g. through
value-added substitutions) in this sector’. Overall these differences in the impacts underscore
varying composition of regional economies and validate the necessity of incorporating regional

characteristics in designing the policy schemes.

26 A significant part of emissions in Oil and Gas sector tend to be process emissions, which are not easily abated. The results
obtained for Alberta, therefore, can also be due to the fact that the current model only captures combustible emissions.
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Table 13b: Total output in Ontario by industry sectors (percentage change)

NPE EBA EPC CCI EI MI

Agriculture -0.61 -0.60 -0.60 -0.63 -0.62 -0.61
Oil & Gas -11.56  -11.46  -11.78  -11.78  -11.64 -11.58
Mining -8.94 -8.86 -9.03 -9.12 -9.00 -8.92
Utilities -6.11 -6.19 -5.95 -5.95 -6.06 -6.11
Construction -3.02 -2.99 -3.11 -3.10 -3.05 -3.03
Food 0.96 0.95 0.98 0.97 0.95 0.95
Other manufact. products -7.48 -7.39 -7.55 -7.62 -7.53 -7.45
Wood -1.95 -1.78 -2.16 -2.24 -2.06 -1.94
Paper -5.41 -5.27 -5.58 -5.67 -5.50 -5.39
Printing 0.34 0.35 0.32 0.31 0.32 0.34
Basic chemicals -28.36  -2831  -2836  -28.44  -28.39 -28.34
Plastic & Rubber -1.89 -1.54 -2.51 -2.63 -2.14 -1.87
Metal & Fabrics -3.53 -3.21 -4.17 -4.24 -3.76 -3.52
Machineries -6.81 -6.49 -7.30 -7.47 -7.04 -6.78
Transport equipment 3.79 4.48 2.32 2.23 3.29 3.79
Furniture and related

manufact. products 1.14 1.26 0.98 0.91 1.06 1.15
Trade 0.05 0.01 0.12 0.13 0.07 0.05
Transport -0.35 -0.35 -0.34 -0.34 -0.35 -0.35
Services 0.27 0.24 0.34 0.35 0.30 0.27

Source: Simulation results

When we compare these industries over all policy schemes, results indicate that NPE
policy performs better relative to the entitlement-based policies across most of the industry
sectors. In particular, while the MI policy, (relative to other entitlement-based policies) mostly
aligned with the regional economic structure, performs quite the same as the NPE policy, the
latter has the added benefit of being able to avoid politically contentious issue of inter-regional
transfer of scarcity rents. This makes the NPE policy politically more appealing and, hence, a

better candidate among all the policy options.
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Table 13c: Total output in Québec by industry sectors (percentage change)

NPE EBA EPC CCI EI MI
Agriculture 0.09 0.10 -0.21 -0.08 0.05 0.06
Mining -7.95 -7.81 -8.92 -8.60 -8.06 -7.96
Utilities -0.13 -0.20 0.31 0.17 -0.06 -0.11
Construction -3.08 -3.05 -3.27 -3.20 -3.11 -3.10
Food 0.33 0.32 0.30 0.32 0.33 0.32
Other manufact. products -7.92 -7.85 -8.53 -8.31 -7.99 -7.95
Wood -0.43 -0.27 -1.86 -1.31 -0.61 -0.53
Paper -2.39 -2.21 -4.01 -3.40 -2.58 -2.48
Printing 0.08 0.10 -0.14 -0.05 0.06 0.07
Basic chemicals -33.24 3321 -33.69 -33.51 -33.29  -33.27
Plastic & Rubber -1.85 -1.61 -3.32 -2.85 -2.06 -1.92
Metal & Fabrics -3.38 -3.14 -4.89 -4.40 -3.60 -3.46
Machineties -7.99 -7.49 -11.59 -10.36 -8.46 -8.18
Transport equipment 22.60 23.96 14.80 17.16 21.39 22.20
Furniture and related
manufact. products 0.36 0.41 -0.15 0.05 0.30 0.33
Trade -0.11 -0.17 0.28 0.15 -0.05 -0.09
Transportt -0.39 -0.39 -0.40 -0.40 -0.38 -0.38
Services -0.04 -0.08 0.24 0.15 0.00 -0.03

Soutrce: Simulation results

Table 14a to 14c present results in emissions reduction across the industry sectors. For
Alberta, complying with the national emissions reduction target translates into the largest
reduction in emissions in the utility producing sector followed by the basic chemicals and the
paper industries. This, however, differs for other two regions. In Ontario while utilities and
basic chemicals industries shoulder most of the emissions reduction efforts followed by the oil
and gas sector, in Québec basic chemicals contribute almost twice as much in emissions
reduction efforts as in the utilities and other manufacturing industries. When we compare the
results over the policy schemes, by and larger, similar qualitative inferences emerge as it does for
the output indicator. We find that the MI policy scheme generates impacts that are similar to
that of the NPE scheme. However, the latter scheme precludes inter-regional transfer of

scarcity rents and, hence, appears to be a superior policy candidate.
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Table 14a: Emissions in Alberta by industry sectors (percentage change)

NPE EBA EPC CCI El MI
Agriculture -13.56 -14.04  -11.55  -1218  -13.07  -13.25
Oil & Gas -11.75 -12.08  -1050  -10.87  -11.43  -11.55
Mining -18.27 -18.40  -17.81  -17.94  -1816  -18.21
Utilities -57.50 -57.39  -57.93  -57.79  -57.61 -57.58
Construction -18.53 -18.49  -18.68  -18.63  -1857  -18.56
Food -19.80 -20.14  -1837  -1879  -1945  -19.59
Other manufact. products -35.46 -35.63  -34.81  -35.00 -3530  -35.36
Wood -23.42 -24.68  -18.08  -19.71  -2212  -22.64
Paper -47.87 -48.75  -44.12 -4529  -46.97  -47.32
Printing -17.95 -17.88  -1829  -18.19  -18.04  -18.01
Basic chemicals -49.45 -49.77  -4826  -48.62  -49.16  -49.28
Plastic & Rubber -21.86 -22.32 -19.99 2056 -21.39  -21.57
Metal & Fabrics -22.27 -22.77  -2030  -20.90  -21.78  -21.97
Machineries -26.61 -27.47  -23.14 2422 2576 -26.08
Transport equipment -24.39 -2497 2204 2279  -23.81 -24.01
Furniture and related manufact. products -16.70 -1713  -15.02  -15.56  -16.29 -16.44
Trade -17.64 -17.30  -1897  -1856  -17.98  -17.86
Transport -8.24 -8.23 -8.30 -8.29 -8.26 -8.25
Services -16.02 -1572 -17.19  -16.83  -16.32  -16.22
Source: Simulation results
Table 14b: Emissions in Ontario by industry sectors (percentage change)
NPE EBA EPC CCI EI MI
Agticulture -9.43 -9.45 -9.34 -9.37 -9.41 -9.42
Oil & Gas -17.98  -1790  -18.14  -18.14  -18.04 -17.99
Mining -18.64  -1859  -18.63  -18.72  -18.67  -18.61
Utilities -3401  -3410  -33.78  -33.80 -33.94 -34.00
Construction -8.18 -8.18 -8.18 -8.17 -8.18 -8.19
Food -14.40  -1445  -1424  -1427  -1436  -14.39
Other manufact. products -17.38  -17.34  -17.37  -17.44  -17.40  -17.36
Wood -11.66  -11.55  -11.75  -11.84  -11.73  -11.64
Paper -17.60  -17.52  -17.61  -17.71  -17.64  -17.56
Printing -6.52 -6.55 -6.44 -6.45 -6.50 -6.52
Basic chemicals -33.78  -33.75  -33.73  -33.81  -33.80 -33.76
Plastic & Rubber -9.44 -9.15 -9.93 -10.05 -9.64 -9.41
Metal & Fabrics -10.14 -9.87 -10.66  -10.73  -10.33  -10.13
Machineries -12.30  -12.03  -1270  -12.85  -1249  -12.27
Transport equipment -5.68 -5.10 -6.92 -7.01 -6.11 -5.68
Furniture and related manufact. products ~ -9.55 -9.50 -9.57 -9.64 -9.59 -9.54
Trade -10.27  -1034  -10.09  -10.10  -10.21  -10.26
Transport -5.89 -5.92 -5.82 -5.83 -5.87 -5.88
Services -9.77 -9.84 -9.61 -9.61 -9.71 -9.76

Source: Simulation results
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Table 14c: Emissions in Québec by industry sectors (percentage change)

NPE EBA EPC CClI EI M1

Agriculture -10.25  -10.26  -10.37  -10.30  -10.26  -10.27
Mining -17.73  -17.63  -1845  -1822  -17.80 -17.73
Utilities -26.76  -26.84  -26.32  -2645  -20.69  -206.73
Construction -8.01 -8.01 -8.01 -8.00 -8.01 -8.02
Food -2046  -20.51  -20.22 -20.28  -2041  -20.44
Other manufact. products ~ -21.21  -21.19  -21.58  -21.44  -21.25 -21.23
Wood -12.68  -12.57  -13.76  -13.33  -12.81  -12.76
Paper -18.07  -17.96  -19.20  -18.77  -18.19  -18.13
Printing -10.06 ~ -10.09  -10.00  -10.00  -10.04  -10.05
Basic chemicals -43.22 4322 43,51 4338 4324  -43.24
Plastic & Rubber -13.96  -13.79  -15.06  -1471  -1411 -14.01
Metal & Fabrics -11.05  -10.86  -1230  -11.89  -11.23  -11.12
Machineries -13.97  -13.54 -17.19  -16.08  -14.40  -14.14
Transport equipment 7.78 8.93 1.13 3.15 6.75 7.44
Furniture and related

manufact. products -16.67  -16.68  -16.81  -16.73  -16.67 -16.68
Trade -14.47  -1456  -13.90  -14.09  -1438  -14.44
Transport -6.93 -6.95 -6.81 -6.85 -6.91 -6.92
Services -11.73  -11.80 -11.29  -1143  -11.66  -11.70

Soutrce: Simulation results

Table 15a: Demand for value-added in utilities sector by regions (percentage change)

NPE EBA EPC CCI EI MI

Alberta -16.97  -16.75  -17.79 -17.53 -17.18 -17.11
Atlantic Provinces -18.98  -18.88 -18.91 -19.07 -18.91 -18.80
Ontario -7.02 -7.10 -6.85 -6.85 -6.97 -7.02
Other Prairie Provinces  -15.69  -15.71  -15.89 -15.97 -15.76 -15.66
Québec -2.81 -2.77 -3.03 -2.95 -2.84 -2.83
British Columbia

and the Territories -1.00 -1.03 -0.90 -0.93 -0.98 -0.99

Source: Simulation results

Table 15b: Demand for value-added in basic chemicals by regions (percentage change)

NPE EBA EPC CCI EI MI

Alberta -46.47 -46.80 -45.18 -45.57 -46.15 -46.27
Atlantic Provinces -40.68 -41.03  -40.51 -40.19 -40.78 -41.09
Ontario -29.15  -29.10 -29.14  -29.22 -29.18 -29.13
Other Prairie Provinces -20.22  -20.23  -1930  -19.11 -19.92 -20.30
Québec -1.47 -1.23 -2.95 -2.48 -1.68 -1.53
British Columbia

and the Tertitories -40.38  -40.26  -40.78 -40.72 -40.48 -40.42

Soutrce: Simulation results
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Table 15c: Demand for value-added in oil & gas by regions (percentage change)

NPE EBA EPC CCI El MI
Alberta 1.13 0.79 242 2.03 1.46 1.34
Atlantic Provinces 11.65 11.43 11.63 11.88 11.54 11.33
Ontario -11.33 -11.23 -11.53  -11.54  -11.40 -11.34
Other Prairie Provinces 0.93 0.92 1.22 1.27 1.03 0.91
British Columbia
and the Territories -12.14 -12.13 -12.15 1216 -12.14  -12.14

Source: Simulation results

Table 15a to 15c provide results for changes in regional demand for value-added for
three specific industries — utilities, basic chemicals, and oil and gas. As the results indicate,
Alberta experiences the largest fall in value-added demand in basic chemicals and the second
largest fall in utilities among all the regions. This explains the corresponding large fall in outputs
of these sectors in Alberta. It is interesting to observe that while Ontario also experiences
similar decline (though of lesser magnitude), the corresponding reduction in value-added
demand in Québec for these industry sectors are very small. This is due largely to the structure
of industry composition in Québec. It also signifies Québec’s lesser ability to substitute for
value-added inputs relative to other regions in order to comply with the national emissions
reduction target. The picture reverses for the oil and gas sector, where Alberta seems to demand
more of value-added inputs relative to a decline in the same in Ontario. Contrary to Québec’s
situation, this indicates Alberta’s ability to substitute for value-added inputs in oil and gas sector
that can help the region to attain its emission reduction goal. When we consider all policy
schemes, again the results indicate relatively better performance of the NPE scheme as

compared to the other entitlement-based policies.

Table 16a: Total household consumption in utilities sectors (percentage change)

NPE EBA EPC CCI EI MI

Alberta -12.51 -11.47 -16.50  -15.26  -13.51 -13.16
Atlantic Province -12.20 -11.62 -1226  -1292  -11.95 -11.41
Ontario -4.93 -5.16 -4.48 -4.42 -4.76 -4.94
Prairie Provinces -7.85 -7.85 -9.09 -9.38 -8.26 -7.74
Québec -0.56 -0.77 0.91 0.42 -0.35 -0.48
British Columbia

and the Territories -2.52 -2.76 -1.73 -1.89 -2.33 -2.45
Canada -5.02 -5.05 -4.81 -4.90 -4.97 -4.97

Soutrce: Simulation results
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Table 16b: Total household consumption in other manufacturing (percentage change)

NPE EBA EPC CCI EI MI
Alberta 1.80 2.98 -2.73 -1.32 0.66 1.06
Atlantic Province 0.22 0.87 0.09 -0.61 0.48 1.08
Ontatio 0.38 0.15 0.81 0.88 0.55 0.37
Other Prairie Provinces  1.76 1.77 0.40 0.10 1.31 1.88
Québec 0.03 -0.17 1.42 0.96 0.22 0.10
British Columbia
and the Territories 0.15 -0.08 0.94 0.78 0.35 0.22
Canada 0.51 0.52 0.49 0.48 0.50 0.51

Source: Simulation results

Finally, Table 16a and 16b presents household consumption of output produced by two
industry sectors — utilities and other manufacturing. As revealed in the benchmark data, since
the utility producing sector emits large quantities of effluents, implementing any emission
reduction policy scheme essentially translates into raising the cost of production for this sector,
which in turn causes price of utilities to sore, ultimately leading to a decline in the output
demand. The results confirm this and indicate that Albertans shrink their demand the most
while residents of BCT show least contraction of utility demands. In terms of consumption of
other manufacturing products, results reveal a general rise in the demand across all regions
under all policy schemes. This is largely due to the lump-sum method of recycling emission
rents as it essentially enhances purchasing power of the households, who are the owner of

productive factors in the economy.
Overall a comparison of all six policy schemes generally demonstrates the relative appeal
of the NPE policy over the others. Particularly, even though the former scheme performs

similar to the MI scheme, it precludes the politically contentious issue of the inter-regional

transfer of emission rents.

1.7 Concluding Remarks:

In this paper we examine two broad categories of emission permit allocation policies, namely the

entitlement versus no prior entittement (NPE) based policies. Most commonly cited policies in
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the literature (e.g. emission based allocation of permits or permit allocation based on emission
per capita) generally fall within the former category. An upshot of the entitlement based policies
is that they entail the contentious issue of transfer of scarcity rents among economic units that
occurs through the permit trading system. Consequently, even though these policies may
possess excellent ethical properties, they may not have sufficient political appeal for them to be
put to implementation. Non-entitlement based policies, on the other, may not suffer from this
lack of political palatability as they preclude such transfers of scarcity rents. The issue is then to
devise such a policy and examine its properties vis-a-vis the entitlement based policies. The
paper does so by providing detailed comparison of five entitlement based policies with a newly

devised non-entitlement based policy that we call the NPE policy.

More specifically, using a static computable general equilibrium model of six Canadian
regions (i.e. Alberta, Atlantic Provinces, Ontario, Other Prairie Provinces, Québec and British
Columbia and the Territories), in this paper we assess welfare cost of six allocation schemes.
While five of these policy schemes (i.e. emission based allocation of permits, EBA; allocation
based: on emission per capita, EPC; converging carbon intensity, CCI; efficiency index, EI and
multi-criteria index, MI) are based on prior entitlement of emission rights, the NPE scheme

does not entail any prior allocation of emission permits.

These results, derived from the six simulations performed in this paper, reflect both
equity considerations as well as the extent of emission rent transfers that are entailed in each
policy option. The EBA policy, being based on the historical emission levels, provides more
permits to the Prairie and Atlantic Provinces, thus, making these regions a net seller of permits.
EPC scheme, on the other hand, provides more permits to Québec and Ontario as it is based on
per-capita emission level. CCI and EI also render similar outcomes since these policy schemes
reward small emitters over the large emitter like Alberta. MI scheme reduces the impact of EI
policy since it also takes into account the heterogeneity in the composition of regional
economies along with the emissions history and the reward for the efficient emitters.
Entitlement-based allocation policies, thus, inevitably benefit some regions at the expense of

others.
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In contrast, under the NPE policy since emission rights are distributed based on the
residual (i.e. equilibrium) level of emissions, no inter-regional transfer of scarcity rents occurs.

This significantly raises the political appeal of this policy.

From the welfare perspective, model results further indicate that under all six policy
schemes, Alberta benefits the most while Québec bears the brunt of the emissions control
target. Nonetheless, when reduction in regional GDP is taken into account, Alberta’s economy
experiences the most contraction relative to the other regional economies. The magnitude of

the overall burden, however, varies from one scheme to another.

When considering different criteria of evaluation — such as welfare, household
consumption, GDP, dollar purchase of emission permits and others — results corresponding to
the set of policy scenarios offer one strikingly consistent yet interesting revelation: allocation
scheme based on no prior entitlement of emission right (i.e. the NPE policy) tends to dominate
the entitlement-based schemes. In other words, regional economies perform better under the
NPE policy, which also has the greatest political appeal. This result is the centerpiece of the
qualitative findings derived in this paper, which brings in new insights into the equity-efficiency

debate in the exiting literature.
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Appendices to Chapter One
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Appendix B: List of variables (subscript R in any variable denotes a region)

Y, : aggregate disposable income of the representative household in region R
Y, x: gross aggregate income of household

T; : government transfer to region R household

TG“,/ . government transfer to rest of the world by region R

W, : net rate of return to labour (i.e. wage rate net of (payroll) tax)

L, : aggregate supply of labour

Y, p : disposable (i.e. net of tax) dividend income

PR » 1 permit revenue received by the household

Ry p: gross rate of return to capital (i.e. gross rate of return from investment in capital)
Sy &  household savings

EM  : total household expenditure

Y, z: non-labour income

C: composite consumption

P, ; : index price of aggregate consumption bundle

HET, : composite of (non-mobile) energy goods

P,z g+ index price of composite (non-mobile) energy goods

HET, : quantity of (non-mobile) energy good i

P,z price of (non-mobile) energy good i

HOG : composite of materials-mobile energy commodities (i.e. other household goods)
P,o6 .+ index price of composite materials-mobile energy commodities

HOG, ; : quantity of materials-mobile energy good i

P06 x Price of materials-mobile energy good i

Q; + quantity of composite output produced by firm j
Py, pinet of tax price of output of firm j

F, ;  + gross of tax price of output j

X g+ quantity of composite capital-labour-energy input of industry
Py | g+ index price of composite capital-labour-energy input used in industry j
M  : quantity of aggregate matetial-mobile factor used in firm j

B, iR index price of material-mobile factor used in firm j

KE, ;: quantity of composite capital-energy factor used in industry
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Py ; ¢+ index price of capital-enetgy factor used in industry j

Llj), ¢ quantity of labour demanded in firm

EST, ;: quantity of composite of energy factors used in industry j
Py ; g+ index price of composite of energy factors used in industry j

K fR: quantity of capital demanded in firm

ESF, ; : quantity of composite of non-mobile energy factors used in industry j

P

ek - index price of composite of non-mobile energy factors used in industry j

ELEC, ,: amount of electricity input used in firm j

Py pe ;g price of electricity input used in firm j

VS, ; x+ quantity of non-mobile factor i used as intermediate input in industry j

F

vs.i.j.r - price of non-mobile factor i used as intermediate input in industry j

EMF; : quantity of composite of mobile energy factors used in firm j

P

eur. .k - index price of composite of mobile energy factors used in firm  j

MATT,; j, : quantity of composite of material factors used in industry j

Pyarr g+ index price of composite of material factors used in industry j

VM, ; p: quantity of mobile factor i used as intermediate input in firm j
Fyy . & price of mobile factor i used as intermediate input in firm j
VMATT, ; : quantity of material factor i used as intermediate input in industry j

Foyarri j g price of material factor i used as intermediate input in industry j
S,.r* corporate savings by firm j

Y, p: government income
Sz - government savings
I, r : quantity of investment of good i
P i net of tax price of investment of good i
C; i r+ government consumption of good i

P, ; r : gross of tax price of good i

C, x : quantity of composite of good i

1

PE,i,R : net of tax price of good i
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CP. : quantity consumed of good i sourced from domestic market

1

D . . . .
P_, z + index price of good i sourced from domestic market

C™ . quantity of composite of total imports of good i

i,

P index price of composite of total imports of good i

C%R,i, r | quantity of composite imports of good i sourced from rest of the region (ROR)
Prpri x : index price of composite imports of good i sourced from ROR

C%W’ i.x - quantity of composite impotts of good i sourced from rest of the world (ROW)
PRIgW’ ..z - index price of composite imports of good i sourced from ROW

Cror.i.pr : quantity imported of good i form ROR

PRIgR’i’ p.x - price of imported good i form ROR

EX , r: quantity of composite of total exports from industry j

Py ; ¢+ index price of composite of total exports from industry j

QﬁR: quantity supplied to domestic market from firm j

Q]E); : quantity supplied to export matkets from industry j

ng{ » : index price of export composite from industry j

Q,fg&j, z : quantity supplied to composite of rest of the region (ROR) export markets from firm
J

Peor j.&+ index price of export composite for ROR markets from firm j

Qfgw, ;&% quantity supplied to composite of trest of the world (ROW) export markets from
industry j

Peow. ;& + index price of export composite for ROW from industry j

Ifg&j, & quantity supplied to ROR export market from firm j

PREO);’J.,P,R: price of ROR export from firm j

Sy g : foreign savings in region R

S : national foreign savings

PI,i’R: gross of tax price of investment of good i

S, : total domestic savings
V. j.r - quantity of factor i used as intermediate input in firm j

F,, ;x+ price of good i used as intermediate good in industry j

P : endogenously determined (at the national emission permit market) price of emission permit
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P : price of permit in region R
E,, - household emissions in region R

E, ; r + industrial (process) emissions produced from good j in region R
E: total emissions in region R
E : national emissions

R, : total emission rights received by region R
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Appendix C: List of parameters (subscript R in any variable denotes a region)

ER,: exchange rate (price of foreign currency in terms of domestic currency); model numéraire
B,  : household share of total dividend income

T, p: non-dividend income tax rate in region R

Tp x - tax rate on dividend income

Bq x: household marginal propensity to save
o, : share of expenditure on aggregate consumption

H, : total time endowment

&, . »: emission factor of good i used in household consumption in region R
fQ i j.r+ emission factor of good I used as intermediate (in industry j) input in production in

region R

AC’ - shift parameter in the consumption aggregator function
6. »: share parameter in the consumption aggregator function

O, eclasticity of substitution between consumption goods

Aypr p+ shift parameter in the energy composite good

60,57 r - Share parameter for energy good i
O r: €lasticity of substitution among energy goods

A6z - shift parameter in the non-energy composite commodity
0106.i.r* Share parameter for non-energy good i

Cpoc.r: €lasticity of substitution among non-energy commodities

By r: corporate marginal propensity to save

T

0. * rate of production tax on output of good j

A, ; x: shift parameter in the production aggregator function of firm j
@, r: share parameter in the production aggtregator function of firm j

O, ;" clasticity of substitution between inputs used to produce composite output of firm j

Ay | g+ shift parameter in capital-energy composite function of industry j

69



@y r shate parameter in capital-energy composite function of industry j
A : shift parameter in energy composite function of firm j

KE,j.R*

@i j g Share parameter in energy composite function of firm j

Ok ;& clasticity of substitution between capital and composite of energy inputs of firm j

A

sr.j.r ¢ Shift parameter in aggregator function of non-mobile energy and electricity inputs of

industry j
@psr j g Share parameter in aggregator function of non-mobile energy and electricity inputs of
industry j

o

esr..i - clasticity of substitution between electricity and composite of non-mobile energy inputs

used in industry j

A

e i - Shift parameter in aggregator function of non-mobile enetgy inputs of firm j

@pgr ;g Share parameter in aggregator function of non-mobile energy inputs of firm j

O j ¢ €lasticity of substitution among non-mobile energy inputs used in firm j

Ay, g+ shift parameter in aggregator function of material inputs and mobile energy factors used
in industry j

@y ; x : share parameter in aggregator function of material inputs and mobile energy factors used
in industry j

Oy ;& clasticity of substitution between composite of mobile enetrgy factors and material inputs

used in industry j

Apyr_j r ¢ shift parameter in aggregator function of mobile energy inputs of firm j
@y ;g ¢ Share parameter in aggregator function of mobile energy inputs of firm j

o

evr, .k - €lasticity of substitution among mobile energy inputs used in firm j

T, ; r: Leontief co-efficient for composite of material inputs used in industry j

PCWJ. : net of tariff price of imported good i in foreign currency units

w . .. . . .
By price of exported good j in wotld market in foreign currency units

T, g’ tax rate on consumption good i
T,z tax rate on investment of good i
Ty .z - IMport tariff rate on good i
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A

m,i

& - shift parameter in total import aggregator function for good i
K; x : share parameter in total import aggregator function for good i

0, » : clasticity of substitution between domestic and import demands for good i

m,i,R *
A,y g+ shift parameter in aggregator function for import composite for good i

KIM k)

Oz €lasticity of substitution between rest of the region (ROR) and rest of the wotld (ROW)

& share parameter in aggregator function for import composite for good i

import demands for good i

Ajyri g+ shift parameter in aggregator function for regional import composite for good i
Kuripg: Share parameter in aggregator function for regional import composite for good i

O r.x - €lasticity of substitution for imports sourced from ROR markets for good i

A, ; p+ shift parameter in total export aggregator function from firm j
7, : share parameter in total export aggregator function from firm j

0, r: clasticity of substitution between domestic and export supplies from firm j

e

A

rx ;& - Shift parameter in aggregator function for export composite from industry j

NMex ;& * share parameter in aggregator function for export composite from industry j
Oy, x " €lasticity of substitution between rest of the region (ROR) and rest of the world (ROW)
export supplies from industry j

A

exe. .z - Shift parameter in aggregator function for regional export composite from firm j

Nexe.j.p.r: Shate parameter in aggregator function for regional export composite from firm j

O pxr. ;& * €lasticity of substitution for exports among ROR from firm j

B, r: region R’s share of national savings

K , : exogenous capital stock

: exogenous national emissions target
esax - Parameter reflecting emission based allocation

E

P

D, r: parameter reflecting allocation based on per capita emissions

D ., : parameter reflecting allocation based on converging carbon intensity
E

.5ase - l€VEl Of regional emissions the base period

@, : parameter reflecting allocation based on efficiency index

MI: parameter reflecting allocation based on multi-criteria index
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CHAPTER TWO
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Endogenous Technological Change and

Emissions Allowances
2.1 Introduction:

With increasing amount of scientific evidence, climate change is now recognized as an imminent
threat to environmental stability. Emission mitigation policies aimed at curbing escalating
greenhouse gas emissions, however, greatly suffer from the classical trade-off between equity
and efficiency. From a policy implementation perspective, this trade-off often determines the
direction and the extent of public policy intervention. Whereas efficiency criteria relate to
achieving environmental goals in the most cost-effective manner, equity considerations pertain
to achieving prescribed objectives while reducing the uneven burden cost among various
competing sectors of the economy. High costs from equity concerns often render

environmental policies politically unattractive and thus hard to implement.

Since environmental measures, such as permit allocation or emission tax, not only
minimize social cost of emission (i.e. the efficiency aspect) but also redistribute income among
various sectors (i.e. the equity aspect), losing sectors oppose an efficient scheme and possibly
prevent its realization, provided their political influence is sufficiently strong (Felder and
Schleiniger, 2002). From the perspective of economic efficiency, this appears to be
disappointing. From a political standpoint, however, this is not surprising as far as the political

appeal of any specific policy option is concerned.

In the context of domestic economy, for an environmental policy to be politically
attractive and be feasible for legislative adoption and subsequent implementation, this trade-off
must be addressed. It is, therefore, of interest to conduct a welfare analysis of available emission
mitigation policies in light of the debate concerning the equity-efficiency trade-off among the

various competing sectors of the economy.

A few recent studies attempt to do this. Under the cap-and-trade (CAT) framework for

allocation of emission permits, most often the policies that undergo such a scrutiny are —
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grandfathered allocation (GFA), output-based allocation (OBA), and some combination of both
with revenue recycling options”. However, these studies generally yield poor welfare ranking of
the available policy options in that the constraint — stemming from the equity consideration —
results in greater loss of economic efficiency. Therefore, the question is whether it is possible to
improve the existing welfare ranking of available policy instruments by bringing in new insights

into the analysis? This paper aims to address this.

In doing so, we draw upon recent advancements in climate policy modeling. In
particular, we use a general equilibrium model to present new welfare metric of four specific
policy scenarios for permit allocation — GFA, OBA, auction permit policy with revenue
recycling option that addresses pre-existing distortions in the economy (RPT), and the policy
option that corrects for market failures in an important relevant market, namely the market for

R&D, while retaining the OBA policy (O-R&D).

In a separate, albeit relevant blooming stream of climate policy modeling literature,
researchers are working to build models that are increasingly incorporating endogenous
technological change (ETC) into the modeling framework. In this context, studies evaluating
the effectiveness of various policy options find that environmental and technology policies work
best in tandem. This is because when technology enters the scenario, the terms of the trade-off
between the marginal cost of pollution control and its marginal social benefit is altered (Popp et
al., 2009). Typically technology innovations reduce the marginal cost of achieving a given unit
of pollution reduction. In most cases, technological change enables a specified level of
environmental cleanup to be achieved at lower total cost to society. New developments in this
area indicate that ETC has the potential to greatly ameliorate the welfare cost of emission
control policy in the long run (Fischer et al. 2003, Popp et al. 2009). Intuitively then, if
incorporated into the efficiency-equity modeling framework, ETC can provide additional

insights leading to improvements in the welfare ranking of available policy options.

Two existing papers — Goulder and Schneider (G&S, 1999), and Sue Wing (2003) —
provide such frameworks with ETC embedded into the modeling structure. Both of these

papers essentially build on the approach that parallels the endogenous-growth literature by

27 See Fischer and Fox (2004), Dissou and Robichaud (2005), and Dissou (2006).
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including a stock of “knowledge capital” that is generated through investments in R&D
activities. In these models, knowledge capital serves as an input into the ETC process™. Indeed,
the knowledge stock has been introduced into climate policy models in a variety of ways. While
the theoretical basis for change in relative prices in inducing technological change in a particular
direction is quite well-developed, exactly how the knowledge stock accumulates and influences

production possibilities is not completely settled in the literature.

In this paper, we attempt to introduce a modeling structure regarding the knowledge
accumulation process and bring new insights into the literature. The novelty in our approach
lies in providing richer and more realistic assumptions regarding the knowledge (capital)

accumulation process that parallels the accumulation process in physical capital.

While our model follows the same tradition of modeling ETC as in G&S and Sue Wing,
we carryout significant modifications to improve upon the existing frameworks. In particular,
unlike the recursive dynamic model as in Sue Wing (2003), ours is a perfect-foresight, rational
expectation model that allows for labour-leisure dynamics on the household side, and
investment dynamics on the production front. We also bring methodological improvements in
the modeling framework in two ways as compared to G&S (1999). We introduce convex
adjustment cost into the knowledge accumulation process where, following Buonanno et al.
(2003), the stock is held to depreciate at a constant rate. Second, unlike G&S (1999) where
investment in R&D is held to be 20% of the investment in physical capital somewhat in an ad-
hoc manner, we use a consistent framework to capitalize R&D investment using the approach

29 30

developed by Statistics Canada Thus our model provides a consistent structure for data

management process that supplies baseline information into the model.

With these modifications, using a multi-sector dynamic general equilibrium set-up we
derive interesting results. On one hand, the results conform to the received wisdom that

policies, such as R&D subsidy, that correct for market imperfections in the knowledge

28 This way of modeling endogenous economic growth has been pioneered by Lucas (1988), and further developed by Romer
(1990), Grossman and Helpman (1994), Aghion and Howitt (1998), Acemoglu (1998), and Eaton and Kortum (2001).

29 See Salem and Siddiqi (2000).

30 In recent times, statistical agencies across the globe are putting considerable efforts to capitalize R&D investment into the
system of national accounts (SNA). For an overview of these efforts please see Zuzana Kiistkova (2011).
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accumulation sector’ help to improve the welfare metric of specific environmental policy tools,
such as the OBA. On the other hand, they also stand somewhat in contrast to the concept of
double dividend hypothesis™ that predicts improved welfare ranking for revenue-neutral
environmental policies. More specifically, contrary to the double dividend hypothesis, we find
that auction permits, where revenue is recycled to reduce payroll tax, may lead to a lower welfare

ranking.

While at the onset this result seems startling, on a deeper reflection it turns out to be not
surprising. There are two explanations for this. First, this happen since under the auction
permit policy with payroll subsidy while the production sectors benefit from higher labour
supply, when labour is a poor substitute for other inputs, welfare improvements may not be
realized. This occurs since with poor labour substitutability payroll subsidy may not lead to
higher production levels, thus precluding output prices from falling and consequently preventing
welfare improvements. Under such a scenario, households do not benefit from increased real
income (provided through the payroll subsidy) leading to the ramification of low welfare
performance. Secondly, and more plausibly, this result is derived due our modeling framework
that allows for ETC. While payroll subsidy provides incentives primarily to households and
secondarily to all production sectors, unlike OBA, it does not provide targeted impetus to
sectors that particularly suffer from uneven burden costs. The impact of the targeted subsidy
provided through the OBA and O-R&D policy further reinforces when technology is
endogenized into the framework that helps emission intensive sectors to ameliorate the rising
cost of production from emission control. The upshot is greater amount of outputs being
produced by these sectors that lower the prices of these outputs, and consequently increases the

welfare.

With ETC embedded into the modeling framework, a stand-alone payroll subsidy policy

also suffers from the lack of incentive for undertaking R&D investments due to the

31 In this context, market imperfections arise from the fact that under a decentralized solution private firms do not internalize
the positive externalities from knowledge spillover effects that emanate from R&D activities and hence invest too little in R&D.
32 The double dividend hypothesis states that the introduction of environmental or green taxes yields two benefits — first, it
compels firms to internalize negative environment externalities thus yields the obvious dividend from improved environmental
quality; second, the revenue collected from taxes can be used to cut other pre-existing taxes in the economy, leading to a second
dividend from reducing the distortion due to those other taxes. The weak form of this hypothesis states that tax revenues
collected from a revenue-neutral green tax reform can be used to cut distorting taxes thus lowering the welfare cost of the green
tax reform (Schéb, 2003 and Bovenberg, 1999).
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imperfections in the knowledge sector. With a pure OBA policy the former is rectified through
implicit production subsidy, yielding an overall improved welfare metric for OBA. When a
combination of OBA and R&D subsidy policy is used (i.e. the O-R&D policy), both the
disincentive on production and the imperfection in knowledge accumulation are addressed

leading to further improvements in the welfare performance.

Although climate policy models are increasingly getting sophisticated in terms of the
modeling structure that can facilitate ETC for evaluating benefit-cost of specific emission
control policies, current stock of policy evaluation tools tend to emphasize more on efficiency
issues compared to the equity considerations. From implementation perspective, the latter
criterion is important and often plays a pivotal role. Our paper is specifically motivated by this.
In particular, we attempt to provide welfare assessment of four emission permit allocation
policies where attempts are made to mitigate costs arising from the equity-efficiency trade-off by

bringing in insights from the growing ETC literature into the current modeling framework.

2.2 Review of the Relevant Literature:

Existing literature on equity-efficiency trade-off offers competing views. Goulder (2001) argues
that when less than one-tenth of emission permits are distributed using grandfathered allocation
to the affected industries, it could yield desirable equity outcome with relatively less cost arising
from the efficiency losses. Smith et al. (2002), however, contests this view citing real-world
regularities. With real world carbon trading schemes taken into consideration, they find that
high cost of policy could obliterate any opportunity to recycle revenue while also compensating
affected industries. This view is also shared by Dissou (2005) while evaluating an alternative
non-market based regulatory policy instrument, namely the performance standard system of
reducing GHG emission. Dissou finds that the cost of designing an optimal performance

standard system could be prohibitive and as such may be rendered infeasible to implement.

In a separate vein, Dissou and Robichaud (2003) numerically evaluate impacts of using
OBA in a tradable permit system along with other non-market instruments. They, however, do
not address the trade-off between efficiency and uneven sectoral distributional effects. Fischer

and Fox (2004), on the other hand, address the trade-off using a computable general equilibrium
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model. While their model provides a multi-country analysis, they address the trade-off using a
static framework. They find that OBA could address the uneven distributional impact of an
emission trading system with less efficiency compared to a system where permit proceeds are
used to mitigate pre-existing distortionary taxes. In a separate paper Dissou (2000) analyzes the
effects from heterogeneity among carbon-intensive industries (energy-intensive and/or fossil-
energy-producing industries). He shows that auction permits, where revenue is recycled to
address payroll tax distortions, yields 70% lower welfare cost in terms of efficiency-equity trade-

off compared to an OBA scheme where firm heterogeneity is explicitly accounted for.

In the other fast growing stream of climate policy literature, the concept of ETC has
proved to elicit some interesting aspects that may usher in new insights into the equity-efficiency
debate. With ETC incorporated into the modeling framework Sue Wing (2003) has shown that
the welfare cost of emission mitigation policy can be significantly reduced. Using U.S. data, Sue
Wing finds that relative price effects of an emission tax induce significant intra-sectoral
substitution and inter-sectoral reallocation of knowledge inputs that leads to an increase in gross
input substitutability in the supply side of the economy. When this (positive) “substitution
effect” is taken into consideration along with the (empirically argued negative) knowledge
“accumulation effect” to generate efficiency enhancing induced technological innovations of
fossil-based fuel use, ETC can more than compensate associated welfare cost of the policy and
yield a net positive return. While Sue Wing provides the welfare impact of ETC with a cap-and-
trade (CAT) emission mitigation policy, he does not consider equity-efficiency trade-off among
the competing sectors of the economy in his framework. We combine these two separate, albeit
closely relevant, streams of literature in this current paper thereby bringing in interesting
dynamics into the framework. In our model, we use the insight from ETC’s impact on emission

policies to further evaluate the efficiency-equity debate for four policy options.

More specifically, we analyse how well OBA could address the trade-off for carbon
abatement policies when ETC, triggered by the change in relative price of carbon-rich inputs, is
incorporated into the framework. Intuitively, the inclusion of ETC should enhance substitution
of carbon-rich input for less carbon-intensive inputs due to innovations in carbon-saving

technology that, consequently yield a better welfare metric for the available policy options.
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The development and the modification of the model presented in this paper build upon
recent contributions to the literature on general equilibrium modeling and on environmental
policies, such as Bovenberg and Goulder (2000), Fischer (2001), Fischer and Fox (2004) and
Goulder et al. (1999). The remainder of the paper is organized as follows. Next section
presents a description of the model, while the fourth section discusses data and model
calibration process. In the fifth section, simulation results are presented, and conclusions are

drawn in the final section.

2.3 The Model:

In this section, we describe the model developed for the analyses presented in this paper. The
current model belongs to the family of dynamic CGE models with prefect foresight of a small-
open economy with an extension to incorporate the adjustment costs of investment. Unlike the
traditional models with investment dynamics (where usually physical capital is the only
accumulable factor), the novelty of the current paper lies in introducing investments in two
accumulable factors — physical and knowledge capital. While a few other models (e.g. G&S
(1999), and Sue Wing (2003)) attempt to introduce two accumulable factors of production,
however. Their treatment for accumulation of knowledge capital is somewhat ab-hoc. We
overcome this problem by introducing a convex adjustment cost to both accumulable factors of

production.

Following Buonanno, Carraro and Galeotti (2003) and unlike G&S (1999), we further
introduce an exogenous rate of depreciation to knowledge capital. Following the convention, in
the model physical capital stock depreciates at a deterministic rate. Depreciation of knowledge

capital is based on the premise that knowledge becomes obsolete overtime™.

The current model draws upon the Ramsey theoretical model, as described in Blanchard
and Fischer (1989). Its core dynamics is taken from Devarajan and Go (1998) with
modifications to take into account multi-investment sectors and multi-consumption goods. Its
dynamic module is characterized by inter-temporal decisions and forward-looking behaviour of

domestic agents. Investments and consumption are the result of separate but simultaneous

3 For example, a production technology becomes obsolete with the innovation of a new technology that replaces the old one.
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optimal behaviour. At any point in time, investments are increasing functions of the ratio of the
present value of profit stream to the replacement costs of capital (Tobin’s Q) and are subject to
convex adjustment costs of capital as in Hayashi (1982). Consumption is an increasing function
of wealth. Overall, its dynamic module features the neoclassical Ramsey-Cass-Koopmans

growth theory with the inclusion of investment Q) theory.

The model’s core static framework is similar to that of Dissou (2006). We assume a
single representative consumer and close the saving-investment gap by foreign borrowing, which
is supplied at a given world interest rate. In addition, the model solves simultaneously for intra-
and inter-temporal equilibria in all markets. This implies that the number of unknown variables
increases with the size of the model horizon. Without the loss of generality we use the current

model to simulate 150 years from the base period of 2004.

The production sector in the model has 11 production nests. Overall, the model
identifies 15 production and 14 investment sectors with a single representative household. The
structure thus allows for the relevant degree of details for production and investment diversity as
well as represents the heterogeneity in energy consumption within the production sectors.
Opverall the model can be divided into six blocks — consumption, investment and production,

foreign sector, government, equilibrium conditions, and terminal conditions.

2.3.1 Households: Consumption and Labour Supply

As in the standard economic theory, households are the owners of factors of production and
maximize their utility by choosing the optimal level of consumption and leisure (thus,
determining the optimal supply of labour). Households, in the model, are faced with two levels
of optimal decision: inter-temporal decision to locate the time path of optimal aggregate
consumption and saving; and intra-temporal decision to choose optimal amount of leisure and
to allocate aggregate consumption in each period across different consumption goods. In
addition, for the purpose of model implementation, we define households’ budget constraint at

the national scope such that it is consistent with the national income identity.
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2.3.1.1 Inter-temporal Optimization Problem

All households in the economy are represented by a single infinitely-lived, forward-looking
representative agent. The representative household is endowed with one (normalized) unit of
labour, and is the owner of the stock of physical and knowledge capital. The representative
household chooses its inter-temporal consumption by maximizing its lifetime utility subject to

its lifetime budget constraint. Its inter-temporal optimization problem is postulated as follows:

Max U, :i(l+p)"‘ [@InC +(1-a)n(1-L))] [1]
Subject to: (1+n)A,, =(1+r)A +Y,—P. C, [2-1]
Y, =(1-7,)Y, +(1-7,)Y,, +S;, [2-2]*
Yy =2 WL, +T,, +ERS, + B, PEM, [2-3]
The transversality condition: Lim (ﬁjy A, =0 [2-4]
where, A, given [2-5]

LS,X = zLj,x [2_6]
J

N, =(1+n)N, [2-7]

3 For the representative household, the dividend income (Y, ,) comptises of the sum of (gross) returns received from investing
in physical and knowledge capital across different sectors of the economy. The full expression for Y, , which is further

described in the representative firm’s optimization problem, is given by:

Yn,r = [ZPKET.;',: RRK._f,tK_f,t _ZPK,/‘]K._f,/]+(Z(PQ.f.t _;’ € +afﬁf,t7)’)RRH,f./Hj,/ _z(l_vf./)PH,t‘]H,j./]
J J -1 J-1

where, J Ko = 8rOss investment in physical capital in sector j at time f; Tyii™ investment in knowledge capital in sector j

at time £; P = unit cost of physical capital investment at time 7 P, = unit cost of knowledge capital investment at time 7;

P, = price of emission permit at time t; P,

XET.jit index price of capital-energy factor used in industry j at time f; P, =

gross (of production tax) price of industry j’s output at time 7; RR, e marginal product of physical capital in sector j at
time £} RRH.j.r = marginal product of knowledge capital in sector j at time 7; K, = quantity of physical capital used in sector

j attime f; H i quantity of knowledge capital used in sector j at time f; ﬂ.ﬁr = exogenous emission intensity parameter

o

used to allocate permit; ¢, = emission scale-back parameter (determined endogenously in the model); , (_ Z e ): emission
el = it
i

factor for input [ used in sector J attime f, aggregated for sector j;and v, = rate of subsidy on R&D investment at time

t.
Also note that, in the model, investment in knowledge capital is synonymously used to represent R&D investment, which occurs
in all but the R&D sector of the economy.
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for s=t,1+1L1+2,...

and where, all variables are expressed in labour efficiency units
here, U, = inter-temporal utility function evaluated at time #; & = share parameter in the utility
function; C, = per-capita aggregate consumption at time #; L, = aggregate labour supplied at
time 7; A = financial wealth held by the representative household at time #; ¥, = household

aggregate disposable income at time ¢; Y, , = household gross non-dividend income at time 7;

Y,

». = household gross dividend income at time #; §

r,— foreign savings at time t; S;, =

government savings at time f; T, , = government transfer to household at time 7; P., = index
price of unit aggregate consumption at time #; L, = labour supplied to sector j at time #; N,
= population at time f; n = population growth rate; r = interest rate; w, = net of (payroll) tax
wage rate; EM, = total emission at time #; ER = exchange rate (price of foreign currency in
terms of domestic currency)at time ¢; 3, , = household shate of total emission at time f; 7, =

income tax rate on non-dividend income; 7, = income tax rate on dividend income; p = rate of

time preference; and n = rate of population growth.

The objective function U, in equation [1] is the familiar additive separable homogenous

utility function with a constant elasticity of inter-temporal substitution. This formulation

assumes that the household utility at time # (= 0) is the sum of all future discounted utilities

stemming from the aggregate consumption (C,) and the amount of leisure enjoyed by the

household (1- L,). Hence, the household exhibits labour-leisure choice in the model. The rate
of time preference p (> 0), on the other hand, indicates that the consumption is valued less in

the future.

Given the assumption of no-ponzgi-scheme as evident in equation [2-4], the inter-temporal
(dynamic) budget constraint in equation [2-1] essentially implies that, in equilibrium, the sum of
the net present value of consumption expenditure is equal to the sum of the net present value of
disposable income. Due to the small-country assumption, the inter-temporal discount rate (r)

is given by the world market interest rate and is used as a policy variable into the model.

Disposable income for consumption (Y) in equation [2-2] is defined as a function of

gross non-dividend income (Y}, ,), dividend income (Y}, ,), and government saving (S, ). Since
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(Y, —F.,C,) is private saving, the inter-temporal budget constraint in equation [2-1] is well

defined at the national scope such that the national income identity holds.

Equation [2-3] is the definition of household income (Y, ,) that consists of the sum of
total labour income net of the payroll tax (ZWrLi,r ), government transfer (7};,), household

share of total proceeds from emission permit trading ( ,BHJEEM ), and foreign savings

(ERtSF,r )

Equation [2-4] presents the transversality condition for the dynamic asset accumulation
equation. This condition ensures that the representative consumer is restricted to using a pongi-

scheme to finance her optimal consumption path. Equation [2-5] provides the initial asset level at

the base-run scenario (A,).

Finally, equation [2-6] and [2-7] give the definition of aggregate labour supply and the

motion equation for population growth respectively.

The Lagrangian for the optimization problem can be written as:
£ = i(1+ p)~[anC +(1-a)n(1-L)]+4,[(1+n) A, —(+r)A Y, +P. C, |
s=t

where A, is the Lagrange multiplier.

From the first order conditions (FOC) for consumptions between two adjacent periods,
we can derive the inter-temporal condition for consumption. Such a condition requires that the
marginal utility of consumption in period #and s (> 7) satisfy:

C., _ (1+r)PCJ
C _|:(1+p)PC,z+li| [0_1]

t

Further the first order optimality conditions between the temporal consumption and

leisure yields:
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aw,(1-L)=(1-a)P.,C, [0-2]

Finally the FOC also yields the lifetime budget constraint, which can be equivalently

written as:

(1+n)A1+1:(1+r)Ar+K_PC,tCt [O-3]

with the transversality condition 7, (L]t A, =0 [O-4]
e\ 147 )

Equation [O-1] is the well-known Euler equation that defines the growth rate of

aggregate consumption between two adjacent periods as a function of the growth rate of index

prices for composite consumption bundle (F. ), rate of time preference (p), and the

exogenous market rate of interest (7).

Equation [O-2] signifies that the representative consumer equates the marginal utility of

consumption to the marginal utility of leisure in all periods.

Equation [O-3] gives the dynamic budget constraint. Equation [O-4] is the transversality

condition, which holds with equality as long as the marginal utility of consumption is positive.

Combining the Euler equation with the budget constraint and the transversality
condition, the level of aggregate consumption (C,) can be determined in each period, which
takes the expression:

Wealth, (p—n)(1+ r)t
¢ = i+
Fe.(1+p)

where, Wealth, =(1+r)A0+iG+nj Y,
+r

s=t

In our numerical context, however, we do not need to use an explicit analytical

expression for composite consumption in each period. The FOCs that signify the optimal
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behaviour satisfy the requirement for simultaneously solving the full set of equations in the

model.

2.3.1.2 Intra-temporal Optimization Problem

Once the optimal path of aggregate spending on composite consumption is determined inter-
temporally, the representative household then intra-temporally allocates the consumption
spending among different goods through a cost minimization rule. The intra-temporal

optimization problem is postulated as follows:

MinFP. C, = P, .C,,. [4]
o, ;-1 %

Subject to: C, :ZAC ac,,.ci,ﬁ , where Z“w’ =1 when C,=f(CES) [5-1]

¢ =All C,"', where >0,=1 when C =f(CD) [5-2]

C, =min €., , Ca yeees Cis ,where @_; >0 when C, = f(Leontief) [5-3]

ac,l ac,Z Q

c,i
for s=t,t+1,t+2,...

where, C;, = consumption of good i at time ; F,.; = gross of tax price of good i at time f;

C,i,s
P- . = net of tax price of good i at time #; 7. = indirect tax rate on consumption goods; P:=
price of emission permit at time #; &, ., = emission factor of good i used in household

consumption at time #; 0, , = elasticity of substitution between consumption goods; &, , =

N
share parameter in the consumption aggregator function; and A, = shift parameter in the
consumption aggregator function

and where the expression of gross of tax price of good i, P,  at time f is:

PC,i,s =F; is (1+ 7'-C)-i'FY éH,i,s

C,i

Within each period, the representative household allocates the optimal aggregate

consumption (C,) across different consumption commodities (C,,). Equation [4] indicates that
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the aggregate consumption expenditure in each period (F.,C,) equals the sum of consumption

spending across different commodities (Z F.;,C,,) in that period. In equation [5], we specify

the aggregate consumption as an aggregation of different consumption commodities where the
aggregator function takes one of the following three functional forms — Constant Elasticity of

Substitution (CES), Cobb-Douglas (C-D), or Leontief function.

Ivsmami
| optimiestion
Lamiro Compostia consumplion good ]
= 1 Ty |

]
Ersrgy gocds Matarizks-Wobia™ cnamy
ICES) Composita goods
I

Fadh
[ T [ ] ™ optimizstion
| Combusibls Tossil Basod anergy produces Mor-combusSbla | Motva fuchs | | Watarml goods |
ICES]) anangy produd Iz 0} {CES)
Hahried patroloum goods | | Gasolna | | Coal | | Varous moiva fucks | WVarkus consumpion
[[+]] (L oontiaf) commoddition
[ I ]
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Figure 1: Schematic represeniation of howsehold preference

Figure 1 provides a schematic representation of the representative household’s choice
structure. As evident in Figure 1, a system of nine nodes represents various composition of
commodity use” either through a CES, a C-D, or a Leontief aggregator function. These
aggregator functions allow us to mimic the real life substitution behaviour exhibited by the
households of the modeled economy. Further the nested structure of the model allows for
substitution, on the one hand, between energy and non-energy products and, on the other hand,

among various energy goods.

From the intra-temporal optimization behaviour, we derive the following first order

necessary conditions:

N
-1 Ur,i_l o, ;-1

ci

P..
Aa, C.™ | > e C, % :% hen, C, = f (CES) [O-5-1]

c e, TGt
i C

% In the model, the economy’s product lines are disaggregated into a total of 18 commodities as depicted in Figure 1.
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Aa, . TIC,, ==5 when, C, = f(C-D) [0-5-2]

J#i
where, 4. is the relevant Lagrange multiplier.

and for the Leontief function, efficiency condition dictates:

Ci,t Cj,t
i I I3 [O-5-3]
a. «a. .
c,i c,j
and P, ,C, = z ..C [0-6]

By invoking the concept of Shephard’s Lemma, equations [O-5] and [O-6] are manipulated

turther to finally get the intra-temporal consumption demand for each commodity (C;,) and the

aggregate price level (F,;,) (for a CES aggregator function) as:

a.; P.C,
C~ [6] 36

it
l-oc i

C],z[ |

1

I L y

As shown in Figure 1, in the specification of the model, a CES aggregator function is
used for almost all the commodities except for natural gas, refined petroleum and motive fuel
products. Whereas, for the aggregator function, a Leontief specification is used for the natural
gas products, for commodities in the other two categories a C-D specification is used”. Along

all the structural nodes of the model, however, the same cost minimization principle is used to

36 Note that equation [6] can be manipulated to get

c, = A:(HCI {(ZN.PC_,} , where the definition of P, is used from equation

P

Ciit

[71.

37 For the Leontief specification the equivalent expressions for equation [6] and [7] are:
C,=a,Csand p, = Z[a PC”J
And for the Cobb—Douglas specification they are:

a, F..C P,

;and 1 |

C, = ZeileCe san PCJZA_H[L]
c i o

Cltza

c,i
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optimally distribute aggregate spending across the commodities of the economy in any given

period of time.
2.3.2 Firms: Production, Investments, and Abatement Decision with OBA

The model identifies 15 production sectors. Each sector is assumed to behave as a single
representative firm, producing a single homogenous commodity. Over the model horizon, each
firm takes inter-temporal investment decisions that determine the availability of physical and
knowledge capital stock in each period”. Governed by the production technology, within the
period, each firm allocates aggregate investment spending over different investment
commodities, and employs a combination of knowledge capital, physical capital, labour and

intermediate inputs to produce the output.

2.3.2.1 Inter-temporal Investment Optimization Problem
Figure 2 provides a schematic representation of various nesting of technologies used by the
representative firm in each sector of the economy. The representative firms are modeled as

forward-looking agents with perfect foresight.

To model OBA of emission permits, we adopt a technique that is similar to the authors
like Dissou (2000), Fischer and Fox (2004), Fischer (2001), and Goulder et al. (1999). We model

OBA through allocation of free emission permits under the standard permit trading system.

Since free permits are linked to output in OBA where permits have a market value (}_)z),
allocation of permits through OBA affects both factor utilization decisions and the effective

output price received by the producers.

38 The only exception is the R&D sector, where the representative firm does not invest in R&D to create knowledge capital in
that sector. Unlike other papers in the literature, ours is the only one where we do not use an ad-hoc rule to determine economy’s
aggregate R&D investment. Based on Statistics Canada’s calculation method, we capitalized R&D spending from other sectors
and combined them to create R&D as a separate investment sector of the economy.
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Figure 2: Schematic representation of firm technology

Equation [8] provides the decision problem faced by a representative firm in sector j.
In the presence of emission cost, and with the incentive to reduce emission through OBA of
permits, the firm chooses optimal levels of labour, capital, and intermediate inputs along with
the R&D investments by maximizing the net present value of the firm, subject to the standard
laws of motion for the stock of physical and knowledge capital as specified in equation [9-10].

Max Vj,t = Z(l"'r)H PQ,j,ij,s + P axﬂj,ij,x _Zei,j,xqi,j,x _ZPi,sqi,j,s
s=t i

1
- WSLj,A‘ - PK,j,xJK,j,x - (1 Vs ) PH,j,xJH,j,x:| >

where, P, , =P, (1-7,,), P, =P. (147 )+P: &, and w=w,(1-7,,) [§]

0,].s Q.,j.s [ C,i,s
Subject to: K, =0-6¢ VK, +1; [9]
Hj,s+1 =( _§H,j)Hj,s + IH,j,s [10]
K, given and Lim(L] Pe;piK 20 [11]
e\ 1+7
1 t
ijo given and I;_l)lli (_1+ rj PHJ.’MHJ.J+1 >0 [12]
IBK, A ks
where, Jo =1 1+Tf ? [13]
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ﬁH,j IH,j,s

JH’”—IH,]"X 1+ 5 Hm [14]
%9.j
. GQ»/-—I GQ»/-—I UQ»/-—I
0,,=v,(H,,) 0H7 +(1-¢,)x,7 [15]
H_].,Szh(Lj,S), X, = (L”,K]S,H ) H, .=H,+B1,,
and s=t,t+1,t+2,... [10]

here, V,, = present-value of the net return in industry j at time 7; Q,, = output of sector j at
time f; g, = intermediate input i used in industry j at time f; L, = amount of labour

Jit

demanded by industry j at time #; [, ., = investment demand for physical capital in sector j

K,jt
at time ; [, ;, = R&D investment demand in sector j at time ¢; F, ; = gross (of production

tax) price of industry j’s output at time 7; F; . = net (of production tax) price of industry ;j’s

output at time f; P;= price of emission permit at time f; P,= gross (of tax) price of
intermediate input i at time 7; P- . = net (of tax) price of intermediate input used in sector i at

time #; &,,;, = emission factor of good i used as intermediate input in production at time ¢;

e wage rate net of payroll tax in period #; Py, = rental rate of physical capital in period #;
P, ,= price of knowledge capital in period #; V;, = rate of subsidy on R&D investment at time
t; Oy ;= physical capital depreciate rate; J, ;= knowledge capital depreciation rate; B, =
exogenous emission intensity parameter used to allocate permits; &, = emission scale-back
parameter (determined endogenously in the model); ¢, ;, = emission factor for input i in sector
J attime f; 7, ;= sales tax rate on goods produced in sector j; 7, ;= tax rate on commodity

i used as intermediate goods in sector j; 7, , = payroll tax rate at time 7; ¥, = shift parameter

for production function in sector j; and ¢, = share parameter for production function in
sector j ; H,: = average knowledge stock in sector jat time ¢ (i.e. the non-excludable
knowledge stock in sector j at time f); Iu ;. = industry wide expenditure on R&D in

90



industry j at time ¢ and B = the parameter that regulates the magnitude of technological

spillovers.

Note that P, and P, can be interpreted as the per-unit acquisition cost of physical and

knowledge capital, respectively. In equation [13], J, ., represents the quantity of gross

sJot
investment in physical capital by destination sector, which is a function of net investment

(I ), existing capital stock (K, ), and adjustment cost parameters (fy ;). Similarly, in
equation [14], J, ., represents the quantity of gross investment in knowledge capital by
destination sectot, which is a function of R&D investment (1, ;,), existing knowledge capital

stock (H ;,), and adjustment cost parameters (S, ).

It is worth to have a look at the investment adjustment cost functions for physical and

. . dJy 9°J, aJ
knowledge capital.  Observe that, by construction, —— >0, —>0, <0, and
X ol oK
2 2 2
J Jf >0. This also holds forJ, , namely 0Jy >0,a JZH >0, 0Jy <0, and J J;I >0.
oK al, al, oH oH

These properties have two implications. First, the marginal cost of investing in either form of
capital formation is positive and increasing, which implies that the faster the rate at which the
firm adjusts its capital stock, the higher the cost will be. Second, the larger the existing capital
stock that the firms start with, the lower the cost of adjustment will be. Also note that the

investment definitions in equation [13] and [14] are linear homogenous functions™.

The Lagrangian of the firm’s problem is:

£.,=>U+r)"| P, 0, +P; (“xlgj,sQJ‘,x IR j -2 P4,
s=t i

l

—wL —PK,j,XJK,j,X—(l—vj,x)PH,,-,XJH,,A,J

J.s

% For the class of linear homogenous (investment cost) functions, Hayashi (1982) shows that the Tobin’s marginal Q is equal to
the average Q.
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o

> (1+r) " A [A=8 DK+~ K, L]

s=t

o

+Z(1+ I")t_s ﬂ’H,j,s [(1_5[-1,1' )Hj,s +IH,j,s _Hj,s+l}

s=t

where, A, . and 4, ;  are the Lagrange multipliers (the co-state variables).

K

The Lagrangian yields eight necessary FOCs for the set of choice variables: L, , ¢, ,,

J

A

K. j.it

1 1 K H and /111,;,; . These are listed as equation FOC[O-7] — FOC[O-

Koo TH jio> Djrets s
14] and are included in Appendix A for the interested readers. The interpretation of these

equations is, however, provided below.

For the choice vatiables labour (L) and intermediate inputs (g, ;,), FOCs imply that

the firm will hire labour and continue purchasing inputs until their marginal value products are

equal to the wage rate and the price of intermediate input, respectively.

Note that, in these two optimal conditions, per unit output subsidy due to the OBA of
permits are expressed as @, B;, Pr, where [, is the exogenous emission intensity parameter

that is used ex-ante for allocation of the permits”. It is important to note that the assigned
emissions intensity is a predetermined value; it is different from the emissions intensity actually
achieved by the industry observed only ex-post. However, given that the total number of

emission permits is limited, we use the scale-back parameter @, (where, @, <I) that is

determined endogenously in the model and serves to ensure that the allocated amounts of free

permits do not exceed the total number of permits available at any given period of time.

As evident in equation [O-7] and [O-8], the permit price (P:) affects representative
firm’s behaviour in two ways. First, it penalizes the use of the most polluting inputs and
encourages firms to substitute among fossil fuels or to substitute physical capital for energy.

Second, the higher the permit price, the higher the output subsidy received by the firms and the

40 Thus OBA allows firms to offset (at least partially) the negative effects of abatement efforts. It has an impact on firms’
behaviour, in contrast to the grandfathering system in which permit assignment is based on past emissions.
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lower the negative impact of the permit price on output. It follows that the negative impact of
GHG abatement cost expenditures on firm’s output is reduced. Compared to the GFA scheme,
therefore, under the OBA method firms have less incentive to reduce their output for curbing

their emission intensity.

The FOCs with respect to other two choice variables, net investments in physical (I ;)

capital and in R&D (i.e. the knowledge capital (1, ;,)), imply that the respective firm invests

until its marginal cost of investment is equal to the shadow price of the added unit of capital.

With respect to two state variables, K ., and H the FOCs show that the required

Jot+ Jot+l o

returns to investments in physical and knowledge capital, r4, ;, and r4, ;, respectively, are

St ot

equal to their respective net marginal revenue products of the added unit of capital, R, ., and

K.j.t

R, .., plus capital gains, A4, and A4, net of depreciation loss, &y A, and

St L Jattl

oy A

H,jt+1"°

and A

Finally, FOCs with respect to the co-state variables, A Hoja

K.jt respectively

provide the motion equation for physical and knowledge capital.

The solution of the dynamic problem is the investment sequences for physical and
knowledge capital that are dependent on the tax-adjusted Tobin’s Q and the parameters of the

. . Investment Flow at t 1
adjustment cost functions that takes the form: =a+—0,.

Stock at t B

. . . IK it 1 ZK j.t
Whereas, for the physical capital, it takes the form:—%-= 2L 1|, for the

K.i,t IBK,J' PK,j,t
1, . A, A
knowledge capital it is: <L LA ! LRl —1| with Oy, = Kit and
HJ'” ’BHJ (1_VJ,I)PHJJ PK,j,t
T Here, both he ratio of the shad ice of capital A d
Oy = (1—V )P . Here, both Q. ;, are the ratio of the shadow price of capital 4 ;, an
Jot H,jt
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the replacement cost of capital P, ;,, adjusted for various taxes. Moreovert, by Hayashi’s identity

(1982), in a perfectly competitive market setting, for the class of linear homogenous investment
functions Tobin’s marginal Q is also equal to the average (). The latter is the ratio of the value

of the firm to its capital stock. Hence:

lK,j,l‘ ‘/j,l‘ . .
Ok i = 7 = b for physical capital,
K,jt K,jt > j,t
and Q,, ., = Ao = Vi for knowledge capital
H,jt *

(1_Vj,z ) Py js (1 Vi ) Py,

2.3.2.2 Allocation of Capital Goods
A cost-minimisation process governs a representative agent’s decision about the composition of

the capital goods in a given period.

As indicated below in equation [17-1], for intra-temporal investment allocation in R&D

(i.e. the knowledge capital), total investment expenditure (ZPH
j-1

’jJJH’J.J ) equals the sum of the

spending on different investment goods (ZPE A "', Similar condition holds for allocation
i-1

of investment funds in physical capital as shown in equation [17-2]. Equation [18-1] shows that

the investments, by destination sector, for R&D (J}, ;) are specified as the C-D aggregation of
different investment commodities (1, ,,). Similatly, equation [18-2] signifies that the
investments, by destination sector, for physical capital (Jy ;,) are specified as the Leontief
aggregation of different investment commodities (I ,,). With these specifications, we postulate

the investment allocation problems as follows.

For R&D investment:

Min D Py Ty e =D Py L [17-1]
Jj-1 i-1

# Note that, for R&D investment, the sum is over (j—1) sectors since by assumption R&D sector does not invest in itself. By

construction, R&D sector is the aggregation of capitalized R&D investments in rest of the sectors in the economy.
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Subjectto J,, ;= H(IHJ’S )ﬁmw , where ZﬁHINV,i =1 [18-1]
i1

i-1

forall s=t,t+1,t+2,...

(ZPH,J}SJH»J'J]

J-l

that, by optimality, yields: Ly i = B b [O-15]
C.it
And for physical capital investment:
Min Z PK,j,xJK,j,s = z IBKINV,iPE,i,S (1 +7;; ) IK,i,s [17-2]
J i
I I I,
Subject to J, ;, = Min{ Ble Bl Lt } [18-2]
' Bei Bra B

forall s=t,t+1,t+2,...

that, by efficiency requirement, yields:
IK,i,t = IBKINV,iJK,j,z [O-17]

here, [, ;= share of good i in R&D investment demand; [, ;= investment demand

coefficient of physical capital for good i; I,,,, = R&D investment demand of good i in sector

H,it

J5 I, = physical capital investment demand of good i in sector j; 7,,= investment tax on

physical capital of good i;and P:, = price of good i net of investment tax.

The optimality conditions in equations [O-15], [O-16] and [O-17], [O-18] indicate that
the demand for each investment commodity is a fixed proportion of investments by destination,
and that the purchased price of capital stock is the weighted average (gross) prices of investment

commodities.

2.3.2.3 Description of the Production Nests

In the model, production is disaggregated into 11 production nests. While 8 of them are
governed by the CES production technology, 1 is governed by the C-D production technique.
The remaining 2 production processes are governed by the Leontief technology. Figure 2

provides a schematic representation of representative firms’ production nests at various levels.
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The structure of the top production nest essentially embodies I'TC and traces the idea as
presented in Goulder and Schneider (1999), and in Sue Wing (2003). It is argued that the
relative price effects, induced by the effluent charge, bring significant intra-sectoral substitution
and inter-sectoral reallocation of knowledge inputs across different sectors of the economy.
This, in turn, leads to an increase in gross input substitutability on the supply side of the

economy. To capture this substitution, as shown in equation [15] below, a CES aggregation of

traditional output (X, ) and the knowledge input (H,) is used at the top node. Given the
assumption of perfectly competitive markets, the zero profit condition would imply that the net

revenue ((PQ,”—P: ej,l+a'l,b’j’th)Qj,l) equals the sum of the R&D investment cost

((1—Vj’,)PH’j’,J u.j.) and the cost of producing traditional output (Py ; X, ). Therefore, we

st

postulate a cost minimization problem at the top production nest as:

Min (B, ~Ps e, +0,B, P:)Q,, =(1-V,, ) Py, T 1n + P X, [19]
%.j
. 0p,;-1 0p,;-1 0y -1
Subject to, Q; =7, (H j) (ijj’fQ“ + (l— ®, ) Xjij“ [same as 15]
forall s=t1,r+1,1+2,...
The optimality conditions are:
0.
Hi.,_|_9 Py (0-19]
Xy [ (1-0) (1=v,,) By (0045, /0H,,)
%.j
. 0p,;~1 0p,;~1 0y -1
0, =7, (H,) oH," +(1-9,)X [0-20]

Equation [O-19] indicates that the optimal knowledge capital and traditional output ratio
is the function of the ratio of return on capital stock to the price of output and the parameters in

the CES production function.
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As depicted in Figure 2, in the remaining ten production nests, the same cost
minimization principle is used to allocate the cost of the composite input bundle into its
component input costs. A CES aggregator function is used for almost all the nests except for
the refined petroleum, natural gas, and material intermediate inputs. Whereas, for the
combustible petroleum input bundle a C-D aggregator function is used, for the natural gas and

material intermediate inputs a Leontief specification is used™.
2.3.3 Trade

Domestic economy is linked to the world economy through trade and capital markets. By the
assumption of a small-open economy, a domestic market faces perfect elastic world supply and
demand curves. On the demand side, for any given commodity, domestic agents (firms,
households, and government) face a composite of locally produced and imported goods. On
the supply side, for any given domestic output, each firm can either sell its output domestically
or export it to foreign markets. Therefore, there are two optimization problems that govern the
allocation of commodities demanded and supplied between the modeled economy and the rest
of the world — the optimal combination of composite goods, and the optimal allocation of
domestic output. For capital market, the small-open economy balances its saving-investment

gap (or the external balance) through external borrowing at a given world rate of interest.

2.3.3.1 Allocation of Domestic Output

Following Armington (1969), the composite output (X ;) that is produced by the representative

firm in each industry is allocated between domestic sales (Xft) and export (XjEf . As

4 For CES specification, a further manipulation of equation [O-19], [O-20], and [19] yields the equivalent expressions for
quantity and index price:

o 1

01 (ZL.P . -1 oy 1oy |1-0,
X, =Ay X, {—})X“} sand p =AY alp ]
J

jit

For Leontief specification the equivalent expressions are:
= ; and =

X=X P = Z[ax,ipi.t]

j
And for C-D specification the equivalent expressions are:

an./
P X s and p = P
e Vi ¥ (o
X ~
Pj,rzax,j !
J

X
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expressed in equation [22], we use a Constant Elasticity of Transformation (CET) aggregator
function for this purpose. The CET specification implies imperfect transformability between

these two destinations and allows for cross-hauling behaviour as is empirically observed in the

international trade data. In equation [21], total revenue (Py ; X ;) is comprised of the value of

it
: D D EX EX .
domestic sales (P ;,X;,) and the value of exports (P, X7 ). We postulate the optimal

behaviour as a revenue maximization problem as:
__ pD D EX EX
Max Py X, =P, X, +P~ X [20]

Oy j

l+o,; %oy |i+o,

) oo +(1=77,) (X ) o 21]

Subject to, X, = A, |7, (X?

J Js

forall s=t,t+1,t+2,...

This yields the optimality conditions:

x2 [(i=p)p> T
B = o) 3 [0-21-1]
Xj,t 77/' P X, jt
1+0“- 1+t7'w- %
Xy = Ay, (X0) o+ (1= )(XFF) o [0-22
here, 0 ; = elasticity of substitution for export; 77, = share parameter in the aggregator function;

and Ay ;= shift parameter in the aggregator function.

Equation [O-21-1] implies that the optimal ratio of exports to domestic sale is a function

of the ratio of export price to the domestic market price and the parameters in CET function.

A further manipulation of equation [O-21-1], [O-22] and [20] yields equivalent

expressions for optimality conditions:

1

1 -0, +0, -0, x| o,
e ) (B2, (1) ()| 0212
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X2 =(A,) X P " 0213
Jit X,j Jot anX,j,, [ B _]

X% =(a,,) " x A O-21-4
Jot X,j Jot (1_77 )P [ ]
J) Xt

In addition, since domestic firms are price-takers, export price of each commodity in

local currency units (PXE )jl) is the product of exchange rate (ER ) and its world market price in

foreign currency units (P i)

PX =ERP}

X.jit X.ju [22]
2.3.3.2 The Optimal Combination of Composite Goods

For any commodity i that are available in the domestic markets, the composite commodity
(C,,) is the combination of locally produced (C;’) quantity and imported (C/} ) quantity. The

behaviour of domestic agents (firms, households, and government) in choosing their optimal
combination is governed by the Armington assumption as indicated in equation [24], which

implies imperfect substitution between imported and local goods.

Let P, , PCDJ.J, and PCI{‘Z, be the index price of composite goods, the price of locally

produced quantity, and the price of imported quantity in local currency units, respectively. The
budget constraint in equation [23] requires the total expenditure of domestic agents on
composite goods (net of sales tax) be equal to the sum of spending on locally produced quantity
and spending on imported quantity. The optimization problem of domestic agents can be

depicted as an expenditure minimization problem as:

Min PE,i,sCLS = PCDIJCIDS + PC{AI/ISCIHEI [23]
SubjCCt to, Ci,x = Am,i K (ClDY ) Cui 4+ (1_ K ) (C,H:I ) o [24]

forall s=t,t+1,t+2,...
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This yields the optimality conditions:

c? { K ngt}
o= ’ = [O-23-1]
leju (1_ Kz) PCL,)i.z
O,i~1 Oi—l 0',,::11
Ci,t = Am,i |:Kz (Cﬁ) Omi (1_ Kz)(cz”zu ) Oms i| [0‘24]
here, 0, ;= elasticity of substitution for import; k;= share parameter in the aggregator

function; and A, ; = shift parameter in the aggregator function.

Equation [O-23-1] implies that the optimal ratio of imported to locally produced

quantities is a function of the ratio of their relative prices.

A further manipulation of equation [O-23-1], [O-24] and [23] yields equivalent

expressions for optimality conditions:

1 o, o, .
P, :Z{(K") (P2,) " +(1=m)™ (P™,) } [0-23-2]
o kP ™"
ch=(a,,)"" C, | =5 [0-23-3]
PC,i,t
o 1-x)e. ™
Cil,lrw = (Am,i) " ICi,t # [O-23-4]
PC,i,t

In addition, since import tariff is imposed on the value of imports, the import price in

local currency units (P.y,) is defined gross of tax as:

P™ =ER (1471, )P, [25]

C,i,t

2.3.3.3 Capital Market

Current account position (ER.S; ) is defined in terms of domestic currency units. It is the sum

of spending on imports (Z PCH’Z,C;;W ), interest rate payments on external debt (7B, ), and
i-1
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government transfer to the rest of the world (7,) minus the sum of export incomes

#, implies current account deficit

(Z PXEf(].’,X ff ). With this specification, a positive value of §
j-1

ot, in other words, domestic savings insufficiently met the required optimal investment:

ERS,, = Z PMcCM +rB +T), - Z P XY [26]
j-1

i, N X,j.t
i-1

(1+n)B,, =(1+r)B, +ERS,, [27]

Domestic economy balances its current account (ER,S, ) through borrowing or lending
to the world capital market at a given world rate of interest (7). The current account position
affects the external debt accumulation process in equation [27]. This specification implies that

the domestic economy can access the world capital market without any constraint, and as such

the external borrowing is a capital market clearing variable.
2.3.4 Government

Government behaviour is kept simple in the model. It earns revenues via various forms of

taxation and spends its income on government consumption (Z P...C;,,), transfers to the

1

households (7};,) and the rest of the world (TGW ), and on interest payments on foreign

borrowing (rER B, ). Equation [28] identifies the components of tax revenues (¥ ,) — direct

tax, value-added tax, indirect tax on activities, import tax and sales tax. Tax and tariff rates are
assumed to be exogenous and fixed throughout the model horizon. Equation [29] defines
government saving as the sum of tax income minus the sum of government consumption
expenditure, government transfers to households and to the rest of the world, and interest

payment on foreign borrowing.
Yo, = Z Tk, 90+ Z Z et Z Teilei Gt TawiLy,
J 12 J i

+Z Tl,iPE,,',,IK,i,r + Z ERITIM,iPCM,/i,tCiI,I:/I + TYYH,I + TDYD,I [28]43
i i-1

43 Note that the spending on R&D resources is not included in this equation since the spending is capitalized under R&D
investment.
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SG,t = YG,z - ZPC,i,zCG,i,t _TG,t _TGW,t —rER,B, [29]

2.3.5 Within Period Equilibrium Conditions

For the economy to reach equilibrium, in each period, the following equilibrium conditions

much be satisfied.

2.3.5.1 Commodity Market Equilibrium
In each period, aggregate demand for each commodity is composed of consumption demand

(C;,), investment demands (I, +1y,,), government consumption demand (Cg,,), and

H,it

intermediate inputs demand (Zqi’ j. ). Commodity market equilibrium condition in equation
j

[30] requires that the aggregate demand for each commodity be equal to its composite supply

(X;0)-
Xj,t = Ci,r + IH,i,t + IK,i,r + CG,i,t + Zqi,j,r [30]
J
D_ vD
c?=x” 31)

Equation [31] also requires that, in equilibrium, demand for locally produced

commodities (C£ ) be equal to the quantity of domestic output supplied to the domestic market

(X5

2.3.5.2 Labour Market Equilibrium

Equation [32] provides the equilibrium condition for labour market. The equilibrium requires

that the sum of the labour demand across production sectors (L,,, = ZLJJ ) in each period be
i

equal to the labour supply (L, ).

Ly, =L, [32]
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2.3.5.3 Internal-External Balance

Equation [33] provides economy-wide value of the firms (Z, ) that depends on the sum of the

H ) capital held by the economy

St

value of total physical (Z A ;. K ;) and knowledge (ZﬂH
J

j-1
in each period. Equilibrium in internal-external balance requires that, in each period, the sum of

the assets held by the representative household (A, ) and the net foreign borrowing (B, ) must

equate with the total value of the firms. This is given in equation [34].

Z, =3 A K+ D A 1, 33]
J j-1

Z, =B +A 34
2.3.6 Steady-State Conditions

The model is calibrated to the base year data collected from 2004 Social Accounting Matrix of
the Canadian economy and to the parameter values as specified in Table 2. The economy is
assumed to be at the steady-state equilibrium in the base period. Steady-state conditions are also
imposed at the terminal period. This ensures consistency with the economic theory and enables
the model to generate a steady-state equilibrium solution with values that are consistent with the

benchmark data.

2.3.6.1 Steady-State Household Budget Constraint

Equation [35] is the budget constraint from # =ss and onward. Given that, in the steady-state,
asset holding is constant (A, ), household’s total income is the sum of the total return (net of
population growth) to asset and the disposable income. It follows that in equation [35], the

steady-state value of consumption (P,  C, ) equals the steady-state total income.

(r-n)A,+Y, =PF. C [35]

C,ss ss

2.3.6.2 Steady-State Investments

For investment in R&D: 1, ; = (n + 5H’j ) H,

,88

For investment in physical capital: I, ; == (n +0y ) K,
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Equation [36] and [37] imply that steady-state requires each sectoral investment in R&D
and physical capital to be just enough to recuperate the portion of capital stock lost due to
depreciation, plus the amount of investment needed to keep the per-capita stock of knowledge
and physical capital constant such that the stocks do not change over time. Therefore, in the

steady-state, the value of capital stock of each production sector remains constant.

2.3.6.3 Steady-State Shadow Value of Knowledge and Physical Capital

In steady-state, shadow value of capital stops changing. Therefore, the steady-state condition in
equation [38] and [39] are the market equilibrium conditions that require the returns on
investments be equal to the market rate of interest plus the rate of respective depreciations.

(8, +7) A =D (PQ’ w—Pue, ta B P ) RR, ,  +> (1=v, VP, T, .. 138]

J-1 J-1

(G 7)Ao = 2 Prr o RR i+ D P iy [39]
J J

where, RR, ; . and RR

o 4.j. are as defined in equation [O-11] and [O-12], respectively.

2.3.6.4 Steady-State Condition for Internal-External Balance

Equation [40] provides the condition for balancing current account with the external debt
accumulation process in the steady-state. As indicated in the equation below, given that the
amount of debt is constant in the steady-state, the balance is restored by ensuring that foreign

savings in terms of domestic currency (ER S, ) is just enough to keep per-capita domestic

F,ss

debt (nB ), net of interest payment (7B ), constant.

(n - r) Bss = ERSSSF,SS [40]

With the steady-state terminal conditions and the consistent steady-state values for the
identified variables, we solve the model as a social planner’s problem for intra- and inter-
temporal solutions from a reference run over a horizon of 150 periods. Since the solution in the
reference run represents the steady-state equilibrium of the Canadian economy, advent of policy
shocks (such as the OBA as oppose to the GFA of emission permits with and without an R&D

subsidy) traces an alternative time path that deviates from the steady-state equilibrium of the
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reference run. In the results section, we trace out these deviations for some variables of interest

in terms of percentage change relative to their base-values.

2.4 Data, Calibration and Numerical Solution Strategy:

The model is calibrated on a horizon of 150 periods (years) using data sourced from 2004 social
accounting matrix (SAM) developed by Statistics Canada. Detailed sectoral emissions data by
fuel type are built using sectoral emissions data supplied by Statistics Canada and emissions
forecasts contained in the Canadian Emissions Outlook produced by Natural Resources
Canada®™. PFollowing the general convention, the observed total labour supply, including

technological progress, is normalized to one.

The rate of population growth is held at 2% *. To disentangle the dynamics resulting
from the exogenous growth of the population from the dynamics induced by policy shocks, all
real variables are expressed in labour efficiency units. Throughout the model horizon, these
variables are held constant for the reference period in order to trace out the percentage change
in these variables relative to the base period of 2004, where the assumption of the steady state is

used. Tables 1a and 1b present the structure of the SAM for 2004 for the Canadian economy.

4 For further details consult the Analysis and Modelling Group (AMG) Report (1999).
4 This value is the implicit growth rate of GDP compatible with the forecasts of GHG emissions in 2010 that was developed in
the AMG Report (1999).
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Table 1a: Some characteristics of the social accounting matrix for Canada in the base

period (percent shares)

GDP at GDP at
factor market Household

Industries cost price consumption Exports Imports
Agriculture 2.1 0.9 1.2 2.0 1.8
Mining 1.0 0.5 0.0 1.9 0.8
Coal 0.1 0.0 0.0 0.2 0.3
Crude Oil and Natural
Gas 6.2 3.1 0.6 10.8 4.7
Pulp and paper 1.5 1.4 2.5 6.4 3.7
Cement 0.5 -0.1 0.2 0.6 1.0
Iron and Steel 1.1 0.6 0.0 5.1 4.1
Chemicals 2.2 0.3 1.8 7.9 11.0
Other manufact. products 10.4 12.5 17.9 45.3 56.6
Refineries 0.4 1.6 0.0 0.4 0.2
Gas Pipelines 0.7 0.5 0.4 0.7 0.1
Electricity 2.1 1.1 1.9 0.4 0.3
Transport Industry 3.8 2.8 2.8 4.8 2.1
Services 67.2 73.4 70.5 13.5 13.3
R&D Industry 0.8 1.5 0.0 0.0 0.0
Total 100.0 100.0 100.0 100.0 100.0

Soutce: Statistics Canada, data from vatious sources and authot’s calculations
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Table 1b: Some characteristics of the social accounting matrix for Canada in the base
period (percent shares)

Domestic
Exports  Domestic  Importsas  goods as %
as sales % of total of total
% of as % of domestic domestic
Industries output output demand demand
Agriculture 17.4 82.6 14.0 86.0
Mining 51.4 48.6 27.8 72.2
Coal 60.4 39.6 68.2 31.8
Crude Oll 47.3 52.7 25.9 74.1
Natural Gas 57.3 42.7 34.4 65.6
Pulp and paper 47.7 52.3 31.3 68.7
Cement 21.5 78.5 30.1 69.9
Iron and Steel 53.8 46.2 46.1 53.9
Chemicals 48.9 51.1 54.5 45.5
Other manufact. products 58.3 41.7 61.0 39.0
Gasoline 15.0 85.0 8.8 91.2
Diesel 21.8 78.2 13.2 806.8
Liquid petroleum products 52.7 47.3 37.8 62.2
Other refined petroleum
products 23.7 76.3 14.5 85.5
Gas Pipelines 29.6 70.4 4.8 95.2
Electricity 0.1 93.9 3.6 96.4
Transport Industry 26.1 73.9 12.2 87.8
Services 4.9 95.1 4.3 95.7
R&D Industry 0.0 100.0 0.0 100.0

Source: Statistics Canada, from other sources and authot’s calculations

Using data from SAM and the emissions table, we calculate emission factors for
different fossil fuels and the emission intensities by industry. Table 2 presents the values used
for various behavioural parameters. These values, which are borrowed from previous studies on
Canada, such as Ab lorwerth et al. (2000) and Wigle (2001), are not very different from the
values used in many other general equilibrium models of Canada or the United States. Table 3

presents the sectoral distribution of emissions in 2010.
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Table 2: Values for behavioural parameters

Parameters Values

Substitution elasticity
between knowledge capital and aggregate input 1.5
between value added-energy and intermediate

inputs 0.2-0.7
between labour & capital-energy 1.0
between capital & energy 0.25-0.8
between electricity & fossil energy 0.5-0.7
among stationary fossil fuels 0.4-0.7
between other intermediate inputs & mobile

fossil fuels 0.2-0.8
among mobile fossil fuels 1.0
between imports and domestic goods 0.75-2.5
between exports and domestic goods 2.0
among same industry products* 2.0

Other parameters
Physical capital adjustment cost parameter 3.0
Knowledge capital adjustment cost parameter 2.0
Depreciation rate for physical capital 0.06
Depreciation rate for knowledge capital 0.10
Population growth rate** (%) 2.0
World interest rate (%) 6.0

Soutces: Various studies

* For multi-products industries

** With Harrod-neutral technological progress
The calibration of the model involves using the SAM, exogenous parameters, first-order
conditions, and the steady state conditions to recover other parameters in the behavioural
functions and the values of non-observed variables to reproduce the reference situation. To
this end, we use the calibration procedures frequently employed in static and dynamic

general equilibrium models as explained in Dissou (2002), Keuschnigg and Kohler (1994),
and Mansur and Whalley (1984).
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Table 3: Sectoral emission shares (%) in the base period

Shares in
total Shares in total

emissions industrial Industry
Industries (%) emissions (%o) group
Agriculture 2.5 3.0 Non-LFE
Mining 1.0 1.3 LFE
Coal 0.2 0.2 LFE
Crude Oil and Natural Gas 13.2 16.2 LFE
Pulp and paper 1.7 2.1 LFE
Cement 2.9 3.5 LFE
Iron and Steel 4.1 5.0 LFE
Chemicals 3.1 3.8 LFE
Other manufact. products 2.3 2.8 LFE
Refineries 4.7 5.8 LFE
Gas Pipelines 1.6 1.9 LFE
Electricity 20.2 24.8 LFE
Transport Industry** 8.5 10.4 Non-LFE
Services 15.4 18.9 Non-LFE
R&D Industry 0.0 0.0 Non-LFE
Household 18.7 - Non-LFE
Total 100.0 100.0

Source: Statistics Canada, Natural Resources Canada, Domestic Emissions Trading Working Group and authot’s
calculations

*Industrial emissions do not include those related to transportation activities, i.e., from mobile sources, like gasoline,
diesel.

** Emissions in the transport industry are not identical to emissions related to transportation activities that are carried
out in several other industries. Transport industry has transportation as its main activity.

The model is solved numerically by treating it as a “two-point boundary problem” in
which the initial conditions are set for the state variables, and the terminal conditions are
imposed on the jumping variables to avoid the Bang-Bang problem. We use the “Extended
Path” method suggested by Gagnon (1990) to solve the non-linear system that contains

difference equations.
2.5 Simulation:
2.5.1 Description of the Simulations

Four policy experiments are considered: the impacts of using a pure output-based allocation

(OBA) of emission permits are compared with those of three other systems: (i) the
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grandfathered allocation of emission permits (GFA), (i) the auctioning of permits with the
proceeds being used to reduce labour (i.e. payroll) tax (RPT), and (iif) a combination of OBA
and R&D investment subsidy (O-R&D). In GFA, permits are freely distributed to firms
according to their historical emissions. No public revenue is raised in this tradeable permit
system. As the allocation method has no behavioural impact on firms, it is equivalent to a
wealth transfer to firm owners, who are assumed to be the households. In the O-R&D
simulation, a portion of the permit proceeds® corresponding to the auctioning of Canada’s total
emission rights are used to pay for the subsidy provided to the R&D investors. The remainder
of the permit proceeds is distributed among the firms in the form of emission permits using
OBA policy. In the trading system with OBA, emission credits corresponding to the firm’s
share in Canada’s total emission rents are redistributed to them according to their output and
their assigned emissions intensity"’. All domestic economic agents are required to hold permits

for emissions sourced from them.

In all simulations, a constant permit price policy is considered for the entire model
horizon. Simulations are run keeping the permit price constant at $40 per ton of CO, while

letting the level of emissions to be determined endogenously.

For a good understanding of the differences among the simulations, the following
discussions are focused on the basic mechanisms at play in the simulation with GFA (the most
commonly cited allocation scheme in the literature), and on how results change for the other

three policy simulations.

2.5.2 Results

Unless otherwise mentioned, all the results presented in this paper are expressed as a percentage

deviation from the reference situation.

46 For the O-R&D policy simulation, we hold total R&D subsidy to be equal to 5% of the total permit proceeds. The choice of
5% subsidy was motivated by the desire to keep the overall R&D subsidy amount to be meaningful relative to the size of the
capitalized R&D investment sector of the economy.

47 Since households also emit GHG related to their direct consumption of energy products, firms do not receive the total
amount of Canada’s emissions revenues. They only receive a portion corresponding to their share in total BAU emissions as
indicated in Table 3.
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2.5.2.1 Reducing GHG Emissions with Grandfathered Allocation of Emission Permits
(GFA)

The results of this simulation are contained in Tables 4-9. The permit price affects the prices of

polluting goods and, thus, all relative prices in the economy. It has both direct and indirect

effects, characterized by changes in production costs, composition of aggregate demand, and

household welfare.

2.5.2.1.1 Aggregate Impacts

Referring to Table 4, household welfare decreases as a result of the carbon abatement policy
with GFA even though shareholders receive emission rents. This result is in line with Dissou
(2006), and Fullerton and Metcalf (2001). The estimated measure of welfare loss over their
entire lifetime is —0.46% *. Following the implementation of GFA policy, in the 20" period real
GDP declines by 1.95%. Total level of employment falls by 0.66%, and the real exchange rate
depreciates by 0.5%. Household consumption in real terms falls by 1.42% leading to the loss in
overall welfare. The biggest fall is registered in real investment in physical capital by 4.27%.
R&D investment, on the other hand, falls marginally by 0.08%. Real imports observe a decline

by 2.67%, while real exports fall by 3.24%.

4 Note that the index of welfare change does not take into account the environmental improvement due to the reduction in
GHG emissions. Moreover, it is not directly comparable with the one reported in static models. The measure is an indication of
the percentage change in the household consumption stream in the BAU situation that would yield the same lifetime utility level
as the one with the policy change. See Dissou (2002) and Goulder and Eichengtreen (1992) for details on the computation of
this welfare measure.
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Table 4: Impacts on selected aggregate variables in the 20" period from
various simulations
(percentage deviation from BAU unless otherwise mentioned)

GFA OBA RPT O-R&D

Welfare change -0.46 -0.29 -0.40 -0.28
GDP at market prices -1.95 -0.66 -1.15 -0.51

Employment -0.66 -0.10 0.14 -0.09
Household aggregate real

consumption -1.42 -0.59 -0.55 -0.55
Real investment (physical

capital) -4.27 -1.33 -3.34 -1.38
Real investment (R&D) -0.08 0.21 0.88 8.91

Total real imports -2.67 -1.17 -1.84 -1.24
Total real exports -3.24 -1.28 -2.18 -1.31

Real exchange rate* 0.52 0.12 0.57 0.10

Aggregate emissions -35.83  -31.84  -35.27 -31.91
Permit price 40 40 40 40

Source: Simulation results

*A positive number means depreciation

GFA: Grandfathered allocation of permits

OBA: Output-based allocation of permits

RPT: Payroll tax reduction with permit proceeds

O-R&D: OBA with subsidy in R&D investments

Pronounced negative impact on household consumption and on physical investment

compared to other GDP components is not surprising. Since households and firms have
forward-looking behaviour, consumption and investment do not depend solely on
contemporary variables; they are also affected by the state of the economy in future periods.
The requirement to hold costly emission permits puts an upward pressure on the cost of
production. Under the circumstances, absent any incentive on production, firms respond by
reducing the overall level of production resulting in a low demand for labour, and investment in
physical capital.  Since knowledge capital facilitates the development of carbon-saving
technological innovations”, and thus serves as an imperfect substitute to the traditional
production process, investment in R&D, however, does not fall drastically. Low production

also translates into low level of exports and low household aggregate consumption leading to a

decrease in the overall welfare.

4 In this context, innovative carbon-saving technological process refers to new production processes that are able to produce
same level of output with less amount of CO3 emissions.
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It is interesting to note that quantitatively these aggregate results differ substantially from
those found in other studies on carbon abatement policies in Canada like Dissou (20006), and
Dissou and Robichaud (2003). This occurs primarily due to our modeling framework that,
unlike these other models, allows for the endogenous technological change to occur through
investments in R&D (i.e. investments that build the knowledge capital). Even without OBA
and/or R&D investment incentives (e.g. R&D subsidy), accumulation of knowledge capital
paves the way to innovative new carbon-saving technologies. This, in turn, assists firms to
lower their cost of production and ultimately improves the overall welfare. Consequently, we

find improved welfare implications for all the policy scenarios™.

These aggregate results, which summarize the impact of the policy change on Canadian
economy as a whole, however do not provide information on the variety of sectoral
adjustments. The sectoral impacts that shed light on the equity aspects are discussed below,
where intuitive explanations are provided and the main transmission mechanisms are

highlighted.

2.5.2.1.2 Sectoral Impacts
Since not all industries are affected in similar ways, a distinction between different categories of
industries is made. Further, we distinguish energy- or carbon-intensive industries as well as

differentiate fossil energy-producers from the others’'.

Tables 5 and 6 present the sectoral impacts of the abatement policies on sectoral output,

employment and investment.

0 For example, the GDP cost of the carbon abatement policy under GFA in Dissou (20006) is 2.9% in 2010 as oppose to 0.46%
in our model.
51 The last column in Table 9 presents the GDP share of each category in the baseline situation.
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Table 5a: Sectoral impacts on value-added and employment in the 20" period from various simulations

(percentage deviation from the BAU)

Industries Value added Employment

GFA  OBA RPT O-R&D | GFA OBA RPT O-R&D
Agriculture 0.43 0.14 1.51 -0.01 1.62 0.51 2.76 0.34
Mining -6.22 1.01 -5.19 0.70 446 192 -3.36 1.57
Coal -40.43  -32.28 -39.84 -32.47 | -40.38  -32.68 -39.74  -32.89
Crude Oil and Natural
Gas -16.13  -9.10  -15.35 -9.27 -13.93  -7.30  -13.09 -7.51
Pulp and paper -481  -1.05 -3.87 -1.18 -1.98 034 -0.97 0.19
Cement -5.78 0.32 -4.91 0.16 -1.15 0 440 -0.22 4.22
Iron and Steel -7.94 0.25 -6.89 -0.03 -423 288  -3.08 2.57
Chemicals -5.81  -1.53 -4.84 -1.69 -288  0.05 -1.83 -0.14
Other manufact. products ~ 1.51 -0.03 2.66 -0.19 2.63 032  3.84 0.15
Refineries -17.09  -12.44  -16.35 -12.50 -8.40  -528  -7.55 -5.38
Gas Pipelines -15.12 1151 -14.37 -11.59 [ -1232 939 -11.51 -9.50
Electricity -9.21 0.14 -8.40 0.01 -0.79  8.67  0.12 8.51
Transport Industry -2.53 0.03 -1.04 -0.01 -1.21 079 -0.28 0.73
Services -0.96  -030  -0.25 -0.38 -0.34  -0.11  0.39 -0.20
R&D 0.33 0.27 1.31 8.96 0.42 0.27 1.39 8.96

Source: Simulation results

Figures in Table 5a suggest, in the 20" period following the implementation of GFA
policy, the impact on sectoral GDP at factor cost varies between -40% for the Coal industry,
and +1.5% for the “Other Manufacturing” industry. These results are qualitatively similar to the
results found in Dissou (2006). In general, the energy-producing large carbon emitting
industries are affected the most, followed by the non-energy producing emitting industries.
Within the latter group of industries, pulp and paper is the least affected one. Interestingly,
sectoral GDP in the “Other Manufacturing” industry increases as a consequence of the change
in the demand composition. This is because users shift away from polluting and energy-

intensive commodities to less polluting goods.
Table 7 provides a snapshot of the emissions reduction efforts across the industries. It

is important to note that, under a constant permit price (held at $40 per ton of CO,) policy,

emissions at the individual industry level vary depending on the mode of emission permit
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allocation policy in the form of equivalent amount of recycled emission rents. As GFA does not
have any behavioural implication for the producers, with increasing production cost, not
surprisingly producers respond by cutting down the production levels. Consequently emissions
also fall. Evidently, among all the carbon emitting industries (CEL)*, energy producing

industries (i.e. the energy producing CEI industries™) generally suffer the most even though the

highest reduction is registered for Cement industry with an emissions reduction of 61%.

Table 5b: Sectoral impacts on investments in the 20" period from various simulations

(percentage deviation from the BAU)

Industries Physical Capital Investment R&D Investment
GFA  OBA RPT O-R&D | GFA OBA RPT  O-R&D

Agriculture -0.01 0.25 1.22 0.19 2.17 1.16 3.37 9.89
Mining -7.23 1.69 -5.92 1.43 -4.63 272 -3.37 11.37
Coal -45.94  -36.67 -45.20 -36.83 | -42.35 -33.94 -41.63  -28.35
Crude Oil and Natural Gas  -17.45  -8.99  -16.50 -9.13 -1416  -6.82  -13.23 1.15
Pulp and paper -429  -020  -3.17 -0.24 -1.68  0.57 -0.58 9.24
Cement -5.07 1.80 -4.14 1.69 0.25 5.39 1.22 14.45
Iron and Steel -7.02 2.32 -5.67 2.12 374 324 244 11.99
Chemicals -5.16 -0.43  -3.96 -0.48 =277 0 0.20 -1.01 8.82
Other manufact. products 0.95 0.04 2.27 0.00 2.79 0.37 4.08 9.02
Refineries -11.82 -7.22 -10.96 -7.25 -9.01 696  -8.15 1.13
Gas Pipelines -14.62  -10.37  -13.75 -1041 | -11.45  -8.04 -10.59 -0.07
Electricity -5.81 4.55 -4.89 4.46 4.00 1433  5.00 24.18
Transport Industry -2.95 0.32 -1.99 0.33 0.38 2.29 1.35 11.22
Services -1.81  -038  -1.09 -0.41 -0.63  0.01 0.09 8.69

Source: Simulation results

The decline in output observed in some industries is the consequence of firms’

abatement efforts. Ceteris paribus, the requirement to hold costly permits increases the cost of
using fossil fuel inputs and thus the output prices. For example, the user price of fossil energy
products increases as shown in Table 6¢, where coal experiences the largest increase (639.6%)
followed by refined petroleum products (67.2%). Changes in relative prices induce some
substitution effects among inputs to minimize production cost. In the case of fossil fuel inputs,

firms substitute to the least polluting input for the others. Moreover, the decrease in the use of

52 The CEI entails large final emitters (LFE) that include all industries except Agriculture, Transport and Services.
53 The energy producing CEI is a subset of industries that includes the following industry sectors: Coal, Crude Oil and Natural
Gas, Refineries, Gas Pipelines and Electricity.
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fossil fuels in production process lowers the marginal product of labour and puts a downward

pressure on real wage. As a consequence, labour supply falls.

Table 6a: Sectoral impacts on supply in various markets in the 20" period from various simulations

(percentage deviation from the BAU)

Products Total supply Exports

GFA  OBA RPT O-R&D | GFA  OBA RPT O-R&D
Agriculture -040  -0.29  0.67 -0.41 -0.88  -0.70  0.26 -0.87
Mining -6.44 092 541 0.04 -6.86 076 -5.82 0.44
Coal -41.34  -33.16 -40.74  -33.33 -41.20  -32.13 -40.59  -32.32
Crude Oil -15.87  -8.65 -15.09 -8.79 -17.26 -8.49  -16.47 -8.68
Natural Gas -16.36 -9.28  -15.58 -9.43 -17.26 - -8.49  -16.47 -8.68
Pulp and paper -448  -0.64  -3.54 -0.65 -5.63  -0.78  -4.65 -0.79
Cement -5.13 1.49  -4.26 1.38 -9.26 346  -8.35 3.27
Iron and Steel =742 117 -6.36 0.95 -10.04 156  -8.97 1.32
Chemicals -5.39  -1.02 440 -0.95 -6.56  -1.22  -555 -1.09
Other manufact. products 1.21 0.03 2.36 0.05 2.09 0.16 3.31 0.21
Gasoline -13.18  -9.12 -12.43 -9.10 -1898 -10.15 -18.22  -10.22
Diesel -13.79  -856  -13.02 -8.60 -1898 -10.15 -18.22  -10.22
Liquid petroleum products ~ -18.62 -11.63 -17.87  -11.69 -1898 -10.15 -18.22  -10.22
Other refined petroleum
products -18.04  -12.64 -17.30  -12.70 -1898 -10.15 -18.22  -10.22
Pipelines -1496  -11.31  -14.21 -11.38 -17.08  -11.32  -16.30  -11.45
Electricity -840  1.11 -7.58 1.06 -20.44 243 -19.67 2.32
Transport 344 049 -256 -0.52 -559  -1.00  -4.65 -1.10
Services -1.22 =036 -0.51 -0.34 1.00 -0.09  1.84 -0.12
R&D -0.08  0.21 0.88 8.91 - - - -

Source: Simulation results
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Table 6b: Sectoral impacts on total demand, imports, and domestic demand in the 20" period from various
simulations (percentage deviation from the BAU)

Products Total demand Imports

GFA OBA  RPT O-R&D | GFA OBA RPT O-R&D

Agriculture 025 016  0.80 0.27 007 011  1.08 0.04
Mining 575 119 474 0.97 511 143 413 1.27
Coal 4167 3555 4110  -35.66 | -41.72 3591 4115  -36.01
Crude Oil 1424 883 1348 892 |-1311 -896 -1235  -9.00
Natural Gas 1441 1099 -13.68  -11.05 |-12.99 -12.18 -1228  -12.19
Pulp and paper 259 041 172 042 | 072 -0.19  0.09 0.20
Cement 231 021 149 0.14 154 149 233 1.51
Iron and Steel 213 039 107 0.22 059 000  1.65 0.14
Chemicals 299 0.3 -2.07 0.68 | -1.92 045 -1.03 0.55
Other manufact. products 136 038 043 044 | 221 052 -1.36 0.61
Gasoline 1153 882 -10.79  -8.79 480 770 -4.07 757
Diesel 1144 784 1066  -7.87 523 603 444 602

Liquid petroleum products -17.94 1443 -17.21 -1448 | -17.46 -16.30 -16.75 -16.34
Other refined petroleum

products -17.56  -13.88 -16.84 -13.93 -16.49  -16.56 -15.79 -16.61
Pipelines -13.93  -11.31 -13.19 -11.35 -10.97 -11.29 -10.27 -11.26
Electricity -7.15 0.97 -6.32 0.93 719 -0.37 8.05 -0.35
Transport -2.55 -0.27 -1.69 -0.27 -1.57  -0.04  -0.75 -0.01
Services -1.38 -0.38 -0.68 -0.36 -220  -048  -1.55 -0.44
R&D -0.08 0.21 0.88 8.91 - - - -

Source: Simulation results
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Table 6c: Sectoral impacts on consumption, and consumer prices in the 20" period from various
simulations (percentage deviation from the BAU)

Products Consumption Consumer Prices

GFA  OBA RPT O-R&D | GFA OBA RPT O-R&D
Agriculture -239  -0.65  -1.54 -0.63 0.25 0.21 0.21 0.24
Mining -251  -051  -1.70 -0.50 034  0.12 0.32 0.15
Coal -90.38  -90.51  -90.30 -90.50 [ 639.61 639.08 639.60  639.10
Natural Gas -15.23  -15.06 -14.50 -15.05 2533 23.83  25.30 23.86
Pulp and paper -3.17  -047  -2.33 -0.41 0.79 0.09 0.75 0.09
Cement -486 096  -4.03 0.97 198 085 194 -0.83
Iron and Steel -438  0.00  -3.58 0.04 1.64 -023  1.62 -0.21
Chemicals -2.83  -046  -2.01 -0.37 0.55 0.09 0.53 0.06
Other manufact. products -1.42 -024  -0.57 -0.16 -0.41  -0.06  -0.44 -0.08
Gasoline -13.07  -10.26  -12.31 -10.24 17.86 1474 17.83 14.79
Diesel -3.99  -1.22 -3.16 -1.18 0.72 4.25 6.70 4.27
Liquid petroleum products  -14.87 -14.80 -14.15 -14.76 1236 1098 1235 10.98
Other refined petroleum
products 4278 -42.69  -42.30 -42.66 67.19 6497  67.17 64.98
Pipelines -15.23  -15.06 -14.50 -15.05 1.71 0.01 1.67 0.05
Electricity -511 345 427 3.48 744  -0.66  7.40 -0.64
Transport -3.96  -0.79  -3.10 -0.80 134 0.31 1.29 0.35
Services -0.36  -0.13  0.54 -0.10 -1.12 -0.14  -1.17 -0.11

Source: Simulation results
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Table 7: Sectoral impacts on emission in the 20" period from
various simulations (percentage deviation from the BAU)

Industries GFA OBA  RPT O-R&D
Agriculture -11.17 999  -10.21 -10.11
Mining -28.62  -21.69 -27.83 -21.93
Coal -56.65 -49.61 -56.21 -49.75
Crude Oil and Natural

Gas -51.39  -46.56 -50.94 -46.65
Pulp and paper -23.57 -19.87 -22.82 -19.96
Cement -61.31 -58.24 -60.96 -58.30
Iron and Steel -50.87 -45.81 -50.30 -45.96
Chemicals -12.64 743 -11.73 -7.57
Other manufact. products ~ -9.53 -9.64 -8.51 -9.77
Refineries -28.39 2392 -27.77 -23.96
Gas Pipelines 4113 -37.76  -40.61 -37.81
Electricity -53.91 -48.60 -53.51 -48.65
Transport Industry 2975 2645 -29.12 -26.46
Services -9.26 -6.93 -8.62 -6.98

Source: Simulation results

Table 8: Impacts on consumer prices of selected fossil energy
products in the 20" period from various simulations

(percentage deviation from the BAU)

Energy products GFA OBA RPT O-R&D
Coal 639.6 639.1 639.6  639.1
Natural gas 253 238 253 23.9
Gasoline 179 147 17.8 14.8
Diesel 6.7 4.2 6.7 4.3
Liquid petroleum products 124 11.0 124 11.0
Other refined petrol.

products 67.2 65.0 67.2 65.0

Source: Simulation results

Table 9: Sectoral GDP share at market price in the 20" period from various

simulations
Initial
GDP
Industry categories GFA OBA RPT O-R&D shares
All Carbon Emitting Industries
(CE)) 233 237 234 23.7 23.2
CEI Energy Producers 5.6 6.1 5.6 6.1 6.2
CEI Non-Energy Producers 177 17.6 17.7 17.6 15.2
Non-CEI industties 767 763 76.6 76.3 78.6

Source: Simulation results
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With regard to the change in sectoral distribution of output according to industry
categories, implementation of GFA policy leads to a slight increase in the GDP share of all CEI
industries by 0.1%, while non-CEI industries™ bear the burden and registers a decline of 1.9%
(Table 9). However, real beneficiaries turn out to be the non-energy producing CEI industries™
that, relative to the base period, experience an increase of 2.5% in their GDP share at the
expense of energy producing CEI industries. Together these lead to an overall decline in GDP

at market price of the amount 1.95% (Table 4).

The same pattern of sectoral distribution of the burden of carbon abatement with GFA,
in which energy producers bear a significant share, is also observed when variables other than
sectoral GDP are considered. For example, as shown in Tables 5a, 5b, 6a, 6b, and 6c¢
employment, investments in both physical capital and in R&D, exports and domestic sales

decrease more for energy-producing carbon emitting firms than for the other sectors.

2.5.2.2 Reducing GHG Emissions with Output-Based Allocation of Emission Permits
In comparison to the GFA simulation, under the output-based allocation of emission permits

(OBA), all industries are provided a share of the emission rents according to their output and

their (ex-ante) assigned emissions intensity (fB,,). The latter parameter is multiplied by an

endogenously determined common scale-back factor (¢, ) in order to equate the amount of

emission rents with industries’ share in Canada’s assigned emission rights. It is important to
note that in this OBA simulation, households receive a lump-sum transfer (scarcity rents from
the value of the permits given to them). These represent the value of their shares in Canada’s
assigned emission rights since not all emissions are generated by the production sectors alone.
Households do emit due to their direct consumption of energy products (i.e. mobile energy

products). Hence, Canada’s total rights are not attributed to firms alone.

As in the simulation with GFA, the endogenous permit price in OBA is also held at $40
per kilo ton of CO,. With OBA, real GDP at market prices declines by 0.66%. The measure of

>4 For the list of CEI and Non-CEI industries, see footnote 52 on page 115.
55 The non-energy producing CEI is a subset of CEI industries that includes the following sectors: Mining, Pulp and Paper,
Cement, Iron and Steel, Chemicals and Other manufact. products.
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household welfare change is recorded at —0.29% (in comparison to —0.46% in the previous

simulation) registering a welfare improvement of 36%.

The differences in the aggregate impacts of the two simulation scenarios are mainly
explained by the differences in the sectoral impacts fetched through the disparity in the permit
allocation schemes. Relative to GFA, OBA policy has a behavioural impact on firms through
the implicit output subsidy that is provided to the output producers. While imposing the
requirement to hold costly permits put an upward pressure on firms’ cost of production thereby
putting a downward pressure on the level of outputs, the implicit output subsidy renders
incentives to firms not to reduce their output. The larger the intensity of emission for an
industry under the BAU scenario, the greater the benefit that accrues to that sector under the

OBA policy.

Akin to the previous simulation, the increase in production cost from the permit trading
system induces an upward shift of the supply curve. This upward shift is partially offset by a
downward movement of the supply curve that is generated by the subsidy. Under the OBA,
however, a higher permit price also implies a higher subsidy. With preexisting distortions in
resource allocation in the supply side (e.g. production and consumption taxes) of the economy,
the implicit subsidy provided by OBA could be seen as a revenue-recycling scheme to reduce

these distortions.

The subsidy reduces the price of consumer goods, which mitigates the fall in real net
wage (as is the case with GFA) (Table 6¢). In addition, the implicit output subsidy benefits all
production factors, including labour, which experience a significant rise in total demand (it falls
from 0.66% under GFA to 0.10% with OBA, Table 4). This occurs due to the increased
investments in both R&D and physical capital. This leads to an improvement in the marginal
productivity of labour that consequently induces an increase in the total labour supply through
an increase in real wage. However, it is worth noting that this recycling method introduces
additional distortions since the subsidy rate depends on the assigned emissions intensities that

vary across different sectors of the economy.
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The welfare results in the two simulations support the hypothesis that non-revenue-
raising market-based instruments induce more welfare loss than the instruments that bring in
revenues. In the simulation with OBA, a portion™ of the permit proceeds is used to reduce pre-
existing distortions in resource allocation on the supply side of the economy. As shown in
Dissou (20006), Parry et al. (2002) and Goulder et al. (1999), non-revenue-raising tradeable permit
system (like GFA) could be a very costly way to achieve environmental objectives in the

presence of such pre-existing distortions.

The third column in Table 5a shows the impacts on sectoral GDP at factor prices
following the implementation of the OBA policy. Evidently OBA leads to an increase in GDP
of more industry sectors compared to that with GFA. The policy helps large emitters (i.e. the
energy producing CEI industries’’) mitigate against the rising cost of production. This is evident
in their sectoral GDP shares, which stands at 6.1% with OBA as oppose to 5.6% under GFA
(Table 9). It is, however, interesting to note that the non-emitting industries (i.e., Non-CEI
industries™) experience a further decrease in their GDP shares that fall from 76.7% under GFA
to 76.3% with OBA (Table 9). The interesting revelation, however, lies in further
decomposition of GDP at factor cost for the CEI — between energy-producing and non-energy-
producing industry groups. OBA policy leads to a substantial improvement in GDP of the
former group at a marginal expense to the latter (Table 5a). Hence, not only the adverse GDP
impacts are reduced under OBA, but also the sectoral distribution of burden between the
energy-producing and non-energy producing CEI are minimized. The same story is reflected in
Table 7 for emissions reduction efforts across the industries. Relative to GFA, with OBA,
energy-producing CEI are better off significantly. This, therefore, reduces the likelihood of
potential political resistance to the implementation of a permit trading system for emissions

control.

Opverall, in comparison to GFA, the OBA scheme helps dampen, at least for energy-
intensive industries as a whole, the negative impacts of the increase in production cost induced

by the requirement to hold costly emission permits.

56 Households receive part of the permit proceeds, in proportion to their direct emissions.
57 For the list of energy producing CEI industries, see footnote 53 on page 115.
58 For the list of Non-CEI industries, see footnote 52 on page 115.
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Table 10: Long-run impacts (30" period) on some aggregate variables from
various simulations (percentage deviation from BAU)
GFA  OBA  RPT  O-R&D

Welfare change -0.46 -0.29 -0.40 -1.30
GDP at market prices -2.02 -0.68  -1.22 -0.52
Employment -0.67 -0.11 0.10 -0.10
Household aggregate real consumption -1.42 -0.57  -0.56 -0.54
Real investment (physical capital) -3.94 -1.23 -3.10 -1.28
Real investment (R&D) -0.04 0.21 0.85 8.81
Total real imports -2.65 -1.14 -1.82 -1.19
Total real exports -3.58 -1.38  -2.47 -1.36
Real exchange rate* 0.47 0.11 0.53 0.09
Aggregate emissions -35.56  -31.45 -34.98 -31.51
Permit price** 40 40 40 40

Source: Simulation results
* A positive number means depreciation
** In Canadian dollars
2.5.2.3 Reducing GHG Emissions with Auctioning of Permits and Reduction in Payroll
Taxes
The main difference in this simulation with the two previous ones is the revenue recycling
method — permit proceeds are used to reduce payroll taxes. Adjustments in labour tax rate are

applied equally to all industries.

Following the implementation of this policy (i.e. the RPT policy), the measure of
household welfare change is registered at -0.40% (against -0.46% and -0.29% respectively with
OBA and GFA). This is an interesting result since it runs contrary to the received wisdom in
the literature that suggests that RPT yields higher welfare compared to GFA or OBA (Dissou,
20006).

We attribute this seeming anomaly to our modeling framework. In particular, in our
model this occurs due to the incorporation of endogenous technological change into the
modeling structure. While RPT provides incentive to the households to supply more labour
thus enabling the producers to substitute more labour for other inputs, it does not provide
incentive to invest in R&D activities. As OBA, on the other hand, provides implicit output

subsidy and hence the incentive to produce more, producers have the impetus to invest more in
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R&D leading to a greater substitutability on the supply side of the economy (Table 6b)”.
Consequently, OBA leads to a higher welfare ranking compared to RPT as an emission permit

allocation policy.

Table 4 also shows that real GDP at market prices declines by 1.15% with RPT (in
comparison to -1.95% and -0.66% respectively with GFA and OBA). Since reduction in payroll
tax essentially acts as a labour subsidy, not surprisingly household labour supply increases by
0.14% (in comparison to a decrease of 0.10% with OBA and 0.66% with GFA). The
differences between the aggregate impacts of this simulation and the others stem from this

positive impact on labour supply that is provided through the reduction in the payroll tax rate.

As evident in Table 7, with RPT industry sectors undergo more reductions in emissions
levels relative to OBA. The pattern of reduction efforts, however, mimics that of with other
two policies — that is, energy producing CEI, in general, have to reduce more emissions

compared to the non-energy producing industry groups.

Households benefit more from the rise in real wage with RPT in comparison to OBA, as
their real consumption decrease less (-0.55% vs. -0.59%). The main reason explaining this result
is that the user prices of carbon-intensive products increase less with RPT than with OBA
(Table 6¢). This occurs due to the wage subsidy that induces increased labour supply and
enables producers to substitute more labour for expensive energy inputs thereby putting a

downward pressure on the producer prices.

The negative impact on the carbon emitting industries (CEI) * with RPT is much higher
than that in the simulation with OBA. This is because recycling of permit revenue is not
primarily targeted to the industries that are the most affected by the abatement policy. Akin to
simulation with GFA and OBA, while GDP share of, CEI industries rise by 0.2%, for the Non-
CEI industries it falls by 2% (Table 9). Within the former group of industries, GDP share of

non-energy producing CEI industries increases by 2.5% at the expense of energy producing CEI

5 Sue Wing (2003) refers to this as the substitution effect.
¢ For the list of CEI and Non-CEI industries, see footnote 52 on page 115.
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industries”' that registers a fall of 0.6% (compared to a decrease of 0.1% under the OBA, Table
9). This result is not surprising since in the simulation with RPT, the reduction in labour tax rate
benefits all industries, and especially those that are more labour intensive. In contrast, OBA is

relatively more beneficial to energy producing CEI industries.

These results suggest that the distributional impact of RPT policy is clearly less in favour
of the energy producing industries than in the simulation with OBA. As compared to OBA,
generally received perception of RPT as welfare improving policy tool seems to hold only in the
absence of ETC into the modeling structure. Simulation results in Dissou (2000), therefore, can
be attributed to its modeling framework that does not allow for ETC. With ETC, results from
our model unequivocally indicate tp the superiority of OBA as a policy tool over RPT. This
result also suggests that when accounting for heterogeneity, OBA performs better as a policy

tool to address unevenness of the sectoral distributional outcome of GHG abatement policy.

2.5.2.4 Reducing GHG Emissions with OBA and R&D Subsidy

As expected, under this policy welfare goes up relative to the remaining three other policy
options. As compared to RPT’s welfare metric of -0.40, this policy (i.e. the O-R&D policy)
registers a welfare measure of -0.28 leading to an improvement of 29%. Relative to GFA,
however, O-R&D leads to an overall improvement of 38%. Welfare measurement stands close
between OBA and O-R&D and critically depends on the amount of subsidies provided to the
R&D sector.

O-R&D also leads to a better performance in overall GDP at market prices (which falls
by 0.28%, Table 4) that translates into an increase in the GDP share by 0.5% under this policy
relative to GFA and RPT policies that register a rise by 0.1% and 0.2% respectively (Table 9).
Akin to other scenarios while, quantitatively, the carbon emitting industries (CEI) benefit more
than the Non-CEI industries”, and even within the CEI industry group non-energy producers
benefit at the expense of energy producing CEI industries”, there is a qualitative difference

(Table 9). As evident in Table 5a, performance of the Non-CEI industries improves under O-

1 For the list of energy producing and non-energy producing CEI industries, see footnote 53 and 55 on page 115 and 120
respectively.

92 For the list of CEI and Non-CEI industries, see footnote 52 on page 115.

9 For the list of energy producing and non-energy producing CEI industties, see footnote 53 and 55 on page 115 and 120
respectively.
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R&D as compared to GFA and RPT scenarios. But, interestingly, this does not come at the
cost of increased burden sharing by the energy-producing CEI industries. Indeed, due to the
hybrid nature of O-R&D policy (i.e. the part-OBA scheme), we retain similar results under O-
R&D as in pure OBA. Thus, the policy mitigates against the burden cost due to the sectoral

unevenness.

Not surprisingly the biggest qualitative impact of O-R&D policy is manifested in the
energy-producing CEI industries. Due to the R&D subsidy, investments in R&D rise in all
sectors. However, this is particularly significant in the energy-producing sectors (Table 5b).
Indeed it is interesting to observe that relatively non-carbon intensive energy sector, like
Electricity, also undertakes significant investment in R&D activities (a rise in investment by 24%
under O-R&D as oppose to 14%, 5% and 4% with OBA, RPT and GFA respectively). Higher
R&D investments lead to increased productivity for both labour and physical capital.

Consequently, employment and investment in physical capital also rises.

As shown in Table 7, emissions reduction activities with O-R&D policy closely reflects
that of the OBA. The policy effectively reduces the uneven burden cost across the industries.
The added benefit, however, comes from the productivity gains for all production factors due to
the substantial increase in R&D investments that also leads to increased production in physical

capital.

Higher investments subsequently translate into accumulation of more knowledge and
physical capital that, in turn, raises substitution in the supply side of the economy thereby
enabling the economy to produce more. Furthermore, with the increase in real wage due to
increased labour demand, households are also able to consume more. This leads to improved

welfare performance as a whole.

2.5.3 Sensitivity Analysis

One of the general criticisms of CGE modeling is that it relies on the elasticity of substitution

(EOS) parameters that are exogenously provided. To address this concern and to test for the

robustness of the results, we perform sensitivity analysis.
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Qualitative implications derived from the model results, by and large, hold up. Table 11
provides information on the welfare measure under various policy scenarios where EOS for
substitutability between knowledge capital and the traditional production process is altered. As

indicated, O-R&D turns out to be the best policy option followed by OBA.

Table 11: Welfare indicators for various sensitivity scenarios (SS)

Base
Scenario SS1 SS 2
GFA -0.458 -0.458 -0.458
OBA -0.292 -0.292 -0.292
RPT -0.403 -0.403 -0.403
O-R&D with Subsidy at 5% -0.284 -0.283 -0.283
O-R&D with Subsidy at 10% -0.286 -0.282 -0.283
O-R&D with Subsidy at 20% -0.333 -0.311 -0.318

Source: Simulation results

Elasticity of substitution (EOS) for the base scenario is 1.5

EOS for Sensitivity Scenario 1 (SS1) is 1.2

EOS for $82is 1.3

Table 12 summarizes information that measures percentage improvements for various

policy options relative to their base scenario with the EOS value of 1.5. Results indicate that
welfare tends to go up for each of the policy scenarios with larger substitution between
knowledge capital and traditional production process. In other words, larger substitution

possibilities generally prove to be welfare improving when we allow for technological change to

occur endogenously.

Table 12: Welfare improvements (%) in various scenarios
relative to the Base Scenario (BS)

BStoSS1 BStoSS2

GFA 0.04 0.03
OBA 0.03 0.02
RPT 0.04 0.03
O-R&D with Subsidy at 5% 0.43 0.29
O-R&D with Subsidy at 10% 1.58 1.06
O-R&D with Subsidy at 20% 6.58 4.45

Source: Simulation results
Note: A positive value implies welfare improvement telative to the base case

Finally Table 13 shows information on welfare improvements that occur due to

increased amount of subsidy accorded to R&D investments. We track this by comparing
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percentage change in welfare indicator for varying degrees of subsidy with O-R&D policy

relative to the pure OBA policy™.

Table 13: Welfare improvements (%) due to R&D
Subsidy with various O-R&D scenarios over pure
OBA

SS'1 SS 2
O-R&D with Subsidy at 5% 3.10 2.97
O-R&D with Subsidy at 10% 3.60 3.11
O-R&D with Subsidy at 20% -6.55 -8.97

Source: Simulation results

Note: A positive value implies welfare improvement telative to the base case

Results derived from this sensitivity analysis provide interesting revelation — as the level
of subsidy increases, welfare tends to increase. However, beyond a critical level of R&D
subsidy, further increase in the level of support reduces welfare. Further more, the critical level
of optimal subsidy tends to decrease as EOS between knowledge capital and traditional

production process increases.

These results, however, are not surprising. Unlike models in the existing literature, since
accumulation process of knowledge stock undergoes a convex adjustment process in our model,
with larger amount R&D subsidies, as firms invest further in R&D, resources are increasingly
taken away from the OBA. This implies increasing unevenness due to less amount of implicit
output subsidy. As a consequence welfare tends to dampen. With increased substitutability
between the knowledge capital and the traditional production process, on the other hand,
increasing R&D subsidy tends to reinforce the process since firms have stronger incentive to
invest in R&D. As a result, the dampening effect on welfare sets out faster implying a reduction

in the critical level of R&D subsidy.
2.6 Concluding Observations:
Addressing the uneven sectoral distributional outcomes of GHG abatement policies with

market-based instruments may be a prerequisite for these policies to get the required political

support. So far climate policy models that attempt to provide insights on available policy

4 Intuitively, one may consider pure OBA policy to be a hybrid O-R&D policy with R&D subsidy level of 0%.
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options from this perspective have largely treated technological change as exogenous. However,
recent advancements in the endogenous technological change (ETC) modeling literature indicate
that ETC has the potential to greatly ameliorate the painful burden cost on hydrocarbon-
intensive sectors of the economy. Combining ETC into assessing distributional outcome, we
provide welfare ranking of four policy options — GFA, OBA, RPT, and O-R&D — where
technological change is treated endogenously into the production process. The novelty in our
approach lies in introducing two accumulable factors — physical and knowledge capital — where,
unlike existing models in the literature, our treatment to the adjustment in the latter factor is not

based on an ad-hoc approach.

Evidently permit trading systems with OBA are gaining popularity among policymakers
due to their ability to mitigate the abatement cost burden in most energy intensive industries. As
emissions allowances are linked to firms’ current output under OBA, it provides an implicit
output subsidy, thus correcting for distributional equity, that helps the firms lower their prices.
The existing literature suggests that the remedy for distributional issues generally comes at the
expense of efficiency. However, with ETC incorporated into the framework, OBA and
particularly O-R&D seem to perform better on both of these aspects. More specifically, O-
R&D provides the best welfare implication as it takes care of both the uneven distributional

burden cost and the market imperfection in the knowledge accumulation process.

In this study, we use an inter-temporal, multi-sector general equilibrium model with
ETC to examine the trade-off between efficiency and uneven sectoral distributional effects of
OBA in a second-best setting with pre-existing distortions. We compare the welfare and
distributional impacts of OBA with three other systems: (1) an emissions trading with GFA, (ii)
an emissions trading with auction permits where permit revenue is recycled to lower payroll
taxes (RPT), and (iif) auction permits with a hybrid of OBA and R&D subsidy. The simulation
results indicate that, with endogenous technology, each policy yields an improved welfare metric
vis-a-vis the results derived from the models with exogenous technological change (such as
Dissou, 2006). More interestingly, the results also indicate that welfare implication of the double
dividend hypothesis does not hold true when technological change is endogenized into the
modeling framework. Whereas without ETC, RPT policy yields the highest level of welfare,
with ETC welfare levels improve by 27.5% for OBA and by 30% for O-R&D as compared to
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the RPT policy. The GFA policy, however, yields the lowest welfare both in models with and
without the ETC.

These results are largely in accordance with the received wisdom as indicated in the
existing literature. The results support the hypothesis that nonrevenue-raising market-based
instruments (i.e. GFA) induce more welfare loss than instruments that raise revenues (Goulder
2001, Parry et. al., 1999). Welfare cost of the RPT, OBA and O-R&D policy is lower than the
GFA policy because the latter does not raise any revenue that could be recycled in order to
generate efficiency gains. The implicit output subsidy provided through the OBA and O-R&D
policy further facilitate to reduce the negative effects induced by the high cost of emission

permits when technological change is endogenized into the model.

Using the relative contribution of different categories of industries to the overall carbon
mitigation effort as the indicator for sectoral distributional effect, we find that OBA and O-
R&D improves the uneven distributional outcome for energy-intensive industries considered as
whole. Further, unlike Dissou (2000), we find that, in terms of welfare metric, relative to RPT,
OBA unequivocally improves the sectoral distributional outcome of GHG abatement policies
with emissions trading among varying energy-intensive industries. The welfare comparison
between O-R&D and OBA, however, relies on the optimal level of R&D subsidy that critically
depends on parameters of knowledge capital accumulation adjustment costs and the elasticity of
substitution. Regardless of the extent of R&D subsidy, however, the beneficiaries of OBA or
O-R&D policy are the energy-producing emitting industries. Contrary to the previous results,
we find that these industries are able to benefit more from the output incentives provided
through these allocation mechanisms when ETC is embedded into the modeling structure. The
ETC also, in general, leads to improvements in welfare (a more important measure) for all

emission permit trading policy schemes.
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Appendices to Chapter Two

Appendix A: First order conditions from the representative firm’s optimization problem

Following is the list of eight necessary FOCs derived from the representative firm’s optimization

problem:
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Appendix C: List of variables (subscript t in any variable denotes the time period t )

C, : per-capita aggregate consumption at time ¢
P, : index price of unit aggregate consumption at time ¢
w, : gross rate of return to labour (i.e. wage rate gross of (payroll) tax) in period ¢

wr: wage rate net of payroll tax in period #
A : financial wealth held by the representative household at time ¢

Y : aggregate disposable income of the representative household at time #
Y, ,: aggregate gross income of household at time ¢

Y, ,: household gross dividend income at time ¢

T, : government transfer to household at time ¢

T, : government transfer to rest of the world at time ¢

Sy, : foreign savings at time ¢

S, government savings at time ¢

P:: price of emission permit at time f
EM ,: total emission at time f

L ,: aggregate labour supplied at time ¢

N, : population at time #

By, household share of total emission at time ¢
v, rate of subsidy on R&D investment at time ¢

T, ,: payroll tax rate at time #

Pygr ;,+ index price of capital-energy factor used in industry j at time ¢
RRy ;,: marginal product of physical capital in sector j at time ¢

K, : quantity of physical capital demanded by sector j at time ¢

Py . : unit cost of physical capital investment at time #
J j,+ gross investment in physical capital in sector j at time ¢

RR,, ;,: marginal product of knowledge capital in sector j at time #
H ; ,: quantity of knowledge capital demanded by sector j at time ¢
P,

), .+ unit cost of knowledge capital investment at time #

F, ;. gross (of production tax) price of industry j’s output at time ¢

F; ,+ net (of production tax) price of industry j’s output at time
P, : gross (of tax) price of intermediate input i at time ¢
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P . : net (of tax) price of intermediate input i at time 7
St

@, : emission scale-back parameter (determined endogenously in the model)
J .+ gross investment in knowledge capital in sector j at time 7

Q;, : quantity of composite output produced by firm j at time 7
q; ;. intermediate input i demanded by industry j at time ¢

I ;,:investment demand for physical capital in sector j at time ¢
I

u.j. ¢ investment demand for R&D (i.e. knowledge capital) in sector j at time 7

HET,: composite of (non-mobile) energy goods consumed by the household at time ¢
P

wer. - index price of composite (non-mobile) energy goods at time ¢
HOG, : composite of materials-mobile energy commodities (i.e. other household goods) at time ¢

P, o6, + index price of composite materials-mobile energy commodities at time ¢

HEF, : composite of combustible energy goods consumed by the household at time ¢
P,

wer, - index price of combustible energy goods at time ¢

ELEC, : composite of non-combustible commodities at time #

P

wLec, - index price of non-combustible energy commodities at time ¢

HRP : composite of refined petroleum goods consumed by the household at time ¢
P

urp, - index price of refined petroleum goods at time ¢

HTGAS, : composite of natural gas consumed by the household at time #
P,

wrcas. - index price of natural gas at time ¢

HCOAL, : quantity of coal consumed by the household at time ¢
P

coaL, - price of coal at time ¢

HMF;: composite of mobile energy goods consumed by the household at time ¢
P

aur. - iIndex price of mobile energy goods at time ¢

HMAT, : composite of material goods consumed by the household at time ¢

P yar .+ index price of material goods at time ¢

X, quantity of output produced by firm j at time ¢

P, ,:index price of output produced in industry ; at time 7

Ay ;, + shadow price of knowledge capital in industry ; at time ¢
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INT, ,: composite of intermediate inputs demanded by industry j at time ¢
Py ;. index price of intermediate goods demanded by industry j at time 7

VAE ,: composite of value-added—enetgy inputs demanded by industry j at time 7

F4¢ ;, + index price of value-added—energy composite inputs demanded by industry ; at time #

A ;. + shadow price of physical capital in industry j at time ¢

KET; ,: composite of physical capital and energy inputs demanded by industry j at time ¢
P

KET,jt+
industry j at time ¢

index price for the composite of physical capital and energy inputs demanded by

L, quantity of labour input demanded by industry j at time ¢

L, ,: aggregate labour input demand at time #

ET;,: composite of energy inputs demanded by industry j at time ¢

Py ;v index price of energy inputs demanded by industry j at time ¢

EF; : composite of combustible energy inputs demanded by industry j at time ¢
P,

.. - index price of combustible energy inputs demanded by industry j at time ¢

ELEC,: non-combustible energy input demanded by industry ; at time ¢

Pyyc ;. price of non-combustible enetgy input demanded by industry j at time 7

RP, ,: composite of refined petroleum inputs demanded by industry j at time #
Pyp ;,+ index price of refined petroleum inputs demanded by industry j at time ¢
TGAS ,: composite of natural gas input demanded by industry j at time 7

Pras. ;. index price of natural gas input demanded by industry j at time ¢
COAL; , : quantity of coal demanded by industry j at time ¢

Feour.;,  price of coal that is demanded by industry j at time ¢

MF; ,: composite of mobile energy inputs demanded by industry j at time ¢
Py ;. + index price of mobile energy inputs demanded by industry j at time ¢

MAT; ,: composite of material inputs demanded by industry j at time ¢
P,

war;, - index price of material inputs that is demanded by industry j at time ¢

Y, ,: government income at time f

I .+ investment demand for physical capital of good i at time #
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I, ;. investment demand for knowledge capital of good i at time ¢

P, ;,+ unit cost of knowledge capital investment of good i at time ¢

Cy.;, : government consumption of good i in period ¢
F,.;,: gross price of good i at time £
C,,: quantity of composite of good i at time ¢

B, : foreign borrowing at time 7 in foreign currency unit

X ft : quantity supplied to domestic market from industry j at time #

P’ j.«+ price of good supplied to domestic market from industry j at time ¢
X jEf : quantity supplied to export matkets from industry j at time ¢

P)f,)j,ﬁ export price of good supplied from industry j at time ¢

C;: quantity consumed of good i sourced from domestic market at time ¢
PC[’)I.,,: index price of good i sourced from domestic market at time #

Cilflw : quantity of import of good i at time ¢

P : price of impott of good i at time ¢

Z, : economy-wide value of the firms at time ¢

* Variables with time subscript ss represent their steady-state values

E, : total emissions at time #
E,, ,: household emissions at time ¢

E, ;,:industrial (process) emissions produced from good j at time ¢
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Appendix D: List of parameters (subscript t in any variable denotes the time period t )

ER, : exchange rate (price of foreign currency in terms of domestic currency); model numéraire
O : share parameter in the utility function

B, exogenous emission intensity parameter used to allocate permit

e, (z Zei jtj: emission factor for input i used in sector j at time f
i

n: population growth rate
r:interest rate
p : rate of time preference

Oy, : physical capital depreciate rate

0, ;: knowledge capital depreciation rate

T, : income tax rate on non-dividend income
T, : income tax rate on dividend income

T, indirect tax rate on consumption good i
T, ;+ producer sales tax rate on good produced in sector j
T, .

,j ¢ tax rate on commodity i used as intermediate goods in sector j

&, ;. emission factor of good i used in household consumption at time ¢

fQ’U (= fQ’m.J): emission factor of good i used as intermediate (in industry j) input in

production at time ¢

6. : share parameter for consumption aggregator function
A_: shift parameter for consumption aggregator function

O, : elasticity of substitution between energy and non-energy consumption goods

Ay shift parameter for household energy aggregator function
0, : share parameter for household energy aggregator function

O, clasticity of substitution between combustible and non-combustible energy goods

A, + shift parameter for household combustible energy aggregator function

N

) er - share parameter for household combustible energy aggregator function

O, clasticity of substitution among combustible energy commodities

urp* Shift parameter for household refined petroleum aggregator function
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(7

urp.i - share parameter for household refined petroleum aggregator function

Y, ; : Leontief co-efficient for natural gas used in the household

Ay o ¢ shift parameter for household non-energy commodities aggregator function
6,06 : share parameter for household non-energy commodities aggregator function

O,0c: clasticity of substitution between mobile energy and material goods

A

- shift parameter for household mobile energy aggregator function
0

ur; - share parameter for household mobile energy aggregator function

Apar o shift parameter for household material goods aggregator function
0

var.: - share parameter for household material goods aggregator function

O yar: €lasticity of substitution among material goods

7, shift parameter for composite production function in sector j

@, : share parameter for composite production function in sector j

H j:: average knowledge stock in sector j at time 7
I, - industry wide expenditure on R&D in industry j at time #

,Z’: the parameter that regulates the magnitude of technological spillovers

0, clasticity of substitution between knowledge capital and composite output in sector |
A, ;: composite shift parameter for production function in sector ¢

By ; + adjustment cost parameter for physical capital investment in sector j

By ;+ adjustment cost parameter for knowledge capital investment in sector j

A, ;: shift parameter for production function in industry j
@, share parameter for production function in industry j
O, ;¢ clasticity of substitution between composite of intermediate and value-added-energy

goods

Ay, ;¢ shift parameter for value-added—energy aggregator function in industry j
®yup ;- shate parameter for value-added—energy aggregator function in industry j

Oy, €lasticity of substitution between capital-energy composite and labour used in industry j

A

@ypr ;+ share parameter for physical capital-energy aggregator function in industry j

xer,; - Shift parameter for physical capital-energy aggregator function in industry j
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Oy ;¢ €lasticity of substitution between physical capital and energy composite inputs used in

industry j

Ay shift parameter for energy aggregator function in industry j
@y ;: share parameter for energy aggregator function in industry j

Oy ;¢ clasticity of substitution between combustible and non-combustible composite energy

inputs used in industry j

Ay ;¢ shift parameter for combustible energy aggregator function in industry j
@y share parameter for combustible energy aggtregator function in industry j

Oy ;¢ elasticity of substitution among combustible energy inputs used in industry j

Agp ;¢ shift parameter for refined petroleum aggregator function in industry j

@gp,.; + share parameter for refined petroleum aggregator function in industry j
Y45, Leontief co-efficient for natural gas used as input in industry j

Ay ;¢ shift parameter for intermediate inputs aggregator function in industry j
@y ;¢ share parameter for intermediate inputs aggregator function in industry j

Or ;i elasticity of substitution between mobile energy and material inputs in industry j

Ay ;+ shift parameter for mobile energy aggtregator function in industry j
@y, ;¢ share parameter for mobile energy aggregator function in industry j

Oyr ;¢ elasticity of substitution among mobile enetgy and material goods
Y, 7.+ Leontief co-efficient for materials used as inputs in industry j

P, net of tariff price of imported good i at time 7 in foreign currency units

PXW” : price of exported good j in world market at time f in foreign currency units

T

. - import tariff rate on good i

T, ,: tax rate on physical capital investment

Ay ;: shift parameter in export aggregator function from firm j
7, : share parameter in export aggregator function from firm j

O, ;: elasticity of substitution between domestic and export supplies from firm j
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A

m,i

: shift parameter in import aggregator function for good i
K : share parameter in import aggregator function for good i

o, ;: elasticity of substitution between domestic and import demands for good i

By i+ share of good i in R&D investment demand

By i investment demand coefficient of physical capital for good i
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Emission Permit Banking and Induced Technological Change
3.1 Introduction:

Economic literature on climate change mitigation policy has established a number of important
properties regarding the efficiency of marketable emission permits that can be used to attain a
predetermined level of emissions. The most important of all is the property that was initially
established by Montgomery (1972). It states that for any given emissions standard or a targeted
level of aggregate emissions, a system of marketable permits can achieve the target at the least

cost.

In general, research on marketable permits has identified three sources of potential cost
savings (Rubin 1996). Two of these sources are intra-temporal: emissions trading among firms
and emissions averaging within the sources (e.g. enforcing the principle of equi-marginal
abatement costs across different plants of a firm would ensure minimization of overall costs for
that firm). The other cost-saving property of marketable permits is of inter-temporal in nature,
namely, emissions trading across time. The idea behind it is simple — facilitated by banking and
borrowing of permits, when permits are traded across time, it allows firms to lower their cost of
compliance under emission regulation (e.g. aggregate emissions, capped at a targeted level) by
allowing them to adjust their emissions stream more flexibly across time (i.e. over the horizon of
an emission mitigation program). In this instance, the efficiency gains arise from two fronts.
First, firms are allowed to move permits among sources within the firm not only intra-
temporally but also across time. Secondly, inter-temporal permit trading allows firms to trade
permits among themselves thereby not only assisting the environmental regulator (i.e. the social
planner) to attain the aggregate emissions regulation target at a lower cost, but also allowing the
firms to benefit from the potential profit earning opportunity that arises from trading surplus

permits across time.

Permit banking and borrowing, in fact, has been already put into practice by a few
regulatory authorities. Most notably, in the U.S. the 1990 Clean Air Act Amendments allowed
firms to bank (but not borrow) SO, permits. Another example is the Low-Emission Vehicle

Program in California that allowed both banking and borrowing of hydrocarbon emissions.
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One of the crucial properties of bankable permits”, as identified in the literature, is that
when firms are allowed to bank and borrow permits, the price path of permits becomes
dependent on the amount of available permits at the disposal of private firms. This makes the
permit price path depended across time. This occurs since without banking and borrowing the
regulator essentially controls the permit price path through its authority over the number of
permits it issues in each period (i.e. the authority to control the supply of permits commensurate
to the overall targeted level of emissions). When banking and borrowing is allowed, the
regulator partially loses its power to influence the trajectory of permit price in that the price of
permits also becomes a function of permits available at the disposal of private firms. Hence,
even though the overall number of permits remains constant over the horizon of a given
emissions regulation program, with banking and borrowing the trajectory of permit price

becomes more volatile than without®.

This has other important regulatory implications, which has been explored in a separate,
albeit related stream of the literature that focuses on the role of endogenous technological
change into the emissions mitigation policy. Technological change, in this branch of the
literature, is typically introduced through what is known as the inducement process. The
induced technological change (ITC) hypothesis, originally credited to Hicks (1932), holds that
when technology enters the scenario, the terms of trade-off between the marginal cost of
pollution control and its marginal social benefit alters (Popp et al., 2009). This provides the
incentive to promote innovations in order to save the use of relatively expensive polluting
inputs” into the production process. Goulder and Schneider (G&S, 1999) and Sue Wing (2003)
provide modeling framework with ITC embedded into the modeling structure. Both of these
papers essentially build on the approach that parallels the endogenous-growth literature by
including a stock of “knowledge capital” that is generated through investments in R&D

activities.

% Through out the paper, we use ‘banking and borrowing emission permits’ and ‘bankable permits’ interchangeably.

% In part, the environmental regulator can tackle this by issuing the correct amount of total emission rights in addition to
specifying the correct inter-temporal permit trading ratio for banking and borrowing within a regulatory horizon. For further
exposition on this, see Leiby and Rubin (2001).

7 Polluting inputs become relatively more expensive due to the regulatory requirement to hold emission permits or alternatively
due to the imposition of emission tax.
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Given the ITC process, and given its link to the change in the relative price of polluting
inputs that, in turn, depends on the price of emission permits under a cap-and-trade (CAT)
framework, it appears that the rate of technological change and emission mitigation policy are
connected. To the extent that public policies affect the prices of emissions (e.g. permit price of,
alternatively, taxes on carbon-based fuels), they affect incentives to invest in research and
development (R&D) aimed at technological innovation (e.g. to develop new emissions-benign
production methods). That is, through impacts on patterns of R&D spending, climate policy

can alter the path of knowledge acquisition.

What does this connection imply for the design of emission mitigation policy when
emission permits are bankable? In particular, how do the optimal timing and the extent of
emissions abatement as well as the optimal time path of emission permit price change when we

recognize the potential of I'TC in the presence of bankable permits?

This question bears relevance on two grounds. First, since permit prices are not
independent across time when permits are bankable, the price of permits will be affected under
the I'TC scenario as opposed to a scenario that does not consider ITC (the NITC scenario). To
date, no research has attempted to unravel this link. Secondly, the question sheds light on the
conflicting views in the literature regarding the justification for regulatory support for innovation

(e.g. R&D subsidies).

To address these issues, the current paper develops a model that explicitly considers I'TC
in a framework that allows banking and borrowing of emission permits within the regulatory
horizon. The model builds on the paper by Leiby and Rubin (2001) on marketable permits and
extends the work of Goulder and Mathai (2000), who examine similar aspects of I'TC within the

emission control regulatory framework.

In particular, our paper extends the work of Leiby and Rubin and Goulder and Mathai
by providing a more general framework that links permit trading to banking and borrowing as
well as to ITC. Leiby and Rubin examine the impact of permit banking and borrowing on the
time path of emissions. Goulder and Mathai, on the other hand, examine the impact of policy-

induced technological change on the optimal emissions abatement path. Neither of these
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papers, however, examines this and other associated issues by considering permit banking and
technological change together in a unified framework. Given that emission permit price is not
independent across time when banking and borrowing is allowed, it has implications for the
process through which ITC functions and, consequently bears implications for the time profile
of optimal emission abatement. We explore this issue in detail and address the gap in the
literature by linking the two relevant streams into a unified framework in order to provide a
comprehensive assessment of the emissions control mechanism. In doing so, we derive
analytical expressions characterizing the optimal path of emissions and permit price path under

the I'TC scenatio.

The present investigation thus differs from existing relevant studies, and hence
contributes to the literature in two important ways. First, it derives analytical results revealing
the impact of ITC on optimal time profiles of permit price and emission abatement when
banking and borrowing of emission permits is allowed. Second, and more importantly, it unifies
two relevant frameworks of climate policy research: it qualitatively evaluates the role of banking

and borrowing of permits and the role that I'TC plays in it to mitigate harmful effluents.

The highlight from the current model indicates that the presence of I'TC implies a lower
optimal emissions path over time. We find that the impact of ITC on the optimal permit price
path varies and critically depends on the extent of the role that innovation plays in reducing the
marginal cost of emissions. Our conclusion qualitatively differs from other studies (notably
Goulder and Mathai 2000) that suggest that while the impact of I'TC on the optimal abatement
path varies, its presence lowers the path of optimal carbon taxes over time. The difference can
be attributed to the fact that the framework in Goulder and Mathai does not allow for banking

and borrowing of emission permits.

The rest of the paper is organized as follows. Section 2 provides an overview of the
modeling framework and defines the elements that lead to the formation of the social planner’s
problem. Section 3 formulates the benevolent social planner’s problem and characterizes the
solution. Section 4 presents and interprets results from the decentralized model. Section 5
identifies the implication of I'TC on the optimal path of emissions. Section 6 characterizes the

optimal path of output and emissions. Section 7 traces out the implication of ITC on the

152



optimal permit price path. The final section offers some concluding remarks and suggests

future research directions.

3.2 An Overview of the Modeling Framework:

In this section we provide an overview of the modeling framework. The section offers
definitions of various components of the model that will help developing the problem
encountered by the social planner and by a decentralized firm as identified in section 3 and 4

respectively.

The social planner (i.e. an environmental regulator) typically faces the objective to

maximize consumer and producer surplus less social damages from the production of good,

Y(1)=>y,(r), which causes instantaneous emission flows, E(r)=) E (r), and a cumulative
i=1 i=1

emission stock §(¢); along with the objective to achieve a targeted level of atmospheric emission

concentration, S, by a specified future date T. Once achieved, the regulator maintains §

beyond period T. We assume that producers of good y, face perfect competition in both

output and input markets.

At any point in time ¢, letting S(t)=Zn:Si (r) be the total stock of emissions from all

i=l1
firms, the stock increases whenever the sum of all firms’ emissions is greater than the nature’s
assimilative capacity. In other words, the motion equation for emission stock follows

as(t) < .
# =S(t)=D_E,(1)-7S(t) where y represents the rate of natural decay of emissions.
i=1

Let B(Y(¢)) be the function that captures benefits from the consumption of output y,.
We assume C,(y,,E,,H,t) to be the cost function of a perfectly competitive representative firm
i, where y,(r) and E, (¢) respectively represent its level of output and emissions at time 7, and

H (t) signifies the stock of knowledge characterizing the state-of-the-art technology at period .

In other words, given the knowledge stock, H(r), firm i’s minimum total cost of producing
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output y,(r) and emission level E,(r) is C,(y, E; H,t). We further hold that the representative

. . . . . . aC, (t
firm’s production behaviour satisfies the following regularity assumptions: a’—():C), >0 and
9°C, (1) hat | . | . ) hat i . |
?:Cw >0, that is, C, is strongly convex in y,; C, <0 and C,, >0, that is, C, is strongly

convex in E,. This implies that the representative firm’s total production cost decreases at an

increasing rate when the regulator allows additional level of emissions (without a penalty).

c,(1)

Furthermore,
dy,9E,

=C,, <0, which implies that the marginal cost of production declines with

additional levels of emissions.

Following Montgomery (1972), Fare et al. (1989 and 2005) and Pasurka (2005) we
assume separability of production and emission abatement technology®, where both the
production of output (a good) and the combustible emissions (a bad that is generated as a by-

product in the process) are assumed to be disposable” and where asymmetric treatment is

. o 9°C, (¢ .
accorded to the emission abatement technology™”. ‘This implies that #E—I) =C,, =0, that is, the
Vi

effect of technological change (induced through incremental knowledge stock) is purely related

dyi (t)

to the emission abatement technology such that TR 0. In other words, the separability

between production and abatement technologies ensures that the technological change that
affects the abatement technology does not influence the production process and hence does not

alter the level of output y, per se. The assumption is consistent with the end-of-pipe abatement

technologies’' such as carbon capture and storage, carbon sequestration and carbon scrubbers.

%8 While the modeling framework presented in Montgomery (1972) can handle both separability and non-separability issues, it is
essentially based on the assumption of technological separability. For further discussion on this see Schwabe (1999).

® The disposability assumption refers to the models in Fire et al. (1989 and 2005) and Pasurka (2005) where the representative
firm’s production entails multiple outputs (i.e. production generates both a good and a bad output). In this context,
disposability essentially implies that getting rid off the bad output (i.e. emissions) could be costly.

70 Following Fire (1989) and Pasurka (2005), in particular while we assume the good output to be strongly or weakly disposable,
the bad output (i.e. emissions) is assumed to be only weakly disposable. This ensures that abatement technology used by the
firm to get rid off emissions is a costly endeavour.

71 The end-of-pipe technology refers to an emission abatement technology that is separable from the production technology in
that it does not alter the input mix but only is added on at the end of the production process with the purpose of reducing the
(by-product) emissions.
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9°C, (1 : : . L
We further assume aE—la(H):CEH >0, that is, the cost saving from marginal emissions

increases with incremental knowledge stock. This implies that the advancement of emission
saving technology accentuates cost savings on the part of the firms by allowing them to reduce

emissions, and thus comply with the regulation, for the same level of production.

Note that the last assumption underscores the positive impact of technological
advancement. It underlies the benefits of ITC™ in reducing firms’ costs when the regulator
makes pollution costly either by imposing a pollution tax or by compelling firms to hold

pollution permits. Also note that, given our notation, —C, represents the marginal cost of
abatement. Thus, the assumption C, <0, or equivalently —C, >0, represents the marginal cost
of abatement. Given this interpretation, it is easy to see that the assumption C,, >0, or
equivalently —C,, <0, signifies the reduction in the marginal cost of abatement due to the

positive impact of ITC (that comes through incremental knowledge stock).

Following Goulder and Mathai (2000), we model the process of technological change

through an R&D investment approach, where the evolution of the knowledge stock is

represented as: dlzt(t) =I}(t)=aH(t)+k‘P[Zn:Ii (1), H(t)). This equation describes the process
i=l1

of technological change that occurs through investments in R&D, 1, (7). The R&D investments
serve to increase the stock of knowledge via the knowledge accumulation function ¥(-), where
we impose the regularity assumptions ¥ (-)>0; ¥,(-)>0, ¥,,(-)<0; ¥, (:)>0 and ¥, ,(-)>0.
These assumptions suggest that knowledge increases with R&D investment. However, note that
R&D investments effectively contributes to the knowledge accumulation process only when the
parameter k>0. Hence, the case of k>0 represents the induced technological change (the ITC
scenario) and k =0 would signify an instance where I'TC is absent (the NITC scenario) (Goulder
and Mathai, 2000). In addition to ITC, we also allow for autonomons technological change at the
rate & represented by the first term of the H (r) function. The presence of a simply captures

all non-climate policy related reasons for technological advancement.

72 Thus induces firms to invest in R&D activities that are assumed to bring technological advancements.

155



Emissions, in our model, are assumed to harm social welfare as described by the convex
damage function, D(E(t) , S(¢)), whete D, >0, D,,>0; D;>0, Dy >0; and Dy, >0. These
imply that not only social damage increases at an increasing rate with the level of both flow,

E (1), and stock pollution, S(z), the damage from stock pollution intensifies with the

incremental flow pollution. Note that, following Leiby and Rubin (2001), we postulate the

damage function D(-) to incorporate both flow and stock pollution. The rationale for including

both types of pollution is based on the differing types of damages that these pollutants cause.
When the stock pollution is considered, damages do not stop at the end of the regulatory
program in period 7. Rather the damage continues until the stock pollution decays to a benign
level. As identified in Leiby and Rubin (2001), it is important to consider both types of
pollution for two reasons. First, the interaction between the flow and stock pollution
corresponds to most types of greenhouse gas emissions where flow pollution adds to the
atmospheric concentration of the stock pollution. Secondly, given the link, for the social
planner’s problem it is important to take into account the damages that stock pollution

continues to cause until it reaches a benign level. Consequently, we capture this through the

term F(S(T)) in the regulator’s problem, where the term signifies the value of damages for all

periods 1 >T — e evaluated in period T dollars.
3.3 Inter-temporal Emission Allocation with ITC - The Social Planner’s Solution:

Given the specifications identified in section 2, we are now equipped to define the social

planner’s problem. With the (social) discount rate p, the environmental regulator encounters

the following objective functional:

J'= max J.ore‘”(B(lZ;yi (t)j—lZ::Ci(y,.,El.,H,t)—D(ZE,. (1) ,S,tj—ZP,I,. (t)]dt—e"TF(S(T)) (1]

{3 .E.1}

Subject to:
The motion equation for emission stock: S(t) = Zn:E,. (t)-7S(r) [2-1]
i=1
The motion equation for knowledge stock: H (t)=aH (t)+k\P(Zn: I1,(1).H (t)j [2-2]
i=1
The regulatory objective: S(¢)<S for t>T [2-3]
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with §(0) and H (0) given

and where P, is the unit price of R&D investment in real terms”.

The current-value Hamiltonian, H(7), associated with the optimization problem for 7 <T is:
H(t)zB(Zn:yi j Zc E.H.1)-D(E,S.t) Z
i=1
(ZE j+/l( )( (t)—i—k‘P(Zn:Ii (t),H(t)D [3-1]
i=1
where A(t) is the shadow cost of S(¢z) and A(r) is the shadow benefit of H(¢). For =T,

however, we must form the following Lagrangian:

£(r)=H(1)+7(1)(S-S(1)) [3-2]

Assuming an interior solution, from the Pontryagin principle we derive the following
first-order conditions (FOCs) ™

Control variables

H, (1)=0=B,=C, [O-1]
H,(1)=0=>—(C,+D,)+A=0=-C, =D, +(-A) [0-2]
H,(1)=0=>-P+ k¥, =0=> P, = kY, [O-3]

State variables

For 1<T:—H(1)=A- pA
—(=Dy —Ay) :/.\—pA:> /.\=DS +(y+p)A [O-4-1]

and for 1>7:—H (1) =A-pA—-1

~(-Dy—Ay)= A= pA-7= A= Dy +7+(y+p) A [0-4-2]

73 Following Goulder and Schneider (1999), we hold P, (I (t)) to be non-decreasing in (t ) ; that is, the average cost of R&D

investment increases with the level of R&D. This captures the idea that the opportunity cost (to other sectors of the economy)
of employing R&D resources for climate policy related technological advancement increases as more and more resources are
employed.

74 To reduce clutter, we suppress the subscript [ for firm i .
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CH, (1) = A pA=—(-C + A(@+k¥,))) = A- pA= A=C, - A(@+ k¥, - p) [0-5]

Co-state variables

H,()=5=5()=YE(1)-75() [0-6]

H,()=H= IZI(t)=aH(t)+k‘P(Zn:Ii(t),H(t)j [0-7]

i=1

Finally the terminal condition yields:

9F (S(T))
~as(7)

A(T) = [O-8]

3.3.1 Economic Interpretation of the Necessary Conditions for Optimization of the

Social Planner’s Problem

The FOC [O-1] says that the social planner should equate each firm’s marginal production costs
to the marginal benefit derived from the output in every period. FOC [O-2] indicates that, over

the planning horizon, the regulator should choose an emission path, E, (z), for firm i such that

the marginal abatement cost is equal to the marginal (flow) damages net of the shadow benefit
from saving a unit pollution plus the current shadow cost of another unit of pollution. FOC [O-
3], on the other hand, shows that, when knowledge is valuable (i.e. k>0), the social optimal
level of R&D investment should be such that the unit price of investment is equal to the

marginal value product of investment in every period, measured at the shadow price.

Equation [O-4-1], [O-4-2] and [O-5] provide the necessary first-order conditions with
respect to the two state variables: pollution stock, $(¢); and knowledge stock, H(7). Equation
[O-4-1] indicates that, up to the regulatory period 7', the optimal path of current shadow cost of
pollution stock is dictated by the damages due to the marginal increase in the pollution stock,
Dy ; the social discount rate, p; and the rate of nature’s emission assimilative capacity, ¥.
Equation [O-4-2] indicates that for periods r>T, the change in the shadow cost of pollution

further depends on shadow cost of regulatory restriction 7. Equation [O-5], on the other hand,
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shows that the optimal path of current shadow benefit of incremental knowledge stock is

governed by the extent of cost saving due to the incremental knowledge stock, C, (<0 by

assumption); the autonomous knowledge growth rate, « ; and the social discount factor, p .

Finally equation [O-6] and [O-7] simply restate the state equations while equation [O-8]
indicates that the shadow cost of stock pollution at the end of the planning horizon should be
equal to the discounted marginal damages from the stock pollution measured in period T

dollars (until the pollution stock reaches a benign level).

The FOC [O-5] has an interesting implication. It signifies the value of incremental stock
of knowledge as perceived by the society and establishes a link between the social discount rate
p and the value of incremental knowledge stock. In other words, equation [O-5] identifies the
condition under which the knowledge accumulation is deemed valuable by the society”. This is
important to consider since it provides the rationale for the I'TC process to be included into the
framework. This condition is summarised in Proposition 1 below:

Proposition 1: The value of the incremental (i.e. marginal) knowledge (and the innovation derived from it)

grows beyond a critical social discount rate p° .

FOC [O-5] yields:

_H,(1)=A-pA

= —(-C, +A(a+k¥,))=A-pA
:/.l—p/l=CH -AMa+k¥,)

= A=C, —Aa+k¥, )+ Ap [0-5]

where A signifies the marginal value of innovation that emanates from the incremental
knowledge stock (which, in turn, is derived through the investment in R&D activities) and is
positive. This reflects the fact that if incremental knowledge from R&D activities yields
emission-saving innovation, abatement cost would be lower and social return would be higher.

This cost saving is denoted by C, and hence is assumed to be negative. Together these

7> The condition also underscores that society will increasingly value investments in R&D the higher the discount rate it places
on the future.
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specifications imply that the first two terms in [O-5]" are negative. Hence, A>0 iff

Ap>[-Cy +A(a+k¥,)] or, p>p° where, p' :{_j” +a+k‘PH} Q.ED.

Proposition 1 shows that the critical value of the discount rate depends on the extent of
. . . . C,
normalized cost saving from innovation, - the autonomous knowledge growth rate, &, and

the positive effect of incremental knowledge on the overall knowledge accumulation process,

b It also signifies that the importance of the role of incorporating I'TC into the framework

H*

increases as the society discounts the future periods sufficiently.

3.4 Permit Banking with ITC - The Decentralized Solution:

In this section we develop the decentralized solution. To do so, however, we need to introduce
two modifications to the regulator’s problem that we have seen in section 3. First we need to
introduce permit banking/borrowing into the framework, which enters into the representative
firm’s optimization problem in order for it to comply with the environmental regulation.
Second, unlike the social planner, in the decentralized solution a representative firm only cares
about maximizing the net present value of its profit stream. Consequently, the social damage

function should be removed from the firm’s objective functional.

To carry out these changes, let us begin by defining P as the price of output y,
determined in a perfectly competitive output market. We assume that the regulator controls
emissions by issuing flow permits, which are allocated to firms as endowments @, (r). Given the

endowments and the demand (that emanates from the optimal production decision), firms trade
emission rights in a competitive emission permit market. Permit trading, thus, determines the
ptice of the permits, P, (x,(t)), through the forces of demand and supply in the permit market
that sustain until the end of the regulatory program at the end of period T. Following the

convention, we assume that, in any period, production of a unit output causes a unit of emission

for which the firm has to hold one permit.
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Once permits are acquired, firms are allowed to hold on to them (i.e. banking B, (r)) for

use in the later periods or to loan them to others (i.e. lending; which is equivalent to borrowing
for the permit recipients) in which case the borrowing firms need to pay r units for every unit

borrowed. Hence, r represents the inter-temporal permit trading ratio.

Given these specifications, we can write down the equation of motion for permit
banking as: B (t)=a (t)+x (t)+rB (t)—E, (t). This indicates that over time the change in the
amount of banked permits B (1) depends on the balance of two opposing forces: the sum of the
permit endowment @, (), the amount of permit purchased by the firm x, (r) ™ and the return (in

terms of the units of permits) from exiting (loaned or borrowed) permits rB, (r) "' minus the use

of permit E, () by the firm in order for it to comply with the environmental regulation.

We are now ready to write down the objective functional of a representative firm i,

which takes the following expression:

J' = {yl’gya[ﬁ}‘[;eiw (Pyyi (t)_Ci (yi’Ei’Hi’t)_l)IIi (t)_Pxxi (t)) dr [4]
Subject to:

S, (1)=E (1)~ 75, (1) [5-1]
H, (1) = aH, (1) + k¥, (1, (1), H, (1)) [5-2]
B, (1)=@ (1) +x (1) + B (1)~ E, (1) [5-3]
The regulatory objective: ZS" (1)< S for t>T [5-4]

with S,(0), H,(0) and B,(0) given
and where V is the private discount rate, which may or may not be equal to the social discount

rate p °.

76 A negative value of X, (t ) signifies sale of permits.

77 While a positive value of B, (t) signifies permit lending, a negative value signifies permit borrowing.

78 For further discussion on this, see footnote 80 on page 164.
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The current-value Hamiltonian, H,(7), associated with the optimization problem for
t<T is:
H.(t) =Py, (t)-C (v, E H,t)=PI(t)=Px, (1) +A, (t)(E (1)~ 7S, (1))
+4,(t)(aH, (1) + k¥, (1, (1), H, (1)) + 1 (1) (@ (t) +x, (£) + 7B, (1) - E, (1)) [6-1]
where A,(r), #(r) and A (z) represent the shadow cost (benefit) of relaxing the respective

constraints. For ¢ >T, however, we must form the following Lagrangian:

£(0)= 1,40 (0 S-35,0)] 62

Assuming an interior solution, from the Pontryagin principle we derive the following

first-order conditions (FOCs)":

Control variables

H, (1)=0=>P,=C, [0-9]
H,(1)=0=>-C,+A-u=0=-C, = u+(-A) [O-10]
H,(t)=0=>-P+ k¥, =0= P, = kY, [O-11]
H (1)=0=>-P+u=0=>u="~P. [O-12]
Further manipulation of equation [O-10] and [O-12] yield: P, = A+(-C,) [7]

State variables

For t<T:—Hs(t)Z./.\—VA:—(—A}/)=./.\—VA:>(V+7/)A=./.\:>%=(V+}/) [O-13-1]

and for 1>7: —Hs(t)=./.\—VA—77:>—(—A7)=/.\—VA—77:>%=(7/+V)+% [0-13-2]

CH, (1) = A-vA= —(~C, + A(@+k¥,)) = A-VA= A=C,, —A(a+k¥, —v) [O-14]

7 To reduce clutter, we suppress the subscript I that represents firm i .
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—H () = pmvp = i = v = p=vp—ru =2 = (v - r) [O-15]
U

Equation [O-12] and [O-15] together imply: % =(v-r) [8]

x

Co-state variables

H,(1)=S=S(t)=E(t)-5(1) [O-16]
H,(1)=H = H(t)=aH (1) +k¥(I(r).H (1)) [0-17]
H ,(t)=B= B(t)=o(t)+x(t)+rB(1)- E(1) [O-18]

3.4.1 Economic Interpretation of the Necessary Conditions for the Decentralized

Optimization

Equation [O-16], [O-17] and [O-18] simply restate the state equations that represent the
equation of motion for emission stock, for knowledge stock and for the stock of bankable
permits respectively. FOC [O-9] states that, at each point in time, firms pick the level of output
so as to equate the marginal cost of production with the given market price. The interpretation
of FOC [O-5] carries over to the equation [O-10], where 4, represents the shadow cost of an
additional permit. Through a slight manipulation of FOC [O-10], it is also easy to see that, for
the representative firm, the optimality condition dictates that the optimal emission path be such

that the shadow cost of permit, f,, be equal to the sum of the shadow cost of emission, A,

and the marginal abatement cost, —C,, in every period. Equation [O-11] is essentially identical

to equation [O-3] and has the same economic interpretation. Introduction of the permit
banking/borrowing generates FOC [O-12], which dictates the condition that determines the
optimal level of permit purchase by a representative firm over the planning horizon. FOC [O-
12] states that, at every period, a representative firm would buy permits until the unit price of

permits equals its shadow cost. In other words, FOC [O-10] and [O-12] together imply that a

representative firm’s permit price path be such that in every period the unit price of permit, P,

be equal to the marginal abatement cost, —C,, plus the shadow cost of pollution, A, .
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FOC [O-13-1] indicates that under the decentralized solution, up to the regulatory
period T, the optimal path of current shadow cost of stock pollutant is only dictated by the
private discount factor, v, and the rate of nature’s emission assimilative capacity, y. Unlike the
social planner’s solution, private solution does not take the marginal damages, D, into account.
The equation also shows that the growth rate of the current shadow cost of pollution is equal to
the sum of the private discount rate and the rate of natural decay of emission. Equation [O-13-

2] indicates that for periods 7>T, the change in the shadow cost of pollution further depends

on the normalized shadow cost of regulatory restriction % Equation [O-14], which

determines the optimal path of current shadow benefit of knowledge stock, is essentially similar
to the one derived from the social planner’s problem except for one difference — the
decentralized solution differs from the social planner’s solution only by the extent of the
difference between the social and private discount rates™. As long as the difference between the
two discount rates is taken into account the qualitative result derived in Proposition 1 would
carry through. FOC [O-15] determines the emission permit price path for banking an additional
permit by the representative firm i. Equation [O-12] and [O-15] together imply that when
firms are allowed to freely borrow and/or bank permits across time, the permit price will rise at
the rate of discount net of the inter-temporal permit trading ratio, r. This is essentially a permit

arbitrage condition.
3.5 Implication of ITC on the Optimal Level of Emissions:

We now examine the effect of ITC on the optimal level of emission. Following Goulder and
Mathai (2000), we do this by considering the significance of a change in the parameter k. As
mentioned above, the case of k=0 corresponds to a scenario with no induced technological
change (the NITC scenario), while positive values of k imply the presence of induced
technological change (the I'TC scenario). Our analysis will focus on incremental increases in k

from the point k=0.

80 The difference between the social and private discount rate may exist due to knowledge spillover, which creates a wedge
between the social and public return from investment in knowledge (i.e. the return from R&D investment). While we
acknowledge the existence of knowledge spillover, explicit modeling of spillover effects remains beyond the scope of the current

paper.
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If (as is assumed) C, <0 and C,, >0, then additional knowledge is valuable (i.e. the
multiplier A(z) is positive). When k=0, all of the growth in knowledge is due to the

autonomous term, and the knowledge grows at the rate o . In contrast, assuming an interior
solution, for strictly positive values of k, the planner will find it optimal for society to
accumulate at least some additional knowledge. This additional knowledge causes a decrease in

optimized costs to a degree dictated by A(r). Thus, the introduction of the ITC option has a

negative (or at least non-positive) effect on optimal cost of achieving the given concentration

target.
Proposition 2: The presence of ITC unambignously reduces emission along the optimal emissions path.

We examine the impact of introducing I'TC on the optimal time profiles of emission by

totally differentiating equation [O-2] with respect to &, which yields:

dy, dE, dE,
—(C y‘+CE —’+CEHde:(D ~+D de

E ke dk dk Bk dk
dE, dH dE, ds
=-Cp—-C,p—=D,,—+D,;, —
ak " ak T ak T dk

where we have used the fact that Di_ g and D, =Dy,
dk

Note that as long as equation [2-1] governs the relationship between the stock and flow

pollutants, the last term of the above equation 9 an be decomposed as 95 dE, with 95 >0.
dk oE, dk oE,

Hence, we have:

dE. dH Ay dE,
dk EHE: Dy -

“Cer g € 5 OE, ) dk

Collecting the term % and rearranging, we get the following:

dH
dE; _ dk
dk (CEE+DEE+DSESE)

_CEH
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where, as identified above, all terms in the denominator and the first term in the numerator are

.. dE. H .
positive. Hence, sign[d—k’j = sign(—i{—kj. To the extent that knowledge increases as a result of

. . dE.
ITC (ie. oH >0), we derive — ) <0. Q.ED.
ok dk

3.6 Characterizing the Optimal Time Path of Output and Emissions:

Exiting literature on emissions banking and borrowing has established important properties
regarding the optimal time path of output and emissions. However, these characterizations
almost exclusively have been conducted without considering the role of ITC into the emission
banking and borrowing framework. Given that recent climate policy modeling literature, which
incorporates ITC into the framework, indicates to a potential favourable impact of ITC in
mitigating emissions abatement, in this section we characterize the optimal output and emissions

path in the presence of both the I'TC and the banking and borrowing of emission permits.

To do so, we begin by totally differentiating FOC [O-9] and [O-10] with respect to time

For FOC [O-9] we derive the following:

LR (3} =2{c, (y(1). E().H (1))}

Car

dr
L0 D), W), )
dy dt Yoodt dt dt
P, - . . .
=—y=C, y+C, E+C, H
ady ’ ’
= (ap)_ —cw];— C,E=Cy,H [9-1]
dy ’ ]
Similarly FOC [O-10] yields:
d d
e (00). B0 1 ()} =2 ()~ A ()
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dy(t) _c dE(t)_C dH (1) _ du(t) dA(r)

= -C
o dr B dr B dr dr dt

=>-C, y-Cp E-Cpy H=p-A

=>Cypy+Cy E=A-pu-Cyy H [9-2]

By simultaneously solving equation [9-1] and [9-2], we finally arrive at:

—C\; {}A+VCE -C,, H+ gEE Cy H}

° yE
— ) 10-1
' dP, . [10-1]
C, _7)7 Coe —C
and
dl)y ; CyE y
Cw—diy }4\+VCE—CEHH+|:dPy:|CYHH
. »w _7
E= Y [10-2]

dP y 2
C,vy _di); Cpr — CyE

where we have made use of FOC [O-10] and [O-13].
Equations [10-1] and [10-2] lead to the following proposition:

Proposition 3: With perfectly competitive ontput market and with technological change purely related to the

emissions abatement, the optimal time path of emissions and ountput move in the same direction.

As long as I'TC is purely related to emission abatement technology, C,, =0, and the last
term on the numerator of equation [10-1] and [10-2] drops out. Also, given the assumption of

y

dy

perfect competition in the output market, =0; that is, the polluting firms under

consideration are relatively small suppliers of the output, y, so that output price is constant with
respect to changes in the polluting industries output. With these specifications, above equations

evolve to the following:
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. —cyE{;chE —c,, H}

= 11-1
g C):vCEE - C)Z-E [ ]
and

. c”,{;/chE—CEH 1%}

E= [11-2]

CyCos — C)Z-E

Note that by appealing to the strong convexity of the cost function, we see that the

denominator of each expression is positive. Also, the second term on the numeration for both

equations is identical. Further, by assumption C, <0 and C, >0. Hence, sign(E) = sign( yj;

ie. both y and E move in the same direction. QED.

Proposition 3 signifies that characterization of the optimal time path of emissions is
qualitatively equivalent to characterizing the time path of output. We now, therefore,
characterize the optimal time path of emissions in the presence of ITC, which leads us to the

following proposition:

Proposition 4: If the rate of change of marginal cost saving from emissions due to incremental knowledge (i.e.
dune to the effect of ITC) is higher than the net marginal cost of emissions, over time emissions will fall, triggering a
fall in the time path of output.

To observe this, note that E<0 (and hence y <0) iff (}4\+VCE -Cyy H) <0. This
implies:
E<0 iff C,, H>(A+VvC,) [12]

where C,, >0, C, <0, and the parameters y,A,v are all positive.

Note that under the I'TC scenario (i.e. when & >0), H>0. This implies that the left side
of equation [12] represents the rate of change of marginal cost saving from emissions due to the

incremental knowledge. First term on the right side, on the other hand, represents the
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(augmented) marginal cost of emissions” and the second term represents the cost saving due to
marginal emission. Hence, right hand side of equation [12] represents the net marginal cost of

emissions. This suffices the proof for Proposition 4. QED.

Equation [12] signifies that when the effect of ITC on marginal cost saving from
emissions (e.g. due to the improvement in emissions-saving technology) is sufficiently strong,

emissions tends to fall over time.
3.7 Implication of ITC on the Optimal Path of Permit Price:

We now examine the effect of ITC on the optimal permit price path. To do this, we hold the
parameter k >0, that is, we consider the I'TC scenario (which contrast to the NITC scenario

where k=0).

When C, <0 and C,, >0, the additional knowledge is valuable (i.e. the multiplier A(z)

is positive). As well equation [7] signifies that, at the optimum, the shadow cost of permit is
equal to the price of permit. In other words, under effective environmental regulation, permits
bear a positive value which, according to equation [7], is equal to the shadow cost of emission
plus the marginal cost of abatement. This is the key equation that leads us to the following

proposition.
Proposition 5: The effect of ITC on the optimal emission price path is ambignons.

To observe this, we totally differentiate equation [7] with respect to k and obtain the following:

o _dh (o,

dy, . dE, dH
dk  dk EE

. i, —
" dk dk ™ dk

dp, dE, dH

dk gk gk

where we have used the fact that D =0 and aA _ 0

dk

81 Augmented by the natural decay rate of emissions, ¥ .
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These yield:

dPEz[_C dEij+(_C de [13]

dk EE gk ke

Note that the terms in equation [13] have the following signs: C,, >0 and C,, >0 (by
assumption) and %<0 (by Proposition 1). Hence, first term on the right hand side is

unambiguously positive. As for the second term, to the extent that knowledge increases due of

ITC, C;—IZ>O and consequently second term would be negative. Thus, the sign of dd[I;E is

unknown. Q.ED.

The economic intuition underlying the result is straight forward: to the extent that

knowledge increases as a result of ITC (ie. Z—IZ>O) and contributes toward reduction of

emission over time (i.e. d—k’<0 implying that emission path declines), optimal price path of
emission permit tends to increase (decrease) as long as the change in the rate of cost saving from

marginal emission (reflected in —C,, —*) is greater than the change in the rate of cost savings
dk

due to ITC (i.e. Cyy C;—IZ) That is, when the presence of I'TC brings a greater (smaller) relative

reduction in overall emissions, firms find it profitable to buy emission permits (invest in R&D)
resulting in an increased (decreased) demand for permits and thus leading to a rise (fall) in the

price of permit.

3.8 Conclusion:

This paper employs an analytical model to examine the implications of induced technological
change for the optimal design of emission mitigation policy. We obtain optimal time profiles for

output, emissions and emission permit price when permits are bankable.

The primary contribution of the paper lies in providing a unified framework where both

the inter-related concepts of permit banking and borrowing and induced technological change
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(I'TC) in achieving a given emission mitigation target are investigated together. While the exiting
literature offers such investigation in the presence of frameworks that allow for either permit

banking and borrowing or the ITC process, we provide the first attempt to combine the two.

Compared to the results from existing literature, our analytical model yields some
interesting findings. With a modeling framework that does not allow for permit banking and
borrowing, Goulder and Mathai (G&M 2000) show that the presence of ITC justifies a rising
abatement profile (i.e. declining emissions) over time when technological change occurs through
R&D investments. Our result indicates that this implication of ITC carries over to a framework

that allows for permit banking and borrowing.

In terms of the impact of ITC on the optimal path of emission charges, our result
contradicts with that of G&M’s. While G&M finds an unambiguously declining time profile of
optimal emission charges, we find that the impact of ITC on the optimal path of permit price is
analytically ambiguous. The difference in the result can be attributed to the differences in the
modeling structure. Unlike G&M, the presence of permit banking and borrowing in our model
reveals an explicit trade-off between cost-savings that arise from marginal emissions and the
marginal technological innovations (due to ITC). The relative strength of these two forces
determines the demand for emission permits, which in turn determines the optimal path of

permit price.

Our work abstracts from some important issues. One such issue is uncertainty. We
have assumed both that knowledge-accumulation is a deterministic process and that the cost and
damage functions are perfectly known. In doing so, we have avoided difficult issues of
abatement timing relating to irreversibilities and the associated need to trade off the “sunk costs

and sunk benefits” of abatement (see Pyndick, 1993 and Ulph and Ulph, 1997).

Another important issue is the allocation method of permit endowment. Existing
theoretical and empirical literature provide a variety of permit endowment methods, each with
its implication on the optimal path of emissions and the permit price. In the current framework,

while we have accounted for permit endowment, we did so in the simplest manner thus avoiding
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the contentious issue of equity considerations (see Rose, 1992). We leave these important issues

for future research.
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